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Introduction

The workshop “Mirror Symmetry and Tropical Geometry” took place in Cetraro,
Italy on July 2-8, 2011. The idea was to bring together mathematicians and
physicists who worked on both topics or in related areas.

Homological Mirror Symmetry, here abbreviated as HMS, is the area of mathe-
matics revolving around several categorical equivalences connecting symplectic and
holomorphic (or algebraic) geometry. This mathematical approach to Mirror Sym-
metry goes back to the work of Maxim Kontsevich (1993). Further developments of
Kontsevich’s program was the subject of many talks at the workshop. This theme is
therefore present in several papers of this volume.

Works related to Homological Mirror Symmetry include the paper on HMS for
Landau—Ginzburg models by H. Ruddat, the paper of N. Sibilla on HMS for curves,
the paper of Kontsevich and Y. Soibelman on complex integrable systems, and
the paper by D. Favero, F. Haiden, and L. Katzarkov on the phantom categories
which appear in HMS. The variety of methods ranging from homological algebra
to delicate questions of symplectic topology and algebraic geometry illustrates the
complexity of the subject.

The second topic of the workshop was Tropical Geometry. Roughly speak-
ing, Tropical Geometry studies piecewise-linear objects which appear as certain
“degenerations” of the corresponding algebro-geometric objects. The relationship of
Tropical Geometry with Mirror Symmetry goes back to the work by Kontsevich and
Y. Soibelman (2000) where methods of non-archimedean geometry (in particular,
tropical curves) were used for the purposes of Homological Mirror Symmetry.
Combined with the subsequent work of Mikhalkin on a “tropical” approach to
Gromov—Witten theory and with the work of Gross, Siebert, and several others,
Tropical Geometry has become a useful tool for people working in Mirror Symme-
try.

On the other hand, “tropical” analogs of many notions of classical symplectic
and algebraic geometry are interesting and nontrivial objects by themselves. The
paper by G. Mikhalkin and I. Zharkov, which is devoted to the tropical analog of the
intermediate Jacobian, is a good illustration of this statement. Methods of tropical
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geometry are also used in the paper by Kontsevich and Y. Soibelman devoted to the
study of Donaldson—Thomas invariants and corresponding wall-crossing formulas.

The volume also contains several papers which are related to the main topics
of the workshop in an indirect way. For example, the paper by S. Guillermou
and P. Schapira is devoted to the application of the microlocal theory of sheaves
developed by the second author jointly with M. Kashiwara to the displaceability
problem in symplectic topology. It should be compared with attempts of several
mathematicians to describe the Fukaya category (one of the main objects on the
“symplectic” side of Homological Mirror Symmetry) in terms of constructible
sheaves and corresponding dg-categories.

Two papers are devoted to various aspects of the moduli stacks of bundles. In
the paper by O. Ben-Bassat and E. Gasparim the stack of vector bundles on a
formal neighborhood of a rational curve in a surface is studied. In the paper by A.
Soibelman the “very good” property introduced by Beilinson and Drinfeld in their
work on the Geometric Langlands Program is generalized to the case of arbitrary
parabolic bundles on a curve and then applied to the additive Deligne—Simpson
problem.

A. Neitzke gives a nice review of his joint work with D. Gaiotto and G.
Moore on the construction of hyperkihler metrics. Their approach is based on the
thermodynamical Bethe Ansatz-type integral equation proposed by them, as well as
on the “Kontsevich—Soibelman wall-crossing formulas”. There are many interesting
and nontrivial analogies between the paper by Neitzke and the paper by Kontsevich
and Y. Soibelman in this volume.

S. Gukov and P. Sulkowski propose a way to quantize spectral curves. Then they
discuss the relationship of arising “quantum spectral curves” with the topological
recursion of Eynard—Orantin as well as with other topics such as A-polynomials of
knots.

The paper by M. Kapranov, O. Schiffmann, and E. Vasserot is devoted to the
Hall algebra of the “compactified Spec(Z)” interpreted as a curve. The “category of
vector bundles” on such an object is described in Arakelov terms, as the category of
metrized lattices. The (spherical) Hall algebra of this category is a shuffle algebra,
similar to Hall algebras of the corresponding categories for “usual” curves. The
relations in the algebra are described in terms for the (full) zeta-function.

We believe that the present volume represents a rather complete update about the
state of the art in the field, and we hope that it shall become an important reference
for graduate students and researchers who want to enter this exciting new field.
Papers in this volume represent a tiny portion of the variety of topics discussed at
the workshop. In order to give to the reader an idea about the latter we finish the
Introduction with the list of talks presented at the Cetraro workshop.
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Moduli Stacks of Bundles on Local Surfaces

Oren Ben-Bassat and Elizabeth Gasparim

Abstract We give an explicit groupoid presentation of certain stacks of vector
bundles on formal neighborhoods of rational curves inside algebraic surfaces. The
presentation involves a Mobius type action of an automorphism group on a space of
extensions.

1 Introduction

A fundamental question in algebraic geometry is to understand how rational maps
on a variety X affect the moduli of vector bundles on X, that is: suppose X and
Y birationally equivalent, then what is the relation between the various moduli
of vector bundles on X and Y ? Here we focus on the case of surfaces, in which
case rational maps are obtained by blowing up (possibly singular) points. Suppose
m:Y — X is the blow up of a point x in X, with £ = 7~ !(x). Considering
pullbacks, one can then study the relative situation of the moduli of vector bundles
on X mapping into the moduli of vector bundles on Y. Since 7 is an isomorphism
outside £ clearly the heart of the question lies in the geometry of moduli of bundles
on a small neighborhood of £. This question was addressed from the point of view
of moduli spaces of equivalence classes of vector bundles in [15] for the case when
x is a smooth point, and the geometry of the local moduli was used to prove
the Atiyah—Jones conjecture for rational surfaces. In this paper we consider the
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2 O. Ben-Bassat and E. Gasparim

moduli stacks of vector bundles in formal neighborhoods of ¢, and give explicit
groupoid presentations of such moduli stacks. The stacky point of view, besides
clarifying several delicate issues about the local moduli also has the advantage that
it generalises to the case of singular surfaces, where £ is a line with self-intersection
{?> = —k < —1. We develop the study of stacks of bundles on (completions of the)
local surfaces Z; = Tot(0(—k)) and give presentations of certain stacks of rank
2 bundles over these surfaces. The most interesting aspect of these presentations is
the “Mobius” transformation (17) discussed in Sect. 2.3.

2 Local Surfaces and Vector Bundles on Them

Notation 1. In this paper we will work with (associative, commutative, unital) C-
algebras. Therefore, affine scheme will mean the spectrum of such an algebra, and
all varieties, schemes, and formal schemes are considered over C. We will work
over the site of affine schemes or C-algebras with the faithfully flat topology. The
schemes we will consider are quasi-compact and quasi-separated. For any positive
integer k, we have the algebraic variety

Z; = Tot(Opi (—k)) = Specp (@ Opi (ik))

i=0

and € = P! its zero section, so that {*> = —k. Let I; be the sheaf of Oz, ideals
defining £. We write Z]((")for the n™ infinitesimal neighborhood of { and Zr = Z]((oo)

for the formal neighborhood of £ in Zy,. Zr = (£, lim, Oz, [/ 1}) is the formal scheme
given as the formal completion of Zy along . It is a (an inductive or direct) limit in
the category of ringed spaces over P'. There is a presentation

ze=(ul )/~

where we will always use the charts U = C2? with coordinates (z,u), and V = C?
with coordinates (§,v), with U NV = (C—{0}) x C where the equivalence relation
~ is given by the change of coordinates (£,v) = (z~',7°u). Note that the zero
section £ is given in these coordinates by u = 0 in the U-chart and v = 0 in the
V-chart. It is easy to see that I, = O'(k). In fact, I is the line bundle associated to
the divisor —{ and since u = £*v,

diviu) =L+ kf
where f is the fiber defined by ¢ = 0. We similarly have

U™ = Spec(Clz, ul/ (" *"))
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and
V" = Spec(C[E,v]/ (V' T)).

As above, we have

7" = ((n)Lle))

and
29— 7 = (0]]7)/ ~

where U and V are the formal scheme completions of U and V along £.

Remark 1. Unless we explicitly state that # is finite, in each usage of the spaces
Z ,i") we are including the case that n = oo.

These presentations are helpful for describing vector bundles. For instance by
the answer to Serre’s famous question (proved by Seshadri [22] and in further
generality by Quillen [20] and Suslin [23]), U = Spec(Clz, u]) has no non-trivial
vector bundles; similarly this is true for U™ and U by Theorem 7 of [10]. In
contrast, vector bundles on Z ,(( 2 were studied on [1-3, 14]. All the schemes we have
mentioned up until now are Noetherian and Z; is a Noetherian formal scheme. If T
is an affine scheme such that Pic(T) is trivial then

Pic(Z; x T) ~ Pic(Z" x T) ~ Pic(P' x T) ~ Pic(P') ~ Z;

we will use the symbol O(j) for the line bundle with first Chern class j coming
from P! in any of these spaces. If E is a rank 2 vector bundle of first Chern class
zero on Z]((n) then the splitting type j > 0 of E is the integer such that the restriction
of E to £ is isomorphic to O(j) ® O(—j). For a vector bundle on Z,((n) x T we say
that it has constant splitting type j if its splitting type is j over everyt € T (C).

For our explicit presentations of stacks, we will need the following basic results
about rank 2 bundles on Z ]((") , which we generalize from [13].

Lemma 1. Let S be any scheme over C and E a rank 2 vector bundle on Z ]i") x S
of constant splitting type j > 0. Then for any s € S(C) there is an open subscheme
T of S containing s and such that the restriction of E to Z(n) X T has the structure
of an extension

0— O0(—j)— E| — 0(j)— 0.

zM"xT

Proof. By [12], Theorem 3.3 E| can be written as an algebraic extension

ZMx{s}

0—0(—j)— E| - 0(j)—0

Z x{s}
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where j > 0. Consider the leftmost injective map as a nowhere vanishing element

of the space of global sections HO(ZIE") x {s}, EIZ(’”x{s} ® O(j)). The pushforward
k

s« (Elexs ® O(j)) is a vector bundle on S and we have chosen a non-zero point

in the fiber over s. Choose T open in S and containing s and an extension of the
above section to an element of

HY(T', (w5x(Elexs ® €())r7) = H'UXT', Elexr ® 0(j))

such that this chosen global extension does not vanish on £ x T’ and hence does
not vanish on Z ,i”) x T’, and passes through our chosen element of the fiber over s.
This gives us an injective map of constant rank leading to a short exact sequence on

Z,((”) x T’

0—>0(—j)— E

Z,((n)XT/ — L — O

where L is a line bundle on Z ,i”) x T' isomorphic to &(j) over every geometric
point of 7’. By the see—saw principle there is a T open in T’ and containing S such
that the restriction of L to Z ,((") x T is isomorphic to & (). Therefore the restriction
of the above short exact sequence to Z ,i”) x T gives the desired result.

Remark 2. An alternate approach to the Lemma 1 is to start with any vector bundle

which has nowhere zero map of &(—j) to E over £ x T for some affine scheme T
and use the fact that H'(€ x T, 1}%;) = 0 for m > 0 to extend this map order by

order to a map over Z ,i") x T which must be nowhere zero.

Lemma 2. Let T be an affine scheme and E an algebraic extension of ﬁz(”’xr
k

modules
0—>0(—j)—> E—0O()—0,

over Z ,i”) x T which splits over £ x T for j > O then, in the chosen coordinates E
can be described by a transition matrix of the form

7 p
0z
on (U™ N V™) x T, where

min([(2j=2)/k].n)  j—1 )
p= Y Y O

i=1 I=ki—j+1

and p;; € O(T).
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Proof. A Cech cohomology calculation (performed in Theorem 3.3 of [12]) shows
that

Clz. 2" ul /(")
7/ Clz7Y, 5 u)/ ((ZFu)r 1) + 2 Clz, u]/ (u+1)

Ext, (0()). O(=])) =
k
by flat base change for the diagram

AR —

7 ——{}

and the Leray spectral sequence for 77 we have
k

Ext!

Ly o O ). 7 O(=)) = H(Z{" x T.7%,,(0(=2)))
k k

) @
Zk Zk

= HYT, le*n;im(ﬁ(—Zj )

= HYT,0r @ H'(Z", 6(-2))))
= HY(T.0r ® Ext), (0()).0(=))- @)

Remark 3. As a consequence of the above two Lemmas 2 and 1, we see that any
rank 2 vector bundle on Z ]i") x T (or Zj X T) takes a special form locally on 7" and
in this form it is clearly the restriction (completion) of a vector bundle on Zj. The
theorem on formal functions implies then that

Exty  (V.W) = ExthAk (V).
Notation 2. Let
N ={G.Dlki—j+1=<1<j—1 and 1 <i <min([(2j —2)/k].n)}.
Consider the algebraic variety over C
W% = Spec(Cl pia | G.1) e N{Y1) ©

For any fixed j, k it remains finite dimensional even for n = oco. If we pass to the C
points then we get

Wi (©) = {p € Extl(0(). 0=))) | ple=0}.
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Let

L2j=2)/k]  j—1 ‘
R;n]z _ @ @ Ctu c oU™ V™). 4)

i=1  I=ki—j+1
of course R;n]z is the set of C points of Wj(;? but we distinguish them because of the
different notions of automorphisms of R;nlz and WJ(',? .

Remark 4. Note that in our chosen form of transition matrix from Eq. (1) we have
explicitly chosen p € R(."]z.

Definition 1. Consider the open cover {U ™ x W(”) Vo x W(") yof ZM x Wj(',? )
We define E, sometimes called the big bundle, to be the bundle '

E
(n) ()
Zy X Wi
on Zj X Wj(,']? defined by transition matrix

J
(Z {’.) e H((U™D n V™) x W, ozut(62?)).
0z 7/ J.

Let T be an affine scheme and p a morphism from 7 to W(") We denote by E, the
bundle (also described in Lemma 2) given by the pullback (1d p)*E of E via the
map

Z(”) B

(idzl(cn)sp)
Z"xT 5z xw).

Lemma 3 ([4, Thm. 4.9]). On the first formal neighborhood Z'", two bundles E
and E' with transition matrices

7/ P\ and 7/ lﬁ
0z7/ 0z7/

respectively are isomorphic if and only if p| = Ap; for some A € C*.

Remark 5. 1t follows from this lemma that the coarse moduli space of bundles
0r21AZ k]il)z coming from non-trivial extensions of &'(j) by & (—j) is isomorphic to
P =r=
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Example 1. On higher infinitesimal neighborhoods we need to consider far more
relations among extension classes then just projectivisation to obtain the moduli of
bundles. The simplest of such examples occurs in the case when k = 1 and j = 2,
so that our extension classes have the form

p = (pro+ pri2u+ prizu’.

The set of equivalence classes of vector bundles is then C3/ ~ where the
equivalence relation is generated by

(P10, P11, P2.1) ~ (Ap1o, Apra, ApS ) if (pros pii) # (0,0), A #0,
(0,0, p21) ~ (0,0,Ap21), A #0.

Note that pé’l is does not depend on p, and that the quotient topology makes the
entire space the only open neighborhood of the split bundle, which is the image of
the origin in C.

2.1 Stacks of Vector Bundles

We now define the stack of bundles 9i; (Z]((") ), the main object we seek to
understand in this article.

Definition 2.
m;(Z ,((")): Schemes — Groupoids
given by
T + Hom(T, M, (Z"))
where

ob(Hom(T, M, (Z ,i”) )) = {rank 2 vector bundles on Z ,i”) x T which have
splitting type j and first Chern class O for every  (5)

restriction to Z]((") x {t},t € T(C)}
and

mor(Hom(T, 2 ; (Z")(V1, V2) = Isom(Vi, V5).
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This is a stack [17] with respect to the faithfully flat topology on schemes
(C-algebras). Notice that there is automatically a universal bundle & over Z ]i") X
Mm;(Z ,((”) ). We can similarly define the stack 91; (Z\k). We similarly have the stacks

M(Z ,i”) ) of bundles where we drop the condition on splitting type.
There is an inverse (or projective) system of stacks of finite type over C:

s (2 - M (2P - mjZ) - M (Z20) = m; (Y (6)

whose inverse limit in the category of algebraic stacks is 90; (Z\k). Alternatively we

can consider the inverse system 9; (Z ,i') ) to be an pro-stack of pro-finite type. This
type of approximation is studied in [21]. It seems difficult to compute invariants of

the stacks 90t (Z ]i") ) using only the definition above so we will find a more explicit
description below.

2.2 The Structure of Vector Bundle Isomorphisms

Consider the bundles £, defined in Definition 1. There is a exact sequence
0 — Hom(E,, Ey) = End(O(—j) ® O(j))
— Ext!(0(=)) © 0(j), 0(=]) ® O(j)) = Ext'(Ep, Ey) = 0. (1)

We now explain the structure of isomorphisms between families of bundles coming
from extensions by constructing an explicit splitting for the first non-trivial map in

this sequence. If the bundles £, and E,» on Z ]i") x T, given by maps
’. (n)
p,p:T— Rj’k

are isomorphic (see Eq. (4)) then necessarily they have the same splitting type, and
in such case we can represent them by transition matrices on

UDNy®™yxT

0z 0z
given by a pair of invertible matrices

_ ay bU
4= (CU dU)

o (2P Z p : - i i
y -] and respectively. An isomorphism between E, and E is
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regularon U™ x T and

ay bV
B =
(CV dV)
regular on V" x T, such that:

J
B(% 7
0z7/
or equivalently

7 p 7/ —p
B = ] A f
(O z_/) ( 0 z

_ (au +77/pley 27by + 2 (p'dy —av p) —pp’cU)
ey dy — 7/ pcy '

J /
(ZO 7 ,) A, (8)

(€))

Definition 3. We use the notation Y * to denote the terms in Ye &/(U™NV M)xT)
that are not regular on V" x T and Y 2%/ denotes the terms in Y that are not
regular on V) x T and have power of z greater than or equal to 2; .

Lemma 4. Suppose that j > 0. Then any isomorphism (A, B) between E, and
E, on Z]in) X T has the form

(A,B) = (My, My) + (Py(M), Py(M)) (10
where
M = (My, My) € Aut,, (6() ® O(=))).
ab
My = (QU QU)
and

op () = [Pt = (@ (P —ap) —prley) =
) 0 7 pey)t

depends only on p, p’ and M and satisfies

[P'd —ap—="pp'ey) = 0 € Exty (0(). O(=))). (1D
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Proof. First suppose that such an isomorphism exists, between £, and E . Then

we have
7 p 7 p
|A—B ] =0. 12
(0 z‘f) (0 z_f) (12)

The left hand side comes out to be

(p’cU +(ay —ay)7z dyp’ —ayp + /by —z_jbv) (13)

cvzl — ey 77 (dy —dy)—cyp

The lower left corner of (13) implies first of all that ¢ must be a section ¢ of (2j).
We need to arrange for the vanishing of all terms in (13). Therefore, we need to
solve the equations:

ay —ay =—77plcy
by —777by = —dyp' +ayp
dU — dV = ngVp.

Becasue H'(Z ,i”) x T, 0) vanishes, the first and third equations have solutions which
are unique up to global functions. Let

ay =a— (7 p'ey)”t
and
dy =d+ cyp)?.

These solve the first and third equation. If we substitute into the second equation,
it reads

dby—7by == eyp)tp + (@ pey)t +7 pley)p—dp +ap
=—dp' +ap+z'ppcy.

(14)
This implies that

[P'd —ap—=7pp'ey) = 0 € Exty (0()). O(=))).

Conversely, suppose that these conditions are satisfied by some «a, d, ¢, p, and p’,

let us record the general form of an element of Isom (Ep E p/)._It remains only

zM"xT
to determine the expression for by . By the assumptions we already know that

(& (p'd —ap)—pp'ey) ™™



Moduli Stacks of Bundles on Local Surfaces 11

is regular on V'™ x T. Hence

by =by - (& (p'd —ap)—ppcy) .
Finally, since u divides p and p’, we know that A is invertible if and only if My is

and therefore the isomorphism (A, B) is invertible if and only if the automorphism
M is invertible.

Remark 6. We conclude that the expression of the element (A4, B) of Hom(E,, E /)
under the decomposition (43)

Hom(E,, E,7) = Hom(0(j), 0(—j)) ® ¢ (ker(d" ")) & ¥ (ker(dy*))

from the appendix is satisfied if we take b € Hom(&'(j), O(—j)),

Yu(c) = (_(Z_j plegp)t Y (PP’QU)+’22j)

Cy (7 pey)t

and

0 d

oula,d) = (g 7Y (Zj(p/i_gp))+,zzj) |

2.3 Bundle Isomorphism Viewed as an Equivalence Relation

Although we have worked out the structure of the space of isomorphisms between
two given bundles, this does not yet give a criterion for when two bundles are
isomorphic nor does it provide any understanding of the equivalence relation on

WJ(',? given by isomorphisms of vector bundles. We show that there are algebraic

groups G;"lg acting on WA(;? so that the orbits of this action are identified with
the equivalence classes. This action (17) takes on the familiar form of a Mdbius
transformation. Lange studied in [16] (see also Drézet [11]) the question of universal
bundles over the projectivized space of extensions. In a specific example we study
here a more difficult problem, the difference being that we do not remove the origin
and we consider all vector bundle isomorphisms, not just those that correspond to
scaling the extension. First we need to define the structure of a scheme on the sets
Autzl((n)(ﬁ(j) @ O(—j)) for n finite.

Definition 4. Consider the functors from schemes to sets given by

T Amz}{”xr(ﬁ(j) ®0(-j)).
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These functors are C-groups (sheaves of groups in the faithfully flat topology
on schemes) and are easily seen to be representable by reduced schemes. These
schemes are in fact affine, being defined inside the finite dimensional affine space

End, (0() & 0(=)))

defined with coordinates as in Remark 8 as the complement of the pre-image of 0
by the morphism

deto : End ) (0(j) ® (=) — 0(Z") — Spec(Cls)).

sending s to the restriction of the determinant to £. When we pass to C points we
get the standard determinant followed by restriction to £

dety : End ) (0()) @ O(= ) — 0(z") - 0z =C,

We denote these finite dimensional algebraic groups by G("]() . These form a directed
system of C-spaces (sheaf of sets for the faithfully flat topblogy on the category of
C-algebras) and their direct limit as a C-space (see [9] for this yoga) is representable
by an infinite dimensional algebraic variety,

—_—

_ ()
Gir = Gj,k

which has Aut ) (0(j) @ O(—J)) as its underlying set of C-points. In fact, é\];
k

is an infinite-dimensional algebraic group. The sequence G;',g

RN Gf,z — GfZ — G}lz? — G;f’lg = Autpi (O(j) ® O(—))) (15)

is an pro-finite-type pro-scheme. We often write elements of Hom(7, G;}.le) as
matrices. '

Consider the following direct sum decomposition of the vector space of functions
0NV =6 60" NV &0 ,uwU™ NV")400u
k k k

®O,mU™ Ny
k

where the sector named “good” corresponds to the terms appearing in Lemma 1,
and also

ZO,wU NV cow™)
k
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and
! OmU V)T Ccow™)
4= qgoa =4~ +q".
As in Eq. (8) we write elements of
Hom(T.G\})  HY(Z{" x T.0%* & 0(2j) & 0(-2j))

in the form

ab
e=(t4) ao

with b = (b, by) and by, holomorphic on U™ x T, etc. First of all notice that the

group Hom(7, G;f'k)) acts on the functions p on U™ N V™ x T which vanish on
the zero section by the formula

ap—7by

_ 17
d—z77pcy an

8P =

A special case (where b and ¢ are taken to be zero) of this action was observed
for general varieties and bundles in [11]. For » finite, such functions vanishing
on { belong to uClz,z|[u]/(u" "), in the case n = oo such functions belong
to uC|z, z7'][[u]]. The action p + gp does not preserve the finite dimensional space
R ]n]z which was written in (4). This means that we need to somehow correct the

morphism (g, p) — gp. This will happen in the next definition.

Definition 5. Define a morphism
(n) (n) (n)
Gy xRy — R

by

ap—2z'b ap—2b, \~ ap—2b, \~
(g.p)r>gop= 12U —(‘p ‘U) —(—‘p ‘U)

d—z7/ pcy d—z7 pcy d—z7 pcy

_ ( ap—2by )
a i_z_j Py good

This morphism will become one of the structure maps of a groupoid (see Eq. (40)).
It is not the action of a group.

(18)
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Consider
A (p) = a— (& pey)t by -z (zi ((ge p)i_gp) —p(ge P)QU)JF'ZZj
g v d+@eygep)?
(19)
and
B,(p) = a+ @ pey)t by +( ((ge p)d —ap) - p(g ‘P)Qu)+’<2j
) v d—(7cy(gop)t
(20

They are regular over U" x T and V™ x T respectively because they satisfy
(A¢(p). Bg(p)) = (My, My) from Lemma 4 in the case that p’ = g e p. That is
to say, they satisfy

By(p) (Z(; St ,) = (Z(; v ) Ag(p) 1)

and so the pair (4,(p), B¢(p)) provides an isomorphism between E, and Ege,.
We have shown the following Lemma.

Lemma 5. There is a morphism
(n) (n) (n)
Gj’k X Rj,k — Rj’k
(&.p)—>gep (22)
such that for two bundles E, and E , of constant splitting type j,

Isom (Ep,Ep) = {g € Hom(T, G;”k)) | gep=7p}

Z,((")XT
(23)

= {g € Hom(T, G;f[k)) | 11 is satisfied}.

Consider the isomorphism

(Agl(gZ ° p)Agz(p)v Bgl(gZ ° p)Bgz(p))

between E, and Eg e(gep). In Lemma 4, we defined an element

g1e,8 €GO

such that this isomorphism equals (Age,g,, Bgje,g,)- Similarly, the isomorphism
(Ag(p)~!, B¢(p)™") between Ege, and E, corresponds to a an element

g™ e Gl (24)
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From here it is clear (since both A, < (p) and B, o) ( p) are the identity matrix) that
] k

ge, gl = egm = g e, g (25)
Js
Definition 6. Define g », g» and gV to be the elements of G! ,3((C) correspond-

ing via Lemma 4 to the isomorphisms (Ag, (g2 ® p)Ag, (), Bg, (g2 ® p)Bg,(p)) and
(Ag(p)~", B¢(p)™") described above.

The elements g| e, g, vary algebraically with g and g, and give a morphism of
schemes

(n) (n) (n) (n)
Gj’k X Gj’k X Wj’k — Gj!k
(81,82, P) > g1 9, 2.

The restriction to p = 0 in Wj(']? gives us back the standard multiplication but in
general this structure does depend on p.
Therefore by definition we have

By, (820 p)Bgz(p) = Bgl'pgz(p)' (26)

(and also Ag (g2 ® p)Ag,(p) = Agje,g,(p)). An immediate consequence of this
together with (21) is

g1e(g20p)=1(g19,8)ep, 27
and we also have
B(gieem 8200083 (p) = Bgregyepz (g3 ® p)Bg,(p)

= B, (g20 (g3 p))By,(g3 @ p) By, (p)
= By, (20 (230 P))Bgre,:(P) = Bgie, (520,55 (P)  (28)

and similarly for A¢(p). Because every isomorphism (A4, B) which takes one of our
chosen transition matrices corresponding to a bundle E, to another transition matrix

of the same form corresponds (7) to a unique g € Hom(7, Gﬁ",g) we conclude that

(81 9(g50p) 82) ®p 83 = g1 9, (820, g3). (29)

This will be used to verify the associativity of the groupoid structure. A direct
inspection of (18), (19) and (20) shows that identity matrix e M satisfies
Jjik

egm®p=p (30)
Jik
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for any p and corresponds to the identity map from E, to itself. Therefore we of
course have

eG;.f’,z opg:g:go],ecyjk) (31

for any p.

3 An Explicit Groupoid in Schemes

In this section we describe an explicit groupoid in schemes and show that its
associated stack is isomorphic to the stack of rank 2 vector bundles of splitting

type j and first Chern class 0 on Z ,((") .

3.1 Review of Groupoids in Schemes and Their Sheaf Theory

We begin with a review of the definition of a groupoid in schemes and the notion of
a sheaf on a groupoid in schemes. Recall that a groupoid

4 =(A,R,s,t,m,e,t)

in schemes consists of schemes A (the atlas) and R (the relations), morphisms
s, t,m,e,l

(32)
R, X4 R —"=R

and
R—>R
which satisfy some conditions which we write below. Here

R x4 sR ={(r1,r2) € R x R|t(r) = s(r2)}.

Let pi, p, be the first and second projections

P1.p2
R; x4 sR — R
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and let A be the diagonal

RxR<-R.
The morphisms then must satisfy
m o (m,idg) = m o (idg, m) (33)
on all composable elements of R x R x R,
tom=top, som=sop (34)
on all composable elements of R x R
mo (1,idg) oA =eos, mo(idg,t)oA=ceos 35)
on R, and also
mo (idg,eot)o A =idg, mo(eos,idg)o A =idg (36)
on R. Notice that for any scheme S that by taking the set of morphisms of schemes
from S into R and A one gets a pair of sets and these naturally form a groupoid in
sets using the obvious maps. We denote this groupoid in sets by
Hom(S,%9).
A (coherent/locally free of rank r) sheaf of modules on the groupoid consists of

a (coherent/locally free of rank r) sheaf . of &4 modules on A together with an
isomorphism f of sheaves of &y modules over R

fis*S > t*S
which satisfies
pyfopif=m"f (37
and
e* f =id. (38)

To make sense of this equality, one must use the identities

sop,=som, and top,=tom.



18 O. Ben-Bassat and E. Gasparim
3.2 Stacks from Groupoids

Let¥ = (A, R,s,t,m,e, 1) be a groupoid in schemes.
We associate to it a stack [¢] defined as the stack on the fppf site associated to
the prestack pre-[¢] which associates to any test scheme 7' the groupoid in sets

pre-[4](T) = Hom(T,¥).
Notice that such a morphism consists of a map from maps from 7" to A, and T to R

which satisfy the obvious compatibilities.

Remark 7. In the case that R = G x A and the groupoid structure is just given by
a group action of G on A, we may denote the associated quotient stack by [A/G],
leaving the structure implicit.

There is an equivalence [17] of Abelian categories of coherent sheaves which
takes vector bundles to vector bundles

Coh(¥) —=> Coh([¥]). (39)

Definition 7. We denote by [.¥] the sheaf on [¢] corresponding to a sheaf . on ¢
under the equivalence (39) given above.

3.3 Groupoid Presentations for Stacks of Rank 2 Bundles

We define a groupoid in schemes to be called ¢ ;1) . The atlas of ¢ ](']? is W](']? and the
relations are Gﬁ"k) x Wj(,']?.
The arrow s is given by the projection

Js Jk
defined by
(& p)—p.
The arrow 7 is given by the map
t
Gl < Wi > Wi (40)

defined by

(& p)—>gep.
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where g e p is defined in Definition 5. The multiplication

m: (G™ x Wj.(j())s X

(n) (n) () ()
ik /-(.'1? ,(Gj,k X ij) — Gj’k X Wj,k

W

is given by

m((g1, 820 p).(g2.p)) = (g1 95 g2.p)

where g @, g> is defined in Definition 6.
The identity section is defined by

e(p) = (id, p)
and the inverse is defined by
g.p) =" gep)
where g(=V» was defined in Definition 5. The associativity condition (33) follows

from (29). The conditions (34), (36) and (35) follow from (27), (31), and (25).
We get an inverse system %](73 in the category of groupoids in schemes:

©) (@) ) (0
gD gD ) g0, (1)

and the inverse limit is % = %ﬁo) .

3.4 The Morphism Defined via the Big Bundle E

The big bundle E defines a morphism of stacks from Wj(y;() to M; (Z ]i") ) as follows.
Given an affine scheme 7', we have a map '

or:Hom(T, W) — Hom(T, M (Z"))
f—(34d, /)*E
given by sending f to the pullback of E via the map

@id, f) : Z,((”) xT — Z,((”) X Wj(',?
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Lemma 6. For each j > 0 the substacks

me; (2 = | mz)

0<i<j
ofi)ﬁ(Zlin)) are given by

T |E € Mz rr(E & 0())

is generated by global sections andR'nr«(E ® O(j)) = O}.

Proof. By Serre’s theorem, (Z lin) ) is covered by the open substacks defined

T {E € MZ)N D) |77+ (E ® 6()))
is generated by global sections andR' 77+ (E ® 0(j)) = O}.

In order to show the Lemma we can work locally in the site, and show the
equivalence using the prestacks pre-[¢ j(f]'c) ]. First suppose that £ has constant (in 7')
splitting type less than or equal to j. Using Lemma 1, we can assume (after
shrinking 7') that is an extension of &'(i) by &(—i) for0 <i < j. Then E ® O(i)
is an extension of &'(2i) by &. Due to the fact that Hl(Z]((") x T,0) = 0, the
resulting sequence on global sections is exact. Both of the line bundles &'(2i) and
O are generated by their global sections, and the fact that 7n7.(E ® €(i)) and
therefore nr«(E ® O(j)) is generated by its global sections follows. However,

Hl(Z]i"), O'(a)) vanishes for a > 0 and therefore R'7wr«(E ® O(j)) vanishes.
Conversely, suppose that wr«(E ® O(j)) is generated by global sections and
R'nr«(E ® O(j)) = 0. The second condition implies (see Remark 8) that for
every geometric point ¢ of T, the splitting type of the restriction of E to Z ,((") x {t}

is less than or equal to j. Therefore, £ belongs to M« (Z,((”))(T).

3.5 The Universal Bundle &
We now construct the universal bundle on the groupoid
(n) (n)
Z" x gjfz .

The groupoid in question has atlas Z ,i”) x WJ(',? and relations Z ,i”) X G;”k) X Wj(;? . We
use the description of sheaves on groupoids in schemes given in Sect. 3.1. We start
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with the big bundle  on Z;" x W} which was defined in Definition 1. Consider
the map in

. I, *
Isomzf((n)xG;rfk)XW;,L)((le,((n), t) E, (leI(cn)’ S) E)
given by the pair
(A5(p). Bo(p)) € Aut (U x GI) x W), 6%2)
x Aut (V(”) X Gﬁ"k) X Wj(,’]?, ﬁeBZ)

which was defined in Eqs. (19) and (20). We need to consider the pullbacks of the
isomorphism to

(n) (n) (n) (m) (m)
Zie X Gy x Wi)s Xy 1(G e X W)
via the maps
(idzl(cn), m)7 (idZ,((n)’ pl)v (idzl(c”)’ pZ)
where m, p;, p, are the maps
(m) (n) (m) (n) (n) (m)

(G x Wii)s X (G X Wip) > Gy x Wi

given by

m((g1.820 p). (g2, p)) = (g1 9 &2.p)
p1((g1.820p). (g2,p) =(g1.820p)

and

P2 ((g1,82 0 p), (g2, p)) = (g2, P)-

These pullbacks are described by the pairs of elements of
n (n) n) @ " .
Aut (U( ) % (ijlk X ij;( )s XW/‘(.II? I(ijlk « W,’;i )0 )
and

( (n) (n) (1) (n) @2
Aut (V m % (Gj,k X VVj,k )s XWj’r;{) t(Gj’k X I’Vj,k ). O )
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given by
(Agi0,52(P): Bgio,0: (D)),
(Ag (820 p), By (820 P)),
and

(Ag,(P). Bg, ()

respectively. Therefore identity (37) follows from (26) while (38) follows from (30)
and consequently we have defined a vector bundle on the groupoid in accordance
with the description in Sect. 3.1.

3.6 The Equivalence of Stacks

Let us first mention groupoid presentations in the case of line bundles.
The stack of line bundles on the Z ]((") is equivalent to

Zx[o/O(ZM)"].

For example when k = 1, n = oo this stack is equivalent to
Z x [o/C[lx, yII"].

In Sect. 3 we defined a groupoid in schemes

W w® W m, e

() _
G0 =GN xw W,

jk

the associated pre-stack pre-[¢ ;”;{) ] and the associated stack [%](']?] on the fppf site.

Theorem 3. The natural map W](Z) — M (Z]in)) given by the big bundle E which
was defined in Definition 1 induces an isomorphism of stacks

[ = m; (2.
Furthermore, there is a vector bundle
[£]

z" x [9})]
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whose pullback to Z ]i") X Wj(,';c) is the big bundle E, and is identified via the above
isomorphism with the universal bundle & on Z,((”) x M (Z]i")).

Here, [¢ ;’;{) ] is the stack associated to the groupoid %](r]? . This association is reviewed
in Sect. 3.2.

Proof. We will prove this theorem by first defining a morphism of stacks over the
fppf site and then show that it is locally in the site an equivalence of categories.
Consider the morphism of pre-stacks

pre-F : pre-[%}j}{)] — IM; (Z,in))
by

pre-Fr(f) = (idz;(n), *é

where f is a morphism of groupoids from 7" to % (") . Because I, (Z, ) ) is already
a stack over the fppf site, we get for free a morphlsm of the assoc1ated stacks over
the fppf site

F g0 — m;z").

In order to show that this is an equivalence we need only to show that it is locally
an isomorphism. Consider a vector bundle £ on Z ]((") x T for an affine C-scheme T’
and write it somehow (it does not matter how) as an extension of &'(j) by O(—)
possibly after renaming 7. Using Eq. (2) we have

EXtZ(n) T(”Zm) o), 7TZ(11) o(=j))

= H'(T. 01 ® Extl,(0()). 0(~]))) = Hom(T. W),

We can conclude that choosing (locally in the test schemes) the structure of an
extension gives maps from 7 to the atlas of g](’]? . It remains to show that the

ambiguity in such choices is given by maps from 7' to the relations of %;"Q . Suppose

we have two maps p and p’ from T to WJ(',? . We need to show that
N o~ : * : 1\ *
Isom[g;j{)](m(p, p) = Isomz,((”’xT((le,((””p) E, (ldz,((”” p)’E).

We have already naturally identified these two sets in Lemma 4.

We can use some easy observations about the explicit presentation we have
established to give some properties of the stacks 9;(Z ,((n)). First of all Gﬁnlg and
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WJ(Z) are reduced, irreducible, affine algebraic varieties. Notice that s is a projection
and the map ¢ factors as a Zariski open embedding followed by a projection

R=G) x W) —End ) (6())® O(~)) x W}

k I

\ \L
A=w

where the horizontal map is

(g p)—(g.g°p).

The following could be concluded from the general construction of these stacks of
vector bundles using Quot schemes due to Laumon and Moret-Bailly but we can
give here a direct proof.

Corollary 1. For every finite n, the stack 9 ; (Z,((n)) is an Artin stack.
Proof. When n is finite then G;"k) and WJ(;? are smooth affine varieties of finite type.
By [17], Cor. 4.7, in order to conclude that it is an Artin stack, we need to show that
s and ¢ are flat and that the morphism
(s,) :R—>Ax A
is separated and quasi-compact. Since # is finite, s and ¢ are in fact smooth and
therefore certainly flat. Quasi-compactness is obvious since R is quasi-compact. To
see that (s, ¢) is separated we need to see that the induced diagonal
R — R(sp) Xaxa s)R (42)
is closed. Notice that Rs ) X x4 (s,) R is a closed subvariety of
(n) (n) (n)
Gj’k X Gj’k X Wj!k
defined by the equation
gi®p=4g9p.

The image of the diagonal (42) is therefore closed, being just the intersection inside

() () ()
Gj’k X Gj’k X ij
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of

Ris) Xaxa )R

with the closed subvariety
()
AG;nk) X Wj,k .
where
() ()

is the diagonal.

4 Applications

In a forthcoming article [5] we will use these groupoid presentations to calculate
the space of deformations of the moduli stacks 90;(Z ]((") ). To do this one must
calculate the cohomology of the tangent complex (thought of as a complex of
coherent sheaves) on these stacks. We then consider deformations of the Z ]i") . These
include both classical and non-commutative deformations of the type considered in
[8,24]. By considering stacks of vector bundles over universal families of these
deformations we get natural deformations of the stacks 9 (Z ,((n)). We investigate

the corresponding map from deformations of Z ,((”) to deformations of 9, (Z ,((”) ).
This map is neither injective nor surjective. Such maps are well understood for the
case of curves (see for example [19]); whereas for surfaces such maps are only
understood in a few special cases, such as Mukai’s [18] description for the case of
K3 surfaces. In general such maps are quite mysterious for the case of surfaces.
Thus, it is interesting to look at the question in the intermediate case of formal
neighborhoods of curves inside surfaces.

Consider a proper algebraic surface X over C. By attaching the stacks 9, (Z\k )
to M(X) in the correct way one gets certain substacks 97; (¥') of the stack of vector
bundles on the blow up of X at some point. Consider the punctured space Z; =

Zi — £ and the punctured formal neighborhood Z\k° which is defined in [7] using
Berkovich’s analytic geometry. Now let Y is any algebraic surface containing a
rational curve £ with £2 = —k, k > Othenlet Y° = Y — £. Let M(Y) be the stack
of all vector bundles of rank 2 whose restriction to £ has first Chern class zero, while
M(Y°) and DJI(Z;°) are the stacks of all vector bundles of rank 2 on Y° and Z;°
respectively. By taking stacks of vector bundles and using the main theorem of [7],
we get a fiber product diagram of stacks along with the substacks of splitting type j,
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consisting of the above diagram with the solid arrows only. The dotted curved arrows
going up here exist only in the case that k = 1 and when the image of £ is a smooth
point under the contraction of £. Suppose we are in this case and 7 : ¥ — X is the
contraction of £. Then the dotted arrows are sections of the arrows in the opposite
direction and are given by extending a bundle from Y° =Y — ¢ =~ X —{x}toa
bundle in M(X) by taking the double dual of its pushforward and then pulling back
the bundle via 7 to Y (and similarly on the other side). This diagram is an algebraic
version of the holomorphic patching construction used in [15] and can be used to get
information about the relationship of 91;(Y) and M (Y — {) from the relationship
of M (Z) and S)JT(Z°). This version of patching using stacks is a much more
powerful construction, in particular avoiding all-together the use of framings, hence
eliminating the unnecessarily complicated issues of infinite dimensionality of the
space of reframings of each individual bundle. In this article we have focused on
a description of 9; (Z). The application to topological information will appear
in a forthcoming article [6] where we use the groupoid presentation to compute
homology, cohomology and homotopy groups of the stacks of bundles.

Another reason why using stacks of bundles is preferable for gluing purposes
over the construction via framings is that framings (in the sense of trivialising
sections) simply do not exist in general. For the case of a surface with a —1 line
it turns out to be possible to add framings to all holomorphic bundles, that is, every
bundle on Z, is trivial on Z 7, so one can consider pairs of bundles together with
framings, and glue by identifying framings. However, for elements of 90 (2 x) only
those satisfying j = 0 mod k are trivial on Z °. This argument becomes even
more relevant if one considers curves inside threefolds. For instance over completion
W, of the resolved conifold W, = Tot(O'(—1) & O(—1) we can consider also rank
2 bundles with splitting (7, —j) and define stacks 91; (171/\1) but here only the trivial
bundle is frameable in the sense of [15].

Appendix A: Some Cohomology Groups

The ring of global functions on Z is

k=2 k
O(Zi) = Cllxo, xi.eoxill /Y D (i) = xigaxj—1) |

i=0 j=i+2
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and for Z,(( ") one gets ﬁ(Z(")) = O0(Zy)/m"*! where m is the ideal (xo, ..., x).
Note that here x; = z'u in terms of the original coordinates on U and U (”) The
zeroth cohomology is the torsion-free & (Z r) module

HZi 06) = QB ci c 0(0).

Similarly, we have the (Z ,i”) ) module

H(Z", 0(s) = @ Cut c oU™).

Remark 8. The set HO(Z™, 0(s)) is the C points of the spectrum of the polyno-
mial algebra freely generated over C by variables indexed by pairs (/, i) such that

ki+s—1>0,1>0,n>1i>0.Itis also easy to see that HI(Z("), O'(s)) vanishes
fors > 0.

Appendix B: The Cohomology Spectral Sequence of
Hom(E, F)

Consider a scheme Z covered by just two affine open sets U; and U, and two
rank 2 vector bundles £ and F on Z which trivialize on the U;. Assume also that
H'(Z, 0) = 0. The Cech complex for computing the cohomology of s om(E, F)
on Z looks like

HomUl(E|U17F|U1)®H0mU2(E|Ust|Uz) _>HomUlﬂUz(E|U10U2’F|U10U2)-

If we choose local trivializations for E|y,, E|y, and F|y,, F|y, then the complex
becomes

Homy, (6%%, 0®?) @ Homy, (02, 6%%) — Homy, ny, (022, 69?)
with differential
(A,B) —» GgA— BGr
where Gg, G are the transition matrices of £ and F. On the other hand suppose

we know that £ and F can be written on Z as extensions of line bundles L, by L.
By choosing local splittings the Cech complex becomes

Endy, (6®2) @ Endy, (0%?) 2 Endy, v, (6%2)
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g1 0 g1 0
Di(Ny,N,) = N1 — N ,
1(N1, N2) (O gz) 1 2(0 gz)

Dy(M, M) = (g1 pE) M, - M, (g1 pF) .
0 2 0 82

ker(Dy) Z coker(Dy)
Let us compute the cohomology groups
ker(D,) = Hom(E, F) = H°(X, #om(E, F))
and
coker(D,) = Ext'(E, F) = H'(X, #om(E, F))

in terms of the extension and cohomology groups of the L;. The filtration on
Hom(E, F) reads

0 C sZom(Ly, L) C sLom(E, L)) + 50om(L,, F) C Zom(E, F)
with associated graded pieces JZom(Ljy,L;), &nd(L;) & &nd(L,), and

FCom(Ly, Ly). The associated spectral sequence computing the cohomology
JCom(E, F) has an E| term which looks like

q=2
g=1
g=0 | Hom(Ly,L,) 0 : 0
g=—1 End(L;) ®End(Ly) Ext'(L,L;) 0
q—= -2 Hom(Lz,Ll) 0
qg=-3 0
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The E, term looks like

q=2
qg=1
q= 0 HOHl(Ll,LQ) 0 0
g=-1 ker(dll’fl) coker(dll’fl) 0
q= -2 HOIn(Lz,L]) 0
q=-3 0
p=0 p=1 p=2 p=3
The E5 term looks like
q=2
q=1
g=0 | ker(d)?) 0 0
g=-1 ker(dll’fl) coker(df’fl)/im(dg’o) 0
qg=-2 Hom(L, L) 0
q=-3 0
p=0 p=1 p=2 p=3

The first differential we consider is

1.—1

0 ®2 __ 4 1
H(X,0)®* = End(L) ® End(L,) — Ext'(L,, L).

It is the connecting map for the cohomology of the short exact sequence

0 — Hom(Ly, L)) — 5Com(L,y, F) + 5€om(E, L)

— &nd(Ly) ® &nd(Ly) — 0

29
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Consider the induced filtration on Hom(E, F) given by
0 C Hom(L,, L) C Hom(E, L) + Hom(L,, F) C Hom(E, F).
One has

Hom(E, F) 0.0
~ ker(d?®) € Hom(L1, L,).
Hom(E. L) + Hom(Ly. F) = erd2) ¢ Hom(Ly, Lo)

and

Hom(E, L) + Hom(L,, F)
Hom(L,, Ly)

= ker(d,"") ¢ H(X, 0)®.
For any choices of splittings
Hom(E, F) < ker(d®®)  Hom(L1, L»)

and

¢ 1,—1 0 ®2
Hom(E, L) +Hom(L,, F) < ker(d,” ") C H" (X, 0)
we get a decomposition
Hom(E, F) = Hom(L,, L,) @ ¢ (ker(d;" ")) & v (ker(dy?)). (43)

We record formulas for d 11’_1 and d20 % in the case that X = Z ]((") x T for some affine
scheme T, Ly = O(—j), L, =0(j), E=E,, F = E,.

A H' (X (L ® LY) @ (Ly ® L)) — Ext!(La, L1)

We compute

Z p'\(a0) (aO\(z p\_(0dp —ap

0z7/)\od odJ\oz7) \o o '
Therefore the element of Ext!(L,, L) to which the pair (a, d) maps is represented
by (dp’ — ap)|wmnym)xr- The differential

dll'_l : HO(X, 0%%) — Ext'{(0()), O(—)))
(@.d)~dp' —ap.
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In

order to write down the next differential

dy : Hom(0/(=). 0(j)) — Ext'(6(j). 6(~))) /image(d, ™),

we choose regular functions «y, 6y on U and ay, §y on V such that

SO

—_7 !
—z ' pey =av—ay

Z pey =8y =8y

dy’(c) = Sup’ —avp.
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An Orbit Construction of Phantoms,
Orlov Spectra, and Knorrer Periodicity

David Favero, Fabian Haiden, and Ludmil Katzarkov

1 Introduction

The notion of a phantom category is a recently coined term, referring to a nontrivial
triangulated or dg-category with vanishing Grothendieck group and/or Hochschild
homology. In this note, we refer to categories with vanishing Grothendieck group
as K-phantoms and categories with vanishing Hochschild homology and HH-
phantoms. When both of these invariants vanish, we follow [13], and refer to these
categories simply as phantoms.

The existence of phantom Fukaya—Seidel categories was conjectured in [10].
This conjecture was based on a combination of the seminal works of Donaldson,
Kotschick, and Okonek and van de Ven [11, 18, 20], who distinguished smooth
structures on Barlow surfaces and Del Pezzo surfaces of degree one using the moduli
space of instanton bundles. It was also inspired by the study of the behavior of
D-branes under phase transition following Witten and Aspinwall [4, 26].

By the homological mirror symmetry conjecture, it stands to reason that phantom
categories also appear as triangulated categories coming from algebraic geometry.
Indeed, the first example of such a category was revealed in [9] where the authors
construct an admissible subcategory of the derived category of coherent sheaves
on a Godeaux surface with vanishing Hochschild homology (an HH-phantom).
A different construction of an HH-phantom was provided in [3], and strengthened
in [13] which provides the first example of a phantom admissible subcategory of
a bounded derived category of coherent sheaves on a smooth projective variety. In
fact, in this example it is shown that both the Hochschild homology and all of the
algebraic K-groups of the admissible subcategory vanish. A different example of a
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geometric phantom is constructed in [8]. In that case the phantom is an admissible
subcategory of the derived category of a determinantal Barlow surface.

In this note we show that geometric phantom categories are not accidental
and can naturally appear in an infinite sequence of components of the moduli
of dg categories. We provide a basic but non-trivial set of examples of K-
phantom categories: matrix factorizations for odd-dimensional A,,,-singularities.
An important property of our example is that its Orlov spectrum is not a consecutive
sequence of integers, a phenomenon connected to birational geometry in [7]. We
discuss how this example fits with results from string theory appearing in [2,4] and
outline a description of geometric transformations which might produce phantoms
which we plan to explore in future work.

The content of the paper is arranged as follows. In Sect.3 we discuss the
properties of the category MF(k[[x, y]]. x"T! + »?), and show that it has vanishing
Ko group. In Sect. 4, we demonstrate that the Orlov Spectrum of this example is not
a consecutive sequence of integers for n > 7. In Sect.5 we discuss the geometric
significance of phantom categories in a conjectural framework.

2 Adding Quadratic Terms to the Potential

Suppose (R, m) is a regular local ring and f € m. Following Eisenbud [12] we
consider matrix factorizations

p p
Py = P =5 Py, popr=f-1, pipo=f-1 (D

where Py and P; are free R-modules of finite rank. Matrix factorizations form a
differential Z/(2)-graded category MF(R, f), c.f. Orlov [21], and the homotopy
category H(MF(R, f)) is triangulated. We will denote a quadruple as in (1) by

(Po, P1, po, p1)-
The aim of this section is to discuss the relation between the categories
7 =MF(R.f) and ¢ =MFR[YI./ + ). ©)
We begin by describing an adjunction

F: 9%, G:¢—2 3)

with F left adjoint to G. The functor F assigns to an object (Po, P, po, p1) of Z
the object

((po ® P1) @ R[], (Po ® P1) @k R[] [y ley plD @
Po =Yyl LPo—Yy
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of €, to a morphism ( fo, f1) in degree 0 the morphism

([fo@l 0 }[f()@l 0 D )
0 fAi®l]’ 0 fiwl
and to a morphism ( fy, f1) in degree 1 the morphism
([ 0 f1®1}[ 0 f1®1D ©)
fo®l 0 |'[/o®1 O '

The functor G maps an object (P, Py, po, p1) of € to the object

(Po/yPo. P1/yPi, po, p1) (7
of &, where p; denote the induced maps, and to a morphism ( fo, f1), of either
degree, the induced morphism ( fy, f1). On an object (Po, Py, po, p1) of € the counit
¢ is defined by

((1,=p1), (po, 1)) € Hom(Py & P, Po) @ Hom(Py & P, P1) (®)
where
pi=pi®1+piy. ©)

On an object (Po, P, po, p1) of Z the unit 7 is defined by

(I:(l)i| s |:(1):|) € Hom(Py, Py & P;) ® Hom(Py, Py ® Py). (10)
We note that
G(F(X)) = X & X[1] (11)

and thus for objects X, Y of

Hom (FX. FY) = Homg (X, GFY) (12)
~ P Homp(X.Y[i]) (13)
i€{0,1}

which shows that the full subcategory of 4 generated by objects in the image of F is
the category of orbits under the action of Z/(2) on & via the shift functor, c.f. [15].

We specialize to the case of a power series ring R = k[[xo, ..., Xn]] over an
algebraically closed field k of characteristic zero. Under these assumptions, Knorrer
[17] shows that for an indecomposable object X € H(Z) with X % X[1] the object
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F(X) is indecomposable as well, while for an indecomposable X with X =~ X[1]
we have that F(X) = Y & Y[1] for some indecomposable Y € H(%). The same
property also holds for the functor G. Moreover, an object Y € H(%) is in the
essential image of F' if and only if ¥ == Y [1].

3 The A,,, Singularity

Let k be an algebraically closed field of characteristic zero and fix an even integer
n = 2m. Consider the category of matrix factorizations

¢ = MF(k[[x, y]]. x"*" + y?) (14)

associated with the A, curve singularity.
For 0 <i < n + 1 define matrix factorizations

wi: R4 R2Y R (15)
where R = k[[x, y]] and

S I
i = [xn+1—i —y] (16)

By [25] these are all the indecomposable objects and
Wo = 0, W, = W,11- 17

in the triangulated homotopy category H(%). Moreover, for 0 < i < n + 1 there
are triangles

Wi — Wim1 @ Wip1 — W — Wil] (18)

as follows from [25].
We claim that

Ko(%) = 0. (19)

Indeed, writing [X] € Ko(%) for the K-theory class of an object X € %, we see
from (17) and (18) that [Wp] = 0, [W;] = i[W)] for0 <i <n+ 1,s0 [W]isa
generator. But (n — 1)[W;] = 0, and since W;[1] = W; we also have 2[W;] = 0, so
[W1] = 0, since n was assumed to be even.
We note that, by Knorrer periodicity (see [17]), % is equivalent to any of the
categories
MF(k([[x0, - - X ]], X P+ X7 + ...+ x2) (20)

m
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with m odd. The relation to the corresponding category for even m is a special
instance of the discussion in the previous section with

2 = MF(k[[x]], x"T1), € = ME(k[[x, y]]. x"T' + »?). 1)

Indecomposable objects of H(Z) are given by

xn+l—i Xi
Vit k[lx]] —— k[[x]] — k[[x]] (22)
for 1 <i <n, see for example [21]. We have
FV)=FWVp1-i) =W, GWyz=VieVimu =Vie V[l (23)

so in this case the essential image of F' is all of 4, hence % is the orbit category of
2 under the action of Z/(2) via the shift functor.

Remark 1. Let o/ = MF,, (k[[X]],x"™") denote the dg-category of graded matrix
factorizations of the A,-singularity. The group Z acts on &/ via grading shift,
and the corresponding orbit dg-category, in the sense of [15], is equivalent to
MF(k[[X]], x"*1) by a general result from [16]. The category <7 itself coincides
with the bounded derived category of finite-dimensional representations of an A4,
quiver, as was show in [22].

4 Comparison of Orlov Spectra

Let us recall the following definitions. For a more complete treatment see, [7, 23].
Let .7 be a triangulated category. For a full subcategory, .#, of 7 we denote
by (.#) the full subcategory of .7 whose objects are isomorphic to summands of
finite coproducts of shifts of objects in .#. In other words, (.#) is the smallest full
subcategory containing .# which is closed under isomorphisms, shifting, and taking
finite coproducts and summands. For two full subcategories, .#; and .%,, we denote
by .4 x .#, the full subcategory of objects, T', such that there is a distinguished
triangle,

11 - T — ]2 —> 11[1],
with I; € .%;. Set

fl sz = (fl * fz),
(Ao = (AH),

and, for n > 1, inductively define,

()= (I )10 (F).
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Similarly we define

(oo = (J(A -

n>0

For an object, X € .7, we notationally identify X with the full subcategory
consisting of E in writing, (X),. The reader is warned that, in some of the previous
literature, (.#)o := 0 and (&), := (). We follow the notation in [5,7]. With our
convention, the index equals the number of cones allowed.

Definition 1. Let X be an object 7. If there is an n with (X), = 7, we set
OX):=min{n >0 | (X), = T}.

Otherwise, we set ©(X) := oco. We call ©(X) the generation time of X .

Definition 2. Let X be an object of a triangulated category, 7. The Orlov
spectrum of .7, denoted OSpec .7, is the set,

OSpec 7 :={O(X) | X € 7, ©(X) < 00} € Z>o.

Let F :  — % be an exact functor between triangulated categories. If every
object in Z is isomorphic to a direct summand of an object in the image of F, we
say that F is dense.

Lemma 1. If F : T — Z is dense and X is a strong generator, then,

O(F(X)) = O(X).

Proof. If X is a generator of 7 with minimal generation time 7, then .7 = (X),.
Now as F is an exact functor,

F(T) C(F(X)):.

Since every object of Z is a summand of an object F(7), we see that Z = (F (X)),
and the formula follows.

Proposition 1. Let R be a complete regular ring. For any f € R one has:
OSpec(MF(R, f)) = OSpec(MF(R[[Y]l, f + y*))
Proof. We demonstrate that,

O(X) = O(F(X)).
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Notice that F is dense as, by Proposition 2.6 of [17], for any object, A €
MFE(R[[y]]. f +»?%), A® A[1] is in the image of F. Meanwhile, G is dense by (11).
Therefore,

O(X) = 0(G(F(X)) = ©(F(X)) = ©(X),

where the first equality follows from the (11) and the two inequalities are applica-
tions of Lemma 1. Therefore the map,

OSpec(MF(R, f)) — OSpec(MF(R[[y]l. f + ¥*))
O(X) = O(F (X)),

provides an inclusion of Orlov spectra.
By the symmetry of the situation which follows from Knorrer Periodicity
(Theorem 3.1 of [17]), we have the other inclusion as well.

Remark 2. Proposition 1 can also be obtained as a consequence of viewing
MF(R, f) as a Z,-orbit category of MF(R[[y]].  + y?) and applying Proposition
9.8 of [6].

Corollary 1. The category, ME(k[[x, ]], x> 1) has the following properties:

1. MF(k[[x, y]], x*"T1) is a K-phantom i.e. Ko(MF(k[[x, y]], x?"*t1) =0
2. OSpec(MF(k[[x, y]l. x>ty = {0, 1,....[2] = 1,....[%2] - 1.m — 1}

Proof. 1) was explained in the paragraph following (19). 2) Follows from
Proposition 1 and Theorem 4.14 of [7]

5 Conjectures

In this section, we propose that the following conjectual procedures could lead to
the creation of phantom categories:

1. Rational blow downs and smoothings of surfaces.
2. Degenerations and smoothings of threefolds.

These ideas were inspired by [9], which provided the first example of an HH-
phantom as a subcategory of the derived category of coherent sheaves on the
classical Godeaux surface. This led the third author to immediately conjecture that
the derived category of coherent sheaves on a Barlow surface would contain a
phantom subcategory in the stronger sense. This intuition was brought to fruition
in [8] for generic determinantal Barlow surfaces and was based on the following
rationale.

After blowing-up, a determinantal Barlow surface degenerates to a two sheeted
covering of P! x P! with a singular ramification curve. These degenerations and
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blow-ups replace a cohomology class from 4%>° with one in h""!. The new h'! class
is spanned by a single exceptional object. In the mirror this procedure creates a deep
singularity and the phantom subcategory, &/ C D®(coh X), can be viewed through
Homological Mirror Symmetry, as the Fukaya—Seidel category of this singularity.

In general, from the perspective of [14], the Hochschild homology of the Fukaya—
Seidel category of a hypersurface singularity is computed as the hypercohomology
of a sheaf of vanishing cycles on the singular locus associated to the potential.
Therefore, the fact that the Fukaya—Seidel category contains an HH-phantom is
equivalent to the existence of a connected component of the singular locus whose
associated sheaf of vanishing cycles has trivial cohomology. Hence, we can look for
symplectic procedures which create such singular fibers.

Indeed, the required geometric procedures in the case of the Barlow surface,
appear naturally and robustly in physics where they are known as conifold and
extremal exoflop transitions [4,26]. Pushing the envelope, these procedures suggest
a general framework for producing phantom categories.

Let us consider an example appearing in [24]: a conic bundle over P? with a
discriminant curve of degree 12. There is a degeneration consisting of a sequence
of exoflops [4], which reduces the intermediate Jacobian of this conic bundle to
zero. This is the analog of the transition which on the Barlow surface modifies
an h%0 class into an A'! class. While the intermediate Jacobian is eliminated,
the singular fiber in the mirror has degenerated but not disappeared. However, all
the cohomology has Hodge degree (p, p), hence the presence of an exceptional
collection forces the existence of an HH-phantom.

Conjecture 1. Let X be the threefold obtained from the conic bundle after degener-
ation and smoothing described above. There is a semi-orthogonal decomposition,

D°(cohX) = (/, Ey...., Ein),

where .o/ is a phantom category and E; are exceptional objects.

Semi-orthogonal components have also been described as a categorical analog
of the Griffiths—Clemens component by Kuznetsov, see for example [19]. The conic
bundle above is not rational by [24]. Therefore, the example above indicates that
phantom categories, at least in some cases, can be a finer invariant than the classical
Griffith—Clemens component. This suggests a method to understanding birational
geometry for three dimensional conic bundles if the following conjecture holds:

Conjecture 2. For a generic three dimensional conic bundle over a rational surface,
there exists a deformation of the complex structure and resolution of singularities,
X, such that D®(coh X) contains an admissible phantom subcategory.

This conjecture is based on ideas from [1,2]. Indeed, [1] provides a mirror symmetry
construction for conic bundles which can be degenerated as in [2] so that the mirror
still contains a deep singular fiber but whose Hodge cycles are all of type (p, p).
In the example above the phantom subcategory corresponds to a component of the
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singular locus of this mirror given by an elliptic curve whose associated sheaf of
vanishing cycles F has trivial hypercohomology.

Conversely, the following conjecture follows from the Jordan—-Holder
property for semi-orthogonal decompositions conjectured by Kuznetsov see for
example, [19].

Conjecture 3. For any rational threefold, X, D®(coh X) does not contain an
admissible phantom subcategory.
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Microlocal Theory of Sheaves and Tamarkin’s
Non Displaceability Theorem

Stéphane Guillermou and Pierre Schapira

Abstract This paper is an attempt to better understand Tamarkin’s approach
of classical non-displaceability theorems of symplectic geometry, based on the
microlocal theory of sheaves, a theory whose main features we recall here. If the
main theorems are due to Tamarkin, our proofs may be rather different and in the
course of the paper we introduce some new notions and obtain new results which
may be of interest.

1 Introduction

In [12], D. Tamarkin gives a totally new approach for treating classical problems of
non-displaceability in symplectic geometry. His approach is based on the microlocal
theory of sheaves, introduced and systematically developed in [3-5]. (Note however
that the use of the microlocal theory of sheaves also appeared in a related context
in [7-9].)

The aim of this paper was initially to better understand Tamarkin’s ideas and to
give more accessible proofs by making full use of the tools of [5] and of the recent
paper [2]. But when working on this subject, we found some new results which
may be of interest. In particular, we make here a systematic study of the category of
torsion objects.
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Let us first briefly recall the main facts of the microlocal theory of sheaves.
Consider a real manifold M of class C°° and a commutative unital ring k of finite
global dimension. Denote by D°(kj,) the bounded derived category of sheaves of
k-modules on M. In [5], the authors attach to an object F of DP(k,) its singular
support, or microsupport, SS(F'), a closed subset of 7* M, the cotangent bundle to
M . The microsupport is conic for the action of R on 7* M and is involutive (i.e.,
co-isotropic). The microsupport allows one to localize the triangulated category
D°(kys), and in particular to define the category D®(kys; U) for an open subset
U C T*M. This theory is “conic”, that is, it is invariant by the R*-action
and is related to the homogeneous symplectic structure rather than the symplectic
structure.

In order to get rid of the homogeneity, a classical trick is to add a variable which
replaces it. This trick appears for example in the complex case in [10] where a
deformation quantization ring (with an #-parameter) is constructed on the cotangent
bundle 7*X to a complex manifold X by using the ring of microdifferential
operators of [11] on T*(X x C). Coming back to the real setting, denote byt a
coordinate on R, by (¢; 7) the associated coordinates on T*R, by 7, (M x R)
the open subset {t > 0} of 7*(M x R) and consider the map

{r>0}

P T (M XR) = T*M,  (x,0:£,7) = (x:§/7).

Tamarkin’s idea is to work in the localized category DP(kyxg;{t > 0}), the
localization of DP(ky/xg) by the triangulated subcategory DE’T <0} (kprxr) consisting
of sheaves with microsupport contained in the set {t < 0}. He first proves the useful
result which asserts that this localized category is equivalent to the left orthogonal
to DP { <0}(kM x®r) and that the convolution by the sheaf kg, >y is a projector on this
left orthogonal.

Let us introduce the notation D°(k},) := D®(kyxr; {t > 0}) and, for a closed
subset A C T*M, let us denote by Db (K},) the full triangulated subcategory of
D (k ) consisting of objects with microsupport contained in p~' A.

The first result of Tamarkin is a separability theorem. If A and B are two
compact subsets of T*M, F € Db K}, G € Db (k},), and if A N B = @, then
Home(k/yu (F,G)~0.

The second result of Tamarkin is a Hamiltonian isotopy invariance theorem, up
to torsion, that is, after killing what he calls the torsion objects. An object F' €
DP(K},) is torsion if there exists ¢ > 0 such that the natural map F — T, (F)
is zero, T,.(F) denoting the image of F by the translation ¢ + ¢ 4+ c¢ in the ¢-
variable. Let / be an open interval of R containing [0, 1] and let @ = {¢;}se; be
a Hamiltonian isotopy (with ¢y = id) such that there exists a compact set C C
T*M satisfying |7+ M\C = idyxpn\ ¢ for all s € I. Tamarkin constructs a functor
w:DY(k),) — DY 4 (Kj,) such that ¥ (F) is isomorphic to F modulo torsion, for

any F € D (k}, )
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From these two results he easily deduces that if 4,B C T*M are com-
pact sets and if there exist F € DY%(k},), G € DY%(k},) such that the map
RHome(kL)(F, G) —> RHome(kL)(F, T.(G)) is not zero for all ¢ > 0, then the
sets A and B are mutually non displaceable, that is, for any Hamiltonian isotopy @
as aboveandany s € I, A N ¢;(B) # 0.

Let us describe the contents of this paper.

In Sect. 2 we recall some constructions and results of [5] on the microlocal theory
of sheaves.

In Sect.3 we recall the main theorem of [2] which allows one to quantize
homogeneous Hamiltonian isotopies and we also give some geometrical tools
linking homogeneous and non homogeneous symplectic geometry.

In Sect. 4 we study convolution of sheaves on a trivial vector bundle £ = M xV
over M as well as the category D®(kg; U, ), the localization of the category D°(k)
on U, = E x V x Int(y;) where Int(y;) is the interior of the polar cone to a closed
convex proper cone Yy in V. We prove in particular a separability theorem in this
category.

In Sect.5 we introduce the Tamarkin category Db(kyM), that is, the category
DP(kg; U,) for E = M x Rand yp = {t > 0}.

In Sect.6 we make a systematic study of the category .4, of torsion objects,
proving that this category is triangulated and also proving that, under some
hypothesis on the microsupport, an object is torsion if and only if its restriction
to one point is torsion (Theorem 6.12).

Finally, in Sect. 7 we give a proof of the Hamiltonian isotopy invariance theorem
of Tamarkin. The existence of the functor ¥ mentioned above is now an easy
consequence on the results of [2], and one checks that this functor induces a
functor isomorphic to the identity functor modulo torsion. As already mentioned,
Tamarkin’s non displaceability theorem is an easy corollary of the preceding results.

Note that, for the purposes we have in mind, we do not need to consider the
unbounded derived category D(ky,), as did Tamarkin, but only its full triangulated
category D'®(k,,) consisting of locally bounded objects. Also note that our nota-
tions, as well as our proofs, may seriously differ from Tamarkin’s ones.

In future work, motivated by the papers of Fukaya—Seidel-Smith [1] and Nadler
[8], we plan to use the tools developed here to study sheaves associated with smooth
Lagrangian manifolds.

2 Microlocal Theory of Sheaves

In this section, we recall some definitions and results from [5], following its
notations with the exception of slight modifications. We consider a real manifold
M of class C°.
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Some Geometrical Notions ([5, § 4.2, § 6.2])

For a locally closed subset A of M, one denotes by Int(A) its interior and by A its
closure. One denotes by Ay or simply A the diagonal of M x M.

One denotes by t:TM — M and w: T*M — M the tangent and cotangent
bundles to M. If L C M is a (smooth) submanifold, we denote by 77 M its normal
bundle and 7} M its conormal bundle. They are defined by the exact sequences

0—->TL—>LxyT™ —- T,/ M — 0,

0—>T'M > LxyT*M - T*L — 0.
One identifies M to Ty M, the_zero-section of T*M . One sets T*M := T*M \
Ty M and one denotes by 5t4: T*M — M the projection.

Let f: M — N be a morphism of real manifolds. To f are associated the tangent
morphisms

TML>M><NTN$TN

Pk

M—M ——>N. (1)
By duality, we deduce the diagram:

T*M <" MxyT'N > 1N

AP &

M=———M——>N. )
One sets
Ty N :=Ker f; = f7 (T} M).

Note that, denoting by Iy the graph of f in M x N, the projection T*(M x N) —
M x T* N identifies T;ff (M xN)and M xy T*N.

For two subsets S;, S, C M, their Whitney normal cone, denoted C (S, S»), is
the closed cone of TM defined as follows. Let (x) be a local coordinate system and
let (x;v) denote the associated coordinate system on 7M. Then

(x0;v0) € C(S1,S52) C TM if and only if there exists a sequence
{(Xn, YusCn)in C Sy x Sy x RT such that x,, 2 Xo. Y % X0 and

n
cn(Xp — yu) = vo.
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For a subset S of M and a smooth closed submanifold L of M, the Whitney normal
cone of S along L, denoted Cy(S), is the image in T, M of C(L, S).If L = {p},
we write C,(S) instead of Cy,)(S).

Now consider the homogeneous symplectic manifold 7* M : it is endowed with
the Liouville 1-form given in a local homogeneous symplectic coordinate system
(x;&) on T*M by

apy = (&,dx).
The antipodal map ay, is defined by:
ay:T*M — T*M,  (x;§) > (x;-§). 3)

If A is a subset of T*M, we denote by A instead of ay;(A) its image by the
antipodal map.

We shall use the Hamiltonian isomorphism H: T*(T*M) = T(T*M) given
in a local symplectic coordinate system (x; §) by

H((A, dx) + (. d§)) = —(A. 9¢) + (i, 8x).

Definition 2.1 (See [5, Def. 6.5.1]). A subset S of T*M is co-isotropic (one also
says involutive)at p € T*M if forany 6 € T;T*M such that the Whitney normal
cone C, (S, S) is contained in the hyperplane {v € TT*M; (v,6) = 0}, one has
—H(0) € Cp(S). A set S is co-isotropic if it is so at each p € §.

When S is smooth, one recovers the usual notion.

Microsupport

We consider a commutative unital ring k of finite global dimension (e.g. k = Z).
We denote by D(ky,) (resp. D(ky,)) the derived category (resp. bounded derived
category) of sheaves of k-modules on M.

Recall the definition of the microsupport (or singular support) SS(F') of a sheaf
F.

Definition 2.2 (See [5, Def.5.1.2]). Let F € D"(ky) and let p € T*M. One
says that p ¢ SS(F) if there exists an open neighborhood U of p such that for
any xo € M and any real C'-function ¢ on M defined in a neighborhood of xg
satisfying dg(xp) € U and ¢(xo) = 0, one has (RI ;)03 (F))x, = 0.

In other words, p ¢ SS(F) if the sheaf F' has no cohomology supported by “half-
spaces” whose conormals are contained in a neighborhood of p.

* By its construction, the microsupport is closed and is R -conic, that is, invariant
by the action of R on T* M.
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« SS(F)NTyM = 13/(SS(F)) = Supp(F).
+1

e The microsupport satisfies the triangular inequality: if F; — F, — F3 —
is a distinguished triangle in D®(ky), then SS(F;) C SS(F;) U SS(Fy) for all
i,j. k e{l,2,3}with j # k.

Theorem 2.3 (See [5, Th. 6.5.4]). Let F € DP(kyy). Then its microsupport SS(F)
is co-isotropic.

In the sequel, for a locally closed subset Z in M, we denote by k the constant
sheaf with stalk k on Z, extendedby O on M \ Z.

Example 2.4. (i) If F is a non-zero local system on a connected manifold M,
then SS(F) = T,; M, the zero-section.

(ii) If N is a smooth closed submanifold of M and F' = ky, then SS(F) = Ty M,
the conormal bundle to N in M.

(iii) Let ¢ be C!-function with dp(x) # 0 when ¢(x) = 0. Let U = {x €
M;@(x) >0} andlet Z = {x € M;¢(x) > 0}. Then

SS(ky) = U xp Ty M U {(x; Ad(x)); 9(x) = 0,4 < 0},
SS(kz) = Z xy TyyM U {(x; Adp(x)); ¢(x) = 0,1 > 0}.

(iv) Let (X, Ox) be a complex manifold and let .# be a coherent module over
the ring Zx of holomorphic differential operators. (Hence, .# represents
a system of linear partial differential equations on X.) Denote by FF =
Ritom g (M, Ox) the complex of holomorphic solutions of .#. Then
SS(F) = char(.#), the characteristic variety of .Z .

Functorial Operations (Proper and Non-characteristic Cases)

Let M and N be two real manifolds. We denote by g; (i = 1, 2) the i-th projection
definedon M x N and by p; (i = 1,2) the i-th projection definedon T*(M x N) ~
T*M xT*N.

Definition 2.5. Let f: M — N be a morphism of manifolds and let A C T*N be
a closed R*-conic subset. One says that f is non-characteristic for A (or else, A is
non-characteristic for f, or f and A are transversal) if

N A)YNTHEN C M xy TyN.

A morphism f: M — N is non-characteristic for a closed R -conic subset A of
T*N if and onlyif f;: M xy T*N — T*M is proper on f,'(A) and in this case
fa f1(A) is closed and Rt -conic in T* M.

We denote by wy, the dualizing complex on M . Recall that wy, is isomorphic to
the orientation sheaf shifted by the dimension. We also use the notation wyy,/n for

®—1
the relative dualizing complex wy ® f "'y . We have the duality functors
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Dy (*) = RAom(*. wy), “)
D), (*) = R#om(*,ky). ©)
Theorem 2.6 (See [5, § 5.4]). Let f:M — N be a morphism of manifolds, let
F € DP(ky) and let G € DP(ky).
(i) One has

SS(F 5 G) C SS(F) x SS(G),
SS(R#om (g7 F,q; ' G)) C SS(F)* x SS(G).

(ii) Assume that f is proper on Supp(F). Then SSRRfiF) C fi f;'SS(F).
(iii) Assume that f is non-characteristic with respect to SS(G). Then the natural
morphism f'GQwy/n — f'(G) is anisomorphism. Moreover SS(f ~'G)U

SS(f'G) C faf'SS(G).
(iv) Assume that f is smooth ( that is, submersive). Then SS(F) C M xy T*N
if and only if, for any j € Z, the sheaves H/ (F) are locally constant on the

fibers of f.

For the notion of a cohomologically constructible sheaf we refer to [5, § 3.4].
Corollary 2.7. Let Fy, F, € D°(ky).
(i) Assume that SS(F1) N SS(F>)* C Tyy M. Then

L
SS(Fi®F,) C SS(F1) + SS(F).
(ii) Assume that SS(F1) N SS(F>) C Ty M. Then
SS(R#om (Fy, F»)) C SS(F1)* + SS(F>).

Moreover, assuming that F) is cohomologically constructible, the natural
L
morphism D' F|® F, — R#om (Fy, F>) is an isomorphism.

The next result follows immediately from Theorem 2.6(ii). It is a particular
case of the microlocal Morse lemma (see [5, Cor.5.4.19]), the classical theory
corresponding to the constant sheaf F' = kjy.

Corollary 2.8. Let F € D (ky), let : M — R be a function of class C' and
assume that ¢ is proper on supp(F). Let a < b in R and assume that do(x) ¢
SS(F) fora < ¢(x) < b. Then the natural morphism

RIC(¢p7' (] — o0, b]); F) — RI (¢~ (] — 00, al); F) is an isomorphism.
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Corollary 2.9. Let I be a contractible manifold and let p: M x I — M be the
projection. If F € DP(Kyx;) satisfies SS(F) C T*M XTI, then F ~ p~'Rp,F.

Proof. It follows from Theorem 2.6(iv) that the restriction Flyyxs is locally
constant for any x € M. Then the result follows from [5, Prop. 2.7.8]. O

Corollary 2.10. Let I be an open interval of R and let g: M x I — I be the
projection. Let F € D*(kyx;) such that SS(F) N (TyyM x T*I) C Ty (M x
I) and q is proper on Supp(F). Then we have isomorphisms RI'(M; Fy) =~
RI'(M; Fy) for any s,t € I.

Proof. It follows from Theorem 2.6 that SS(Rg«(F)) C T,"I. Hence, there exists
V € D°(k) and an isomorphism Rg«(F) ~ V;. (Recall that V; = al_lV, where
a; — pt is the projection and V' is identified to a sheaf on pt.) Since we have
RI'(M; Fy) ~ (Rq«(F)), the result follows. O

Kernels ([5, § 3.6])

Notation 2.11. Let M; (i = 1,2,3) be manifolds. For short, we write M;; :=
M; xM; (1 <i,j < 3)and M3 = M; x My x M;. We denote by q; the
projection M;; — M; or the projection M3 — M, and by q;; the projection
M3 — M;;. Similarly, we denote by p; the projection T*M;; — T*M; or the
projection T* M3 — T*M; and by p;; the projection T* M3 — T*M;;. We
also need to introduce the map piy, the composition of p1» and the antipodal map
on T*M,.
Let A C T*My and B C T*My;. We set

A X7, B = pi (A) N p3i(B)
Ao B = p13(A X7*pu B)

(6)
= {(x1,x3:&1,&) € T*M,3; there exists (x5, &) € T*M,,
(x1.x2:61.62) € A, (x2,x3:—62.§3) € Bj.
We consider the operation of composition of kernels:
o: Db(lez) X Db(kMzs) — Db(les)
(N

L
(K1, K>) = K0 K> :=Rqi3,(q1, Ki®q5' K>).
Let A; = SS(K;) C T*M; ;4 and assume that
(i) ¢13 is proper on g ;' supp(K1) N ¢53' supp(K>),

(i) p A1 N prsA N (T3, My < T* My x Ty, M3) 8)
C Tyt o xans (M1 X Mo x M3).
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It follows from Theorem 2.6 that under the assumption (8) we have:

SS(K 0 K>) C Ay 6 As. 9)

Characteristic Inverse Images

Theorem 2.6 treats the easy cases of external tensor product or external Hom, non-
characteristic inverse images or proper direct image. In order to treat more general
cases we introduce some additional geometrical notions.

Let A be a smooth Lagrangian submanifold of 7* M . The Hamiltonian isomor-
phism defines an isomorphism

T*A~T\T*M.

Let j: L — M be the embedding of a smooth submanifold L of M. The Liouville
form defines an embedding

T*L < T*T}M = Trxy T*M.

Now consider a morphism of manifolds f: M — N and let us identify M to the
graph of f in M x N.Fora subset B C T*N one sets:

JHB) = T*M 0 Crs sy (T M X B). (10)
In local symplectic coordinate systems (x; &) on M and (y;n) on N one has

(x0; £0) € f¥(B) if and only if there exist sequences {x,}, C
M and {(y,;nn)}n C B such that an

Xn = X0, " (%) M = Eo and [yn — f(xn)| - [7] = 0.
For two closed R -conic subsets A and B of T*M one sets
A+ B=T*MNC(A, BY. (12)

Here, C(A, B?) is considered as a subset of 7*7T*M via the Hamiltonian isomor-
phism and T*M is embedded into 7*7T* M via the Liouville form oy,. In a local
coordinate system, one has

(z0;%0) € A + B if and only if there exist sequences
{(xn:&1)}n in A and {(¥n; ) }n in B such that x, % 2, 13)
V> 20 En 1y = Go and | — Y| - 5 > 0.
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Theorem 2.12 (See [5, Cor.6.4.4, 6.4.5]). Let F|,F, € D°(ky) and let G €
D°(ky). Then

L ~
SS(Fi®F>) C SS(F)) 4 SS(F»),

SS(RH#om (Fy, F»)) C SS(F») + SS(F))*,
SS(f'G)USS(f'G) c f¥(SS(G)).

Non Proper Direct Images

We shall also need a direct image theorem in a non proper case.

Consider a constant linear map u of trivial vector bundles over M, that is, we
assume that E; = M x V; (i = 1,2) and u: V; — V, is a linear map. The map u
defines the maps described by the diagram

T*Mx Vi x V5

/ \

T*MxVy xVyf T*Mx Vo x V5.

T*MxVy x V}f
Note that for a subset A of T*E| we have

U (ug' (A)) = v;' (v (A)). (14)

Notation 2.13. Let u: E| — E; be a constant linear map of trivial vector bundles
over M and let A C T*E, be a closed subset. We set

ug(A) = vg' (v (A)). (15)

In Lemmas 2.14 and 2.15 below we use the notations P, G, and [], G, for a
family {G,},en in DP(kys). We define it as follows. Let p: M x N — M be the
projection. Then we have a unique G € D°(ksxy) such that G|y« = G, for all
n, and we set @, G, :=Rp\G and [ [, G, := Rp«G.

Lemma 2.14. Let M be a manifolds and let {U, },en be an increasing sequence of
open subsets of M such that M =\ ), U,. Then, for any F € D®(kyr), we have the
distinguished triangles

P ry, @FU ~F2 F—>l_[RFU (F) 22 l_[RFUn(F)
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where s is the sum of the natural morphisms Fy, — Fy, , and s, the product of
the natural morphisms R1y, ,(F) — RIy, (F) forn > 0 and the zero morphism

forn = —1.

Proof. These triangles arise from similar exact sequences of sheaves when F is a
flabby sheaf. The exactness can be checked easily on the stalks in the first case and
on sections over any open subset in the second case. O

Lemma 2.15. Let f: M — N be a morphism of manifolds and let {U,},en be an
increasing sequence of open subsets of M such that M = |, U,. Then, for any
F e D°(kyy), we have

SSRAF) C | JSSRAFY,)).  SSRSfF) C [ JSSR fuRTy, (F)).

Proof. We can check, similarly as in [5, Exe. V.7], that for any family {G,},en in
DP(ky) we have SS(ED, G») U SS([1, G») C U, SS(G,). Then the result follows
from Lemma 2.14 and the fact that R f; commutes with @ and R f, with []. O

The following result is due to Tamarkin [12, Lem. 3.3] but our proof is com-
pletely different.

Theorem 2.16. Let u: E\ — E; be a constant linear map of trivial vector bundles
over M and let F € D°(kg,). Then SS(RuyF) C uz(SS(F)). The same estimate
holds with Ruy F replaced with Ruy F .

Proof. (i) By decomposing u by its graph, one is reduced to prove the result for
an immersion and for a projection. Since the case of an immersion is obvious,
we restrict ourselves to the case where £ = M x V and u: E — M is the
projection. Moreover the result is local on M and we may assume that M is an
open subset in a vector space W.

(i)) We consider (xo; &) € T*M >~ M x W* such that (xo; &) & uz(SS(F)). We
will prove that (xo; &) &€ SS(RuyF) U SS(Rux F). If & = 0, then F|yxy ~ 0
for some neighborhood U of x( and the result follows easily. Hence we assume
that & # 0. Up to shrinking M we may find an open cone C C W* x V* such
that (§),0) € C and SS(F) N (M x V) x C) = 0.

(iii) We choose an open convex cone y C W x V such thaty N ({0} x V) = {(0,0)}
and y° C C. We also choose two sequences of points {z, },en, resp. {z, }nen,
of W x V such that W x V is the increasing union of the cones y, = z, — y,
resp. ¥, = z, + y. By Lemma 2.15 it is enough to show

(SS(RusRT, F) USSRuy(F,))) N (M x (C N (W* x{0})) = 0.
(iv) By Lemma 4.16 below SS(ky) C (W x V) x (=C). Using D)), (ky;) =~ ky,
we deduce SS(ky,) C (W x V) x C. Similarly SS(k,;) C (W x V) x (=C).
Since SS(F) N (M x V) x C) = @, Corollary 2.7 gives

(SS(RT, F) USS((Fy)) N ((M x V) xC) = 0.
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Since ¥ N ({0} x V) = {(0,0)} the map u: M x V' — M is proper on all y,
and y, and the result follows from Theorem 2.6(ii).
O

For a trivial vector bundle E = M x V we denote by
Ap:T*E - T*M x V*, (16)

or 7 if there is no risk of confusion, the natural projection. We say that a subset of
T*M x V*is a cone if it is stable by the multiplicative action of R given by

A-(x;E,v) = (x; A8, Av). a7

We will be mainly concerned with the case where F € DP(kg) has a microsupport
bounded by 75! (A) for some closed cone A C T*M x V*.

Letu: Ey = M x V) — E, = M x V, be a constant linear map of trivial vector
bundles over M and denote by

Ug:T*M x V! - T"M x V* (18)

the map associated with u.

Corollary 2.17. Let u: E; — E; be a constant linear map of trivial vector bundles
over M and let F € D°(kg,). Assume that SS(F) C ftgll (Ay) for a closed cone
AL CT*M x V{*. Then SS(Ru F) C frgzll];l(Al). The same estimate holds with
Ruy F replaced with Ruy F.

Proof. We have v, (ﬁgll (A1)) = Ay x V; and this set is closed. We thus have

(g, (A1) = vg' (vx (5, (A1) = ur (g (A1 x V1))

iy (Ay) x Vo = #glig' (Ay).

Localization

Let .7 be a triangulated category. Recall that a null system .4 is the set of objects
of a strictly full triangulated subcategory (where strictly full means full and with
the property that if one has an isomorphism F ~ G in . with F € .4, then
G € /). The localization .7 /.4 is a well defined triangulated category (we skip
the problem of universes). Its objects are those of .7 and a morphism u: F; — F,
in 7 becomes an isomorphism in .7 /.4 if, after embedding this morphism in a

distinguished triangle F} — F, — F; i), one has I3 € 4.
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Recall that the left orthogonal .4+ of .4 is the full triangulated subcategory of
7 defined by:

N ={F € 7;Hom ,(F,G) ~ Oforall G € ./}

By classical results (see e.g., [6, Exe. 10.15]), if the embedding Nl s T admits
a left adjoint, or equivalently, if for any F' € 7, there exists a distinguished triangle

F' > F - F' 2 with F' e 41 and F” € A, then there is an equivalence
N~ TN

Of course, there are similar results with the right orthogonal .4 "

Now let U be a subset of T*M and set Z = T*M \ U. The full subcategory
DY (kas) of D*(ky) consisting of sheaves F such that SS(F) C Z is a strictly full
triangulated subcategory. One sets

D°(ky; U) := DP(kar) /DY (k).

the localization of D®(ky/) by DY (ka/). Hence, the objects of DP(ky; U) are those
of D°(ky) but a morphism u: F; — F, in D®(kj;) becomes an isomorphism in
D°(kys; U) if, after embedding this morphism in a distinguished triangle F; —

F, — F3 =5 one has SS(F3) N U = 0.

For a closed subset A of U, DY (kys; U) denotes the full triangulated subcategory
of DP(kyy; U) consisting of objects whose microsupports have an intersection with
U contained in 4.

Quantized Symplectic Isomorphisms ([5, §7.2])

Consider two manifolds M and N, two conic open subsets U C T*M and V C
T*N and a homogeneous symplectic isomorphism y:

T*ND>V =S UCT*M. (19)
X

Denote by V¢ the image of V' by the antipodal map ay on T*N and by A the
image of the graph of ¢ by idy xay. Hence A is a conic Lagrangian submanifold
of U x V. A quantized contact transformation (a QCT, for short) above y is a kernel
K € DP(kyxy) such that SS(K) N (U x V%) C A and satisfying some technical
properties that we do not recall here, so that the kernel K induces an equivalence of
categories

Ko *:D(ky: V) => DP(ky; U). (20)

Given y and g € V, p = x(q) € U, there exists such a QCT after replacing U and
V by sufficiently small neighborhoods of p and ¢.
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Simple Sheaves ([5, §7.5])

Let A C T*M be a locally closed conic Lagrangian submanifold and let p € A.
Simple sheaves along A at p are defined in [5, Def. 7.5.4].

When A is the conormal bundle to a submanifold N C M, that is, when the
projection 7y |4: A — M has constant rank, then an object F € D°(ky,) is simple
along A at p if F ~ ky [d] in D°(ky; p) for some shift d € Z.

If SS(F) is contained in A on a neighborhood of A, A is connected and F is
simple at some point of A, then F' is simple at every point of A.

The Functor phom ([5, §4.4, §7.2])

The functor of microlocalization along a submanifold has been introduced by Mikio
Sato in the 70’s and has been at the origin of what is now called “microlocal
analysis”. A variant of this functor, the bifunctor

whom: D (k) x DP(kps) — DP(kr=pr) 21

has been constructed in [5]. Let us only recall the properties of this functor that we
shall use. For F, G € D(ky), with F cohomologically constructible, we have

Ry s pphom(F, G) >~ Rtom (F, G),
L
Ry whom(F, G) ~ D), (F)®G

and we deduce the distinguished triangle

L
D), (F)®G — RAom (F,G) — Rity s (hom(F, G)|juyy) —> . (22)

Let A C T*M be a locally closed smooth conic Lagrangian submanifold and let
F € D°(kyy) be simple along A. Then

phom(F, F)| 4 ~ k. (23)

3 Quantization of Hamiltonian Isotopies

In this section, we recall the main theorem of [2].

We first recall some notions of symplectic geometry. Let X be a symplectic
manifold with symplectic form w. We denote by X“ the same manifold endowed
with the symplectic form —w. The symplectic structure induces the Hamiltonian
isomorphism h: TX = T*X by h(v) = (,(w), where t, denotes the contraction
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with v (in case X is a cotangent bundle we have h = —H !, where H is used in
Definition 2.1). To a vector field v on X we associate in this way a 1-form h(v) on
X. For a C*°-function f:X — R, the Hamiltonian vector field of f is by definition
H;:= —h_l(df).

A vector field v is called symplectic if its flow preserves w. This is equivalent to
%, (w) = 0 where .%, denotes the Lie derivative of v. By Cartan’s formula (£, =
d v, + 1, d) this is again equivalent to d (h(v)) = 0 (recall that dw = 0). The vector
field v is called Hamiltonian if h(v) is exact, or equivalently v = H; for some
function f on X.

Let I be an open interval of R containing the origin and let @: X x I — X be
a map such that ¢, := @(-,5): X — X is a symplectic isomorphism for each s € 7
and is the identity for s = 0. The map & induces a time dependent vector field on X

0P
Vo 1= X:%XI_)T%‘ 24)

The “time dependent” 1-form 8 = h(vg): X x I — T*X satisfies d(B;) = 0 for any
s € I. The map @ is called a Hamiltonian isotopy if v¢ ; is Hamiltonian, that is, if
Bs is exact, for any s. In this case we can write 8, = —d( f;) for some C *°-function
f:X x I — R. Hence we have

o _
9

The fact that the isotopy @ is Hamiltonian can be interpreted as a geometric
property of its graph as follows. For a given s € I we let A, be the graph of ¢!
and we let A’ be the family of A;’s:

Ay ={(gs(v),v) ;v € X} C X x XY,
A= {(ps(),v,85);veXt, sel}CXxX x1.

Thus A, is a Lagrangian submanifold of X x X“. Now we can see that @ is a
Hamiltonian isotopy if and only if there exists a Lagrangian submanifold A C X x
X% x T*I such that, forany s € I,

Ay = AoT*I. 25)

(Here, the notation * o ¢ is a slight generalization of (6) to the case where the

symplectic manifolds are no more cotangent bundles.) In this case A is written

A={(PW.5).v.5.— f(®(v.5).5));ve X sel}, (26)

where the function f: X x I — R is defined up to addition of a function depending
onsbyve, = Hy,.
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Homogeneous Case

Let us come back to the case X = T*M and consider ®: T*M x [ — T*M such
that

@y 1s a homogeneous symplectic isomorphism for each s € I, 27

In this case @ is a Hamiltonian isotopy and there exists a unique homogeneous
function f such thatve, = Hy,. Itis given by

f=(ave):T*M xI —R. (28)

Since f is homogeneous of degree 1 in the fibers of 7*M, the Lagrangian
submanifold A of T*M x T*M x T*I associated to f in (26) is RT-conic.

We say that F € D(ky,) is locally bounded if for any relatively compact open
subset U C M we have F |y € D°(ky). We denote by D'® (k) the full subcategory
of D(kjys) consisting of locally bounded objects.

Theorem 3.1 ([2, Th 4.3]). Consider a homogeneous Hamiltonian isotopy @
satisfying the hypotheses (27). Let us consider the following conditions on K €
le(kMxMxl ):

(@) SS(K) C AU Ty prs; (M x M x 1),

(b) Ko >~ kay,

(c) both projections Supp(K) = M x I are proper,

(d) KSOKS_I ~ KS_1 o K; >~ Kkp, where KS_1 = v IR om (K, oy R Ky) and
v(x,y) = (v, x).

Then we have

(i) The conditions (a) and (b) imply the other two conditions (c) and (d).

(ii) There exists K satisfying (a)—(d).

(iii) Moreover such a K satisfying the conditions (a)—(d) is unique up to a unique
isomorphism.

We shall call K the quantization of @ on I, or the quantization of the family {¢;}se;-

Non Homogeneous Case

Theorem 3.1 is concerned with homogeneous Hamiltonian isotopies. The next result
will allow us to adapt it to non homogeneous cases. Let @: T*M x I — T*M be
a Hamiltonian isotopy and assume
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there exists a compact set C C T*M such that ¢;|7=p\c is the

identity forall s € I. (29)

We denote by T{’:>0}(M x R) the open subset {t > 0} of T*(M x R) and we define
the map

PTG (M xR) - T*M,  (x,t;£,7) = (x;§/7). (30)

We let 77o(T* M) be the set of connected components of 7*M . Hence 7o(T*M)
consists of two points if dim M = 1 and one point if dim M > 1. See Remark 3.3
below.

Proposition 3.2 ([2, Prop. A.6]). There exist a homogeneous Hamiltonian isotopy
Q:T*(M xR) x I — T*(M x R) and C*-functions w:T*M x I — R and
vil x mo(T*M) — R such that the following diagram commutes:

* 1) *
T{T>0}(M>< Ryx/—%2 o T{r>0}(MX R)
PXid/l P\L
T*Mx1 ? T*M

and

D((x:6). (t:7).8) = (x5 ). (t +ulx:E/t.5):1)), fort>0, (31
D((x:€), (1:0),5) = ((x; ). (t + v(s.[(x;£)]); 0)). (32)

where (x';§'/t) = @s(x;E/T). Moreover we have u(x;§/t,s) = v(s,[(x;§/7)])
for (x;&/1) & C.

Remark 3.3. IfdimM = 1, T* M \ M has two connected components, and one has
to consider two functions v_ and v, one for each connected component. Hence, as
mentioned to us by Damien Callaque, Proposition A.6 of [2] should be corrected
accordingly. This has no consequence for the rest of the paper.

4 Convolution and Localization

Most of the ideas of this section are due to Tamarkin [12]. The reader will be aware
that our notations do not follow Tamarkin’s ones. We also give some proofs which
may be rather different from Tamarkin’s original ones.

In all this section, we consider a trivial vector bundle

G E=MxV > M (33)
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and a trivial cone y = M X yy C E such that
Yo is a closed convex proper cone of V' containing 0 and yy # {0}.  (34)
The polar cone y; C V'* is the closed convex cone given by
ve =160 € V*:(6,v) > 0} forall v € yy.

Many results could be generalized to general vector bundles and general proper
convex cones, but in practice we shall use these results with V' = R and yy = {t €
R;¢ > 0}. Recall that a subset in T*M X V* is a cone if it is invariant by the
diagonal action of RY (see (17)).

Definition 4.1. A closed cone A C T*M x V* is called a strict y-cone if A C
(T*M xIntyy) U Ty M x {0}.

Example 4.2. Assume V' = R and M is open in R”. Denote by (¢;7) the
coordinates on T*R and by (x;£) the coordinates on T*M. Let yo = {t €
R;t > 0}. Then a closed cone A C T*M x V* is a strict y-cone if, for any
compact subset C C M, there exists a € R,a > 0 such that = > qal| for all
(x;6,71) € AN (73 (C) x V*).

Remark 4.3. If f: N — M is a morphism of manifolds and A C T*M x V* is
a strict y-cone, then f xidy: N x V — M x V is non-characteristic for ftgl(A)
(where 7! is defined in (16)).

In the sequel, we consider the maps

qi,q2, 8.V xV =V,

(35)
G(vi,v2) =vi, @i, v2) =va,  s(Vi,v2) = v+ .

If there is no risk of confusion, we still denote by g, g», s the associated maps
MxVxV—->MxV.
We denote by 6, the diagonal embedding

M — M x M (36)

and if there is no risk of confusion, we still denote by §,, the associated map M x
VXxVeasMxMxV xV,thatis,themap E xyy E — E x E.
The maps s and 8y, give rise to the maps:

5 Sm)n
T*(E s E) < M xpren T*(E xu1 E) 2% T*(E x E),

T*(E xy E) <~ V xyxy T*(E xy E) 2> T*E.

On T*E we have the antipodal map a, but there is another involution associated

with ¢ and the involution (x, y) + (x, —y) on E. We denote by « the involution of
T*E
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a: (x,y:6n) = (x,—y;—=§,1n) (37)

and for a subset A C T*E we denote by A* its image by this involution. We also
denote by « the involution of 7*M x V* defined by (x E n) — (x;—£&,n). Hence
for A C T*M x V* we have, using the notation (16), 75! (A%) = ;' (A)%.

Convolution

Recall the notations (10) and (15).
Notation 4.4. For two closed subsets A and B in T*E, we set
A% B:=s58% (A% B). (38)

In general, the calculation of A % B is difficult. In Lemmas 4.5 and 4.7 below we
consider special situations in which this calculation is easy.
Lemma 4.5. Let A’ and B’ be two closed cones in V*. Set A = T*M x V x A’
and B =T*M xV x B’. Then
AxB=ANB. (39)
Proof. Using the hypothesis on A and B, it follows from (11) that
S (AXB)=T*M xV xVxA xB.

Then the result follows from Corollary 2.17. O
Notation 4.6. Let A and B be two closed cones in T*M x V*. We set

A+B—{(x &, n) € T*M x V*;there exist £1,& € TYM such 40)
that (x;61,m) € A, (x:§2,n) € Band§ =& + &}.
Lemma 4.7. Consider two closed strict y-cones A and B in T*M x V*. Then
A+ B is also a strict y-cone and ;' (A) * #;'(B) = 7' (A + B).
M M
In particular, if AN B C Ty; M x {0}, then

AN A * @ BN (THEM x T*V) C TAE

Proof. The fact that A 4 B 1is a strict y-cone follows easily from the definition.
M

By Remark 4.3, 7' (4) x 7z ' (B) is non-characteristic for the inclusion §,: M x
VxV —>MxMxV xV and we may replace Su by SM,dSX,[l,ﬂ in (38). We find

88 (A71(A) x (RN (B))) = A3,y oy (C1), where
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Ci={(x;&m,m) € T*M x V* x V*;there exist £, &, € T," M such
that (x;&1,m) € 4, (x;8,m) € Band § =& + &}

and the result follows. O
Using the notations (35), the convolution of sheaves is defined by:
Definition 4.8. For F, G € D°(kg), we set

FxG:= Rs!(ql_lFQLZ)qz_lG) ~ Rs8y,/ (F = G), (41)

L L
F %,, G 1= Rsx(q; ' F®q; ' G) ~ Rs.83/ (F X G). (42)

The morphism k, — Kjsx{o} gives the morphism
F x,, k, — F. 43)

Recall the following result:

Proposition 4.9 (Microlocal Cut-Off Lemma [5, Prop.5.2.3, 3.5.4]). Let F €
DP(kg). Then SS(F) C T*M x V x y¢ if and only if the morphism (43) is an
isomorphism.

If yo has a non-empty interior we have k,, ~ D, (Kpy,) and we deduce from
Corollary 2.7(ii) that

F *np ky ~ RS*RFMxVxInt}/o(ql_lF)- (44)

Following Tamarkin [12], we introduce a right adjoint to the convolution functor
by setting for F, G € D°(kg)

Hom* (G, F) := Rq, RHom (¢;'G,s'F). (45)
Hence for Fy, F», F3 € D*(kg), we have
RHom (F; x F>, F3) ~ RHom (Fy, #om™ (F», F3)). (46)
We use the notation:
i: E — E denotes the involution (x, y) — (x,—y). 47
Lemma 4.10. For F,G € DP(kg) we have
Hom* (G, F) ~ RsxRA#om (¢;'i "' G,q} F),

- Ak 1o
FxG ~Rq (s F®q, i G).
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Proof. We only prove the first isomorphism, the second one being similar. We set
f=0,—q):E Xy E - E Xy E, (x,vi,v2) = (x,vi + vp,—v;). We find
fof =1id,s =qio f,q20 f =iogq, Since f is an isomorphism R.7Zom
commutes with f~! ~ f' Since f o f = id we have f~! = f.. We deduce the
isomorphisms:

Hom* (G, F) ~ Rq R#om (q;'G,s'F)
~ R, RAom (f~'q;"i™'G, f'qi F)
~ Rqy,.f "' RA#om(q;'i7'G.q| F)
~ Rs.R¥om (q;'i"'G,q| F).

Proposition 4.11. For Fy, F,, F3 € D°(kg) we have

(Fi x F5) x F5 >~ F| x (F, x F3), 48)
Som* (F) x F», F3) >~ stom*(Fy, tom™ (Fy, F3)).

Proof. (i) The first isomorphism is proved in the same way as the associativity of
the composition of kernels: we check easily that both sides are isomorphic to

ch(ql_l(Fl)@LZ)qz_l(Fz)QLZ)q;l(Fg)) where 0: M x V3 — M x V is given by
o(x,vi,va,v3) = (x,vi + vy +v3)and g;: M X V3 > M xV is the projection
on the ith factor V.

(i1)) We use the Yoneda embedding to prove the second isomorphism. We apply the
functor Home(kE)(H ,*) for any H € D°(kg) to each term of this formula.
One gets an isomorphism in view of the adjunction isomorphism (46) and the
associativity of x proved in (i).

O

Proposition4.12. Let q: E — M and ¢ M x V x V. — M be the projections.
For F,G, H € D°(kg) we have
Rg+«(Rs%om (F, #om™* (G, H))) ~ Rq«(R#om (F » G, H)), (49)

L 1 L 1 L 1
Rq((F « G)®H) ~ Rq'\(q7' F®q;'GRs™ H)

L (50)
~Rg(F®(™'G » H)).

Proof. The first isomorphism follows by adjunction from (41) and (45), using g o
q1 = q o s. The second and third ones follow from the projection formula, the
identities g 0 ¢; = ¢’ = ¢ o s and Lemma 4.10. O

Recall that the involution (*)“ is defined in (37).
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Proposition 4.13. For F, G € D°(kg) we have

SS(F % G) C SS(F) % SS(G),

SS(Som™ (G, F)) C SS(F) % SS(G)°. D

Proof. Both inclusions in (51) follow from (41), (38) and Theorems 2.12 and 2.16.
For the second one we also use Lemma 4.10 and SS(i ! G)* = SS(G)~. O

Using (51) and (39), we get:

Corollary 4.14. Let F,G € DP(kg) and assume that there exist closed cones
A", B" C V* such that SS(F) C T*M xV x A" and SS(G) C T*M x V x B’.
Then

SS(FxG) C T*M x V x (A' N B),

SS(om™ (G, F)) CT*M xV x (A’ N B). (52)

Corollary 4.15. Let F,G € D°(kg) and assume that there exist closed strict y-
cones A and B in T*M x V* such that SS(F) C #;'(A) and SS(G) C #;'(B).
Let N be a submanifold of M and j: N x V. — M x V the inclusion. Then

j TV Aom™ (F, G) ~ H#Hom*(j~'F, j71G).

Proof. By Proposition4.13 and Lemma 4.7, SS(s#om™(F, G)) C #;'(A + B) and
M
A + B is a strict y-cone. By Remark 4.3, we deduce j!H ~ j_lH ® WONxV|MxV
M
for H = F, G or #om*(F,G). This gives the first and last steps in the sequence

of isomorphisms, where we set j' = j x idy:

j '\ Hom* (F,G) ~ j'Rq1 R#om(q;'F,s'G) ® a)]%’;;IMXv

~ Rq1,j"RAom (g5 ' F.5'G) ® 0}y

~ Rqi, RAom (j''¢;'F, j"s'G) ® wz%);xl/wxv

~ Rq; . R#om (qz_lj_lF,s!j!G) R w®!

NXV|MXxXV
~ HHom*(j7'F, ;7' G).
O
Kernels Associated with Cones
Recall that we consider a trivial vector bundle £ = M x V and a trivial cone

y = M X y, satistying (34). For another proper closed convex cone Ao C V' such
that Ag C Yo, setting A = M x Ay, we shall use the exact sequence of sheaves:
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0 -k, =k, =k, —0. (53)
Lemma 4.16. Let Ay C yy be closed convex proper cones. Then

SS(k,) C T M x V x yg,
SS(k,\2) C T M x V x (A3 \ Int(y)).

Proof. Since our sheaves are inverse images of sheaves on V' we may as well
assume that M is a point. Since our sheaves are conic in the sense of [5, §5.5]
their microsupports are biconic. Now, a closed biconic subset A of V x V* satisfies
A C V x(AN{0}x V*). Hence we only have to check the inclusions at the origin.

Then the first inclusion follows from [5, Prop.5.3.1].

For the second inclusion we use the Sato—Fourier transform (-)": D]% +(ky) =
D]% 4 (ky+) defined in [5, §3.7] (D]% 4 (ky) denotes the subcategory of complexes
with conic cohomology). We have (k)" ~ Ky, and we deduce the distinguished
triangle

+1
A
(k)/()\lo) - kIntyg - kIntAS > .

Hence (k,\5,)" =~ Kinio\ ey [—1] and we conclude with [5, Prop.5.5.5] which
implies SS(F) N Tg'V = supp(F*) for F € DP | (ky). O

We introduce the kernel:
L, :=k,*:D"(kg) — D°(kg). (54)

The morphismk, — K¢} induces a morphism of functors e: L, — idpp - By (48)
we have L, o L, =~ L,. Hence, the pair (L, ¢) is a projector in D®(kg) in the
sense of [6, Chap. 5]. It will be convenient to write L, with the language of kernels
as in (7). We define y* C E x E by

vyt ={x.v.x'V)e ExXE;v—v €y} (55)
Then

Ly ~ ky+ O-, (56)
In the sequel we set

Uy, :=T"M xV xInt(yg),

T
57
Z,:=T*E\U,. G
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Proposition 4.17. Let F € D°(kg).
(i) SS(LyF)C U, =T*M x V x y;.

(ii) Consider a distinguished triangle L, F — F — G XL Then SS(G) C z,.
In particular, SS(L, F) C (T*M x V x dy;) U (SS(F) N U,).

(iii) Let G € D%y (kg). Then Rq«RT,(G) =~ 0. In particular, RI',(E; G) = 0.

Proof. (i) follows from (52) and Lemma 4.16.

(ii) Using the exact sequence (53), we have G >~ K\ (o} » F. Then the result again
follows from (52) and Lemma 4.16.

(iii) We set H = RI,(G) ~ Rs%om (k,, G). It follows from Theorem 2.12 that
SS(H) C Z,. Choose a vector £ € Int(y;) and consider the projection

0:MxV > MxR, 0(x,v)=(x;(v).

Since y is a proper cone, 6 is proper on supp H and we get by Theorem 2.6 that
SS(RO«(H)) C {t < 0} where (t;7) are the coordinates on 7*R. Moreover,
suppRO(H) C M x {t > 0}.

Now it is enough to prove that RI"(U x R;R6x(H)) = 0, for any open subset U
of M. Denote by p: U xR — R the projection and set H = R p,R6,(H). Although
P is not proper on supp(H), one easily checks that SS(H) C {t > 0,7 < 0} and
this implies H ~ 0. (This is a special case of Corollary 2.8.) O

The next lemma follows immediately from the adjunction formula (46).

Lemma 4.18. Let F, G € D°(kg) and assume that L, F => F. Then we have
Homp . (F, G) = RI, (E; Hom™(F, G)).

Proposition 4.19. (a) Let F € D°(kg). Then F € DY (k) if and only if the

natural morphism L, F — F is an isomorphism.

(b) Let G € Dbe (kg). Then L,G ~ 0.

Proof.  (a)-(i) Assume F >~ L, F.LetG € D'}y (kg) and set H :=¢om™(F, G).
Then H belongs to D%y (kg) by (52) and RI, (E; H) ~ 0 by Proposition 4.17.
Since F >~ L, F, we get Hompy . . (F, G) = 0 by Lemma 4.18.

(a)-(ii) Assume that F € D'}y (kg)™! and consider a distinguished triangle

L,F - F — G -5 By (a)-(i) L, F also belongs to DY, (kg)™'. Hence so

does G. On the other hand, G € Dl}y (kg) by Proposition 4.17. Hence, G ~ 0.
(b) Let G € D%y (kg) and consider a distinguished triangle L, G — G —

X Since both G and H belong to Dbe (kg), so does L,G. Since L, G

belongs to D%y (kg)t, itis 0.
]
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Remark 4.20. One can also consider the projector
R, := Hom*(k,, *):D°(kg) — D°(kg). (58)
Then we obtain similar results to Propositions 4.17, 4.19 and Lemma 4.18 with R,
instead of L,. Note that the pair (L,, R,) is a pair of adjoint functors:
Home(kE)(LyF, G) ~ Home(kE)(F, R,G)
~ Homp, ., (ky, Hom™(F, G)).

Note that k, is cohomologically constructible. If we assume that Int(y) # @, then
D’ k, = Kiy(,) and one deduces from Lemma 4.10 that

Hom™ (k,,K,) = Kiny—p)[dv], (59)

where dy is the dimension of V.

Projector and Localization

Recall that £ = M x V is a trivial vector bundle over M, y is a cone satisfying (34)
and the sets U, and Z,, are defined in (57). By definition D°(kg; U, ) is alocalization
of D°(kg) and we let Q,: D*(kg) — D®(kg; U,) be the functor of localization.

Proposition 4.21. (i) The functor L, defined in (54) takes its values in
D'}y (kp)t! and sends D'}y (kg) to 0. It factorizes through Q, and induces
a functor 1,: D®(kg; U,) — D°(kg) such that L, >~ 1, o Q,.

(ii) The functor 1, is left adjoint to Q. and induces an equivalence D°(kg; U,) ~
DY (kg)*'.

This is visualized by the diagram

Dgy(k5)<—> D®(kg) N DP(kg; Uy)
\L}’ ”lly
N

D%y(kE)LJ- (60)

Proof. This follows from Proposition 4.19 together with the classical results on the
localization of triangulated categories recalled in Sect. 2 (see e.g., [6, Exe. 10.15]).
O

In particular, we have for F, G € D*(kg)

Hom gy .01, (Qy (F). ©5(G)) ~ Hompy (L, (F), G)

61
~ Home(kE)(Ly(F),Ly(G)). ©l)
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There is a similar result to Proposition 4.21, replacing the functor L, with the
functor R, . The functor R, takes its values in DY, (k)" and sends D} (k) to 0.

It factorizes through Q, and induces a functor r,: D®(kg; U,) — D°(kg) such that
R, ~r,00Q,.
We notice that, for F € D'}y (kp)t orG € D'}y (kg)L", we have

Hom*(F,G) € DYy (kg)™". (62)
By Proposition 4.17 (used with R, instead of L,) we obtain in particular
Hom™*(F,G) € D‘;/T(kM). (63)
Notation 4.22. Let us set for short

Db(kgll) = D°(kg: Uy),
D°(k}y) := DY (kp)*, (64)
D°(k};) := DY (kp)*™".

When M = pt, we set
D"(k”) := D°(k}) (65)

and similarly with D®(k""") and D°(k"").
Denote by p: E = M x V — V the projection and denote by I'? the functor

I'’(+) = RHom (k,, *): D*(k”) — D"(k). (66)

We get the diagram of categories in which the horizontal arrows are equivalences

/ ¥ .
DP (KJ) <=— D°(kj,) —> DP(K})

im im

! r
Db (k") <—— DP(K¥) —— Db (k")

DP(k). (67)
Note that by Lemma 4.18, for F € DP (kVM’l) or G € D°(k};), we have

RHomg, gy ((F. G) = I'" o Rp.Hom*(F.G). (68)
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Embedding the Category D" (k) into D (k},)
Recall that g: E — M denotes the projection and consider the functor
¥,:D°(ky) — D°(kg), F ¢ 'FRK,.

Lemma 4.23. One has the isomorphism of functors L, o ¥,, => W,

Proof. One has

Ly o ¥, (F) = Rsi(q7 'k, ®q; ' (¢~ F&k)))
~ Rsi(q; 'k, ®q5 'k, ®q¢5 (g7 F))
~ Rsi(q; 'k, ®q5 'k, ®s (g7 F))
~ Rsi(q; 'k, ®q5 'k, )®q ' F
~ k,®q "' F.

In the sequel, we consider ¥, as a functor
w,:D(ky) — D°(K},). (69)

Proposition 4.24. The functor ¥, in (69) is fully faithful.
Proof. Let F,G € DP(kys). Then

Home(kE)(ky(X)q_lG, ky®q_1F)
~ Home(kM)(G, Rg«RI0om (k,, q_1F®ky))

~ Homp (G, Rgx(q™' F&K,)).
Hence, it is enough to check the isomorphism
F =5 Rq« (¢ ' F®k,). (70)
Denote by g the projection y — M. The isomorphism (70) reduces to
F ~RG«§'F

and this last isomorphism follows from the fact that y is a closed convex cone, hence
is contractible (see for example [5, Prop. 2.7.8]). O
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A Cut-Off Result

Recall that we consider a trivial vector bundle E = M x V and a trivial cone
y = M x yj satisfying (34). We also recall that a subset of T7*M x V* is a cone if it
is stable by the action (17). The map 7 is defined in (16) and we have set (see (57)):

U, =T"M xV xInty,.

By the equivalence /, of Proposition 4.21, any object F € D°(kg; U,) has a
canonical representative in D°(kg) again denoted by F and we have F ~ L, (F).
By Proposition 4.17(i) we have SS(F) C U, .

We first state a kind of cut-off lemma in the case where M is a point.

Lemma 4.25. Let V be a vector space and y C V a closed convex proper cone
containing 0. Set U, :=V xInty® and Z,, :=T*V \ U,. Let F € D%y (ky)*+'. We
assume that there exists a closed cone A C V* such that

(i) 4 C Inty® U {0},
(ii) SS(F)NU, C V x A.

Then SS(F) C (SS(F)NU,)UTyV.
Proof. (i) Uptoenlarging A we may as well assume that SS(F)NU, C V xIntA.
We set A = A°. Hence A is a closed convex proper cone of V' and we have
A°\ {0} C Int(y®), (71)
SS(F)NU, CV xInt(A°). (72)
We will prove that L, (F) satisfies the conclusion of the lemma as well as the

isomorphism L, (F) = F.
(i) By (72) and Proposition 4.17(ii) we have

SS(F) C V x (9y° U Int(1°)). (73)
By (52) we deduce

SS(L;F) C V x (A° N (3y° U Int(1°)))
=V x (Int(A°) U {0})
cCU,UTyV.

(iii) It remains to see that F ~ L, (F). We consider the distinguished triangle

ki, * F — Ly F — L,F - We have L,F =5 F.By (73), Lemma 4.16
and (52) we have
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SS(ky\, x F) C V x ((y°\ Int(A%)) N (dy° UInt(1°))) C Z,,

which shows that L; F — F is an isomorphism in D°(ky; U,). By Proposi-
tion 4.21 we obtain F' >~ L,(L; F). But k, » k3 =~ k; and we get finally
F~L,F.

|

Now we extend Lemma 4.25 to the case of an arbitrary manifold M. We consider
a finite dimensional real vector space E = E’ x E” with E/ = R?. We write
x=(\x") € E'xE"andx' = (x],....x})) e R". Weset U =] — 1, 1[*xE".
We choose a diffeomorphism ¢:]—1, 1[=> R such that de(¢) > 1forall ¢t €]—1, 1]
and we define

&:U = E, D(xy,...,xy, x") = (p(x)), . ... o(x)), x").

Lemma 4.26. In the preceding situation, consider two closed convex proper cones
Yo C E” and Cy C E* such that C; C (E"™ x Int(yy)) U {(0,0)}. Then there exists
another closed convex proper cone C, C E* such that C; C (E"™ x Int(y;)) U
{(0,0)} and

0,07 (U xC)) CExCy.

Proof. (i) We assume that Int(y;) is non empty (otherwise the lemma is trivial).
Then a closed cone of E* is contained in (E"* x Int(yg)) U {(0,0)} if and only
if it is contained in C, p := R¢ - ([~a,a]? x D) for some a > 0 and some
compact subset D C Int(yy). Hence we may assume C; = C, p.

(i) Denote by (x’;£’) the coordinates on R? x (RY)*. We may assume that
E” = R™ and we denote by (x”; ") the coordinates on E” x (E”)*. The

change of coordinates @ given by y/ = /) ( = 1,...,d), y' =
x"" associates the coordinates (y;n) = (y’,y”;n’,n”) to the coordinates
(xf,..xl X" & 8 EY) with

vi=eG). np=de7(x)-§. (=1...d),
"

y — x// n// — %.//

Since de(r) > 1, we get that @, P, (U x Cop) C E x Cqp and we may
choose C; = C, p.
O

Theorem 4.27. Let F € Dbe (kg)Y!. We assume that there exists A C T*M x V*
such that

(1) A is a closed strict y-cone ( see Definition 4.1),
(i) SS(F)NU, C az'(A).

Then SS(F) C (SS(F) N U,) U T} E.
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Proof. Since the statement is local on M we may assume that M is an open subset
of a vector space W. Then A is a closed subset of M x W* x V*. For any x € M,
A= AN ({x} x W* x V*) is a cone satisfying

Ay C W* xInt(y5)) U {(0,0)}.

For xo € M and for a given compact neighborhood C of xy we may assume that
there exists a closed convex cone B of W* x V* such that A, C B forany x € C
and

B C (W* x Int(yQ)) U {(0,0)}.

We may assume xo = 0 € W. We choose an isomorphism W =~ R? so that
] — 1,1[C C. Then we apply a change of coordinates as in Lemma 4.26, with
E'=W,E” =V,C, = B, and we are reduced to Lemma 4.25 applied to the
vector space W x V and the cone y = {0} X yp. O

A Separation Theorem

The next result is a slight generalization of Tamarkin’s Theorem [12, Th.3.2]. In
this statement and its proof, we write 7 instead of g for short.

Theorem 4.28 (The separation theorem). Let A, B be two closed strict y-cones
inT*M x V*. Let F € Dbﬁ_l(A)(kE; Uy and G € DE%—I(B)(kE; U,). Assume that
AN B C Ty M x {0} and that the projection q;: M x V — V is proper on the set
{(x,vi —v2); (x,v1) € supp G, (x,v,) € supp F}. Then

Ra, Hom* (I, (F).1,(G)) ~ 0,

where 1, is defined in Proposition 4.21. In particular Hom Db(kE;Uy)(F’ G) ~0.

Proof. We set L = om™(l,(F),l,(G)) and L' = Rq», L. By (62) we have L €
Dbe (kg)1". By adjunction between Rg,,, and ¢! we deduce L' € Dme (ky) LT It
remains to check that SS(L") C Z,,.

By Theorem 4.27 we have SS(F) C 77 '(A4) and SS(G) C #~'(B). Then
Proposition 4.13 gives SS(L) C 7~ '(A) * (#7'(B))*. Applying Lemma 4.7 we
get

SS(L) N (T M x T*V) C TE.

Using Lemma 4.10, the hypothesis implies that g, is proper on supp L. We deduce
SS(L') C Ty Vand thus L' >~ 0.
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Proposition 4.21 and Lemma 4.18 give the first two isomorphisms in the
sequence

Home(kE;Uy)(F’ G) ~ HOme(kE)(F, G)

~ Hompy .\ (Ky, L) = Hompy ) (ky,, L) =0,

which proves the last assertion. O

Kernels

We consider E = M xV,y = M X yp and a kernel K € D°(Kgx ). We introduce
the coordinates (x, y, x’, y';€,n,€,n') on T*(E x E) and we make the following
hypothesis

SS(K) C {n+n' = 0}. (74)
We recall that L, >~ K, + o-, where yt C E x E is defined in (55).

Proposition 4.29. Let K € DP(kpxg) which satisfies (74). Then K o k,+ x~
K,+ o K. In particular K o - sends Db(kﬁ;ll) into itself. Moreover SS(K) g{r} <0} C
{1 < 0} and SS(K) o{n > 0} C {1 > 0}.

Proof. We define the projectiono: M XV x M xV — M x M x V as the product
of idpxp with og: V x V. — V, (y,y’) = y — y’. Then the hypothesis (74) and
Corollary 2.8 give K ~ o~ !(K’), where K’ = Ro(K). We also have by definition
k,+ >~ 0~ (Kprxamxy,)- The base change formula applied to the Cartesian square

VxVxV—I  _yxy

000412 X 00°423 \L lﬁo

VxV V

gives the first and third isomorphisms below:
Kok,+ >0 (K" * Kyxarxy) = 0 (Kprxarsy, * K') ~ K4 0 K.

The last assertion follows from the hypothesis (74). O
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5 The Tamarkin Category

We particularize the preceding results to the case where V' = R and yy = {t €
R;t > 0}. Hence, with the notations of (57), we have U, = {r > 0}. As in Sect. 3
we denote by T{";>0}(M x R) the open subset {t > 0} of T*(M x R) and we define
the map

Jo T{";>O}(M xR) = T*M, (x,t;£,1) 0~ (x;€/7). (75)
We also use Notation 4.22. Moreover, for a closed subset 4 of T* M we set
Di(k%j) = DZ—I(A)(kMXR; {T > O})

Lemma5.1. Let A C T*M and F € D%(K},). Let A" C T*M x R be given by
A ={(x;&1);t > 0, (x;&/1) € A} and consider F as an object of Db(kﬂ).
Assume that 1y is proper on A. Then A’ is a strict y-cone and SS(F) C #~'(4").
In particular supp(F) C mp(A) x R.

Proof. The properness hypothesis gives A’ = A’ U (mp(A) x {t = 0}) and this
implies the first assertion. Then Theorem 4.27 gives SS(F) C 7~ (T)UTA’; <r (M x
R). Hence, if (x,7;0,0) & 771 (A"), we have SS(F|yxr) C T (U xR) for some
neighborhood U of x. But L, F >~ F and we deduce F|yxr = 0, which proves
(x,2:0,0) & SS(F). So we get SS(F) C A~ ' (4'). O

Example 5.2. (i) Let M = R endowed with the coordinate x and consider the set
Z={(x,t)e M xR;—1 <x<1,0<2t<—x>+1}

Consider the sheaf k7 and denote by (x, ¢; £, t) the coordinates on T* (M xR).
The set SS(kz) is given by
{t=0,-1<x<1,t>0=0U{2t=—x>+1,E=x1,7>0}
Ux=—-1,t=00<—-¢<7,7>0U{x=1,r=0,0<¢(<7,7>0}
UZ x{E=1=0}
It follows that, denoting by (x; u = §/7) the coordinates in T*M, p(SS(kz)N
(T*M x T*R)) is the set
{u=0,-1<x<1l}jUfu=x,-1<x<1}
Ux=—-1,-1<u<0}U{x=1,0<u<1}
(i) Let @ € R and consider the set Z = {(x,t) € M x R;t > ax}. Then

p(S8S(kz)) in T*M is the set {(x;u);u = a}.
(iii) If G is a sheaf on M and F = G K K;>¢, then p(SS(F)) = SS(G).
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The Separation Theorem

Using Lemma 5.1 we get the following particular case of Theorem 4.28:

Theorem 5.3 (See [12, Th.3.2]). Let A and B be two compact subsets of T* M
and assume that A N B = Q. Then, for any F € D%(k},) and G € D%(K},), we
have Home(kL)(F, G) ~0.

6 Localization by Torsion Objects

In [12], Tamarkin introduces the notion of torsion objects, but does not study the
category of such objects systematically. Hence, most of the results of this section
are new.

In this section we set for short Z = (T*M) x R x {t > 0}, a closed subset
of T*(M x R). Recall that D'} (Karxwr) is the subcategory of F € DP(kp/xg) such
that SS(F) C Z. By Proposition 4.9 we have F € D'} (kpxr) if and only if the
morphism (43) is an isomorphism, which reads

F 5p Kprx(o,+00] — F. (76)
Define the map
Te:M xR —> M xR, (x,t)— (x,t+0c).
For F € DY% (kyxr) we deduce easily from (76)
F %np Kpgxe ool = Tex F. 7

The inclusions [d, +0o[C [c, oo, for ¢ < d, induce natural morphisms of
functors from DY (kpxr) to itself

Tc,d:Tc*_)Td*, Cfd

We have the identities:

TewoTys T(c+d)*s c,d eR, (78)
Te*(fc,d(.)) = Te+c,e+d(‘) = tc,d(Te*(.))v c<d,eeR, (79)
Te,d OTde = Tees, C= d <e. (80)

Definition 6.1 (Tamarkin). An object F € D'} (kpxr) is called a torsion object if
To.c(F) = 0 for some ¢ > 0 (and hence all ¢’ > ¢).
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Let F € DY (kpyxr) and assume that F is supported by M x [a, b] for some compact
interval [a, b] of R. Then F is a torsion object.

Remark 6.2. One can give an alternative definition of the torsion objects by using
the classical notion of ind-objects (see [6] for an exposition). An object F €

Z(kMXR) is torsion if and only if the natural morphism F — “hm” T+ F is the
zero morphism. g

We let .4, be the full subcategory of DY, > (Kyxr) consisting of torsion objects.

Lemma63. Let F > G — H - F[1] be a distinguished triangle in

DY (Kprxr).

(1) If H belongs to Ny, then there exist ¢ > 0 and a:G — T, F such that
70.(F) =aou.

(i) If there exist c > 0 and o: G — T, F making the diagram

F— % -G
T0,c (F)\L p \LTO,(:(G)
Tesu

Ief ———T1.G

commutative, then H € ;.

Proof. (i) Choose ¢ > 0 such that 7p.(H) =~ 0 and consider the diagram with
solid arrows

—1
H[*l] wl—1] F u ~ G
m(H[u)i m(F)l Pirs /To‘c(G>i
Tesw ~ g Tesu
T..H[—1] T..F T..G.

Since 79 (H[—1]) ~ 0, we have 7y (F) ow[—1] = 0. Since Hom (*, T, F) is
a cohomological functor we deduce the existence of «.
(ii) We apply 7., twice and obtain morphisms of distinguished triangles:

F u G 4 H ud > F[1]
ro.,c(F)l L(X/()(G)l To,c(H)l ifof
Tesu Tesv £ g Tc*

T‘C* C* Cxk 72*

F[1
l l TO‘C(TC*H)l TL*B i
A

LesF —————> Do, G ————— Dhes H —————— Do, F
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By hypothesis 7o (H) ov = T,,vo T, uoa = 0. As above, we deduce the
existence of B such that 1y .(H) = B o w. Applying the morphism of functors
70.:1d — T, to B we find

TO,C(TC*H) o ,3 = Tc*,B o TO,C(F[l])-

We deduce:

TO,C(TC*H) o TO,C(H) = ‘CO,C(TC*H) o :8 ow = TC*IB © TO,C(F[I]) ow
=Texpoafl]ou[l]ow =0.

Using (78) we obtain 7. (H) =~ 0 so that H € ;.
O

Theorem 6.4. The subcategory N is a strictly full triangulated subcategory of
DY (K xr)-

Proof. 1t is clear that an object isomorphic to a torsion object is itself a torsion
object and that .4, is stable by the shift functor. Hence it remains to check that if

F—-G—H i) is a distinguished triangle with F, G € A, then H € A{,.. We
choose ¢ > 0 such that 7y (F) = 0 and 79.(G) = 0 and we apply Lemma 6.3(ii)
to the diagram

u

|

I.,F ————>T.,G.

O

Corollary 6.5. Forany F € D% (kyxr) and any ¢ > 0, the cone of 10 (F) is a
torsion object.

Proof. We apply Lemma 6.3(ii) to the commutative diagram

T0c (F )

F 1. F
T()L.(F)l / lTOC(TC*F)
TesT0c (F
T..F w L p.F

|

The subcategory Db(kﬂ) of DP(kprxr) is contained in DY (kyxr). So we can
define torsion objects in DP (k%’;) or in the equivalent category D°(K},). We let 4
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be the subcategory of torsion objects in Db(kyM). Then Theorem 6.4 implies that
¢ is a strictly full triangulated subcategory.

Definition 6.6. The triangulated category .7 (k) ) is the localization of D°(k},) by
Mg In other words, 7 (k) = DP(K},)/ Ak

By Corollary 6.5, 79.(G) becomes invertible in 7 (ky) for any G € D°(k},).
Hence for a morphismu: F — G in D*(k},) and for ¢ > 0 we can define 7. (G) !0
u: F — G in 7 (kys). The family of 7, . (G)’s defines an inductive system {7, G },
and we have 19/ (G)™! o 7. (G) ou = 19.(G)™" o u for ¢ > c. This defines a
natural morphism:

li_I)n Home(k,Vw)(F’ T..G) — Homy(kM)(F, G). (81)

c—>—+00

Proposition 6.7. Forany F,G € Db(kg,[) the morphism (81) is an isomorphism.

Proof. (i) Let us first show that (81) is surjective. A morphism u: F — G in

T (k) is given by F Lo & G, where the cone of s is a torsion object. By
Lemma 6.3(i) there exist ¢ > 0 and o: G’ — T, G such that 7p.(G) = «a o s:

F*V>G'<37G

X \L TO‘(,*(G)

Te.G.

Hence we obtain u = 70,.(G) "' oaovin .7 (ky). In other words u is the image
of @ o v by (81).

(ii) Now we show that (81) is injective. We consider u: F — T..G in D°(k},)
such that 7o.(G) ™! ou = 0in .7 (kp). Then u = 0 in 7 (ky,) and this means
that there exists s: 7.,G — G’ such that the cone of s is a torsion object and
sou = 0in D°(K},). By Lemma 6.3(i) there existd > Oand o: G’ — Tc+4a),G
suchthat 7, .14 (G) =« os:

N

F d T..G

T(:.c+d(G) l /

T(chd) * G.

Gl

We obtain 7, 44(G) ou = « o s ou = 0 which means that the image of u in
the left hand side of (81) is zero, as required.
O

Recall the functor ¥, in (69).
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w.
Corollary 6.8. The composition D*(ky) — DP(Kprxi; Uy) — 7 (Ky) is a fully
faithful functor.

Proof. For F,G € DP(kyy), the proof of Proposition 4.24 gives as well
Home(kM)(G’ F) = Home(kMxR) (G X k[0,+oo[, FK k[c,+oo[)

for any ¢ > 0. Then the result follows from Proposition 6.7. O

Strict Cones and Torsion

For a connected manifold M and F € D% (kyxr) we give a condition on SS(F)
which implies that F' is torsion over any compact subset as soon as it is torsion at
one point.

We first give a preliminary result on M x I x R. We set E = R? and we take
coordinates (s, 7; 0, t) on T*E. We fix « > 0 and define the cone y, = {(s,7);t >
als|} in E. We set U, = E x Inty,. We recall Proposition 4.9, reformulated
using (44): for F € D°(Kyxz), we have SS(F) C T*M x U, if and only if

F %5y Kprxy, = RSE« R yxEstny, (7' F) => F, (82)

where sp: M x E X E — M x E is the sum of E.

Proposition 6.9. Let I be an interval of R, M a manifold and g: M x I xR — M x
R the projection. Sety = I x [0, +o0|. Let F € D°(Kprx;xr ). We assume that there
exists a closed strict y-cone A C (T*I) x R such that SS(F) C T*M x A~ (A).
Then, for any s1 < s3 € I, Rq«(F ®@Kpyx[s, s,[xr) and Rq«(F @Kprx)s, s,]xr) are
torsion objects of D% (KprxRr)-

Proof. (1) We only consider G := Rqx(F ®Kpsxs, 5,xr), the other case being
similar. We may restrict ourselves to a relatively compact subinterval of [
containing s; and s;. Hence we may assume that SS(F') is contained in
T*M x{t > a|o|} for some a > 0. Then, applying Lemma 4.26 and changing
a if necessary, we may assume that / = R.

(i) We set « = a~! so that y0 = {tr > alo|} and SS(F) C T*M x
U,. Since SS(Karxsy soixr) C TyyM x T*R x TER, Corollary 2.7 gives
F®Kprxs;.5:[x® = R x5, .5:]xr (F) and the formula (82) gives

G ~ RQ*RSE*RFMXD(ql_lF)’

where D = (E X Inty,) N {(s,,5',t');s1 < s + 5 < s}. We consider the
commutative diagram
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(iii)

(iv)
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MXEXE —"t  « MxE

7 lideq lq

MxE<~—"  MxExR—— > MxR,

where §(s,t,s5',t") = (s,t,1'), §i1(x,s,t,t') = (x,s,t) and §(x,s,t,1') =
(x,t + t'). The adjunction between R(idys x§), and (idy x§)"* gives

G ~ R5.R(idy xG),RAom (kyxp, (idy x§)'Gy " F)[—1]
(83)
~ R§.RAom (ky ®RGkp,§; ' F)[-1].

Through the isomorphism (82) the morphism z.(F) is induced by the mor-
phism K7, (Exmy,) — Kexmy,, Where T.(s,t,s'.t") = (s,t,5,t" + ¢).
Using (83) it follows that 7. (G) is induced by the morphism u.:kr.(py = Kp.
Hence it is enough to see that the image of u. by Rg is the zero morphism.
In the remainder of the proof we show that RGikp and Rgikr, (p) have disjoint
supports for ¢ big enough.

For a given point (s,7,1") € E xR we have g~ !(s,t,t'’)N D = @if ' < 0 and
otherwise

gt t)YND ={s"s si—s <5 <sy—s, t' > a|s|}

1.

=]si—s.5 —s]N[—a" 't «

This is @ or a half closed interval when ¢ is notin I;:=[—a/(s2 —s), —a(s; —s)].

It follows that supp(RGkp) is contained in D’ := {(s,t,¢'); t' € I}. The

support of RGiKr,(p) is contained in 7/(D’), with T/(s,t,t") = (s,t,c + t').

Since I; is of length (s, — s1) (independent of s) we obtain D' N T/(D’) = @
forc > a(s; — s1).

O

From now on, we consider a connected manifold M and F € Db(kMxR). We set
y = M x [0, +o00[ and we make the hypothesis

SS(F) C a7 (A) for some closed y-strictcone A C (T*M) xR.  (84)

In particular F € D]fzzo}(kMXR)'

Lemma 6.10. Let F € DP(kyxgr) satisfying (84). We assume that there exists
X € M such that F|goxr is a torsion object in Dt{’po}(kR). Then there exists a

neighborhood U of x such that F|yxr is a torsion object in Dl{)rzo} (Kyxr)-

Proof. (i) We may assume that M is an open set in some vector space V' and

x = 0. We take coordinates (x,¢;&,7) on T*(M x R). We may also assume
that SS(F) C {t > a||&||} for some a > 0 and that M contains the open ball
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of radius 1, say B. We set I =] — 1, 1] and take coordinates (s; o) on T*1. We
define the homotopy #: B x I xR — B xR, (x,s,t) + (sx,t). Forsy € 1
we set hg, = h(-, S0, ).

(i) We check that h~!(F|pxg) satisfies the hypothesis of Proposition 6.9. We
have h,(x,s,t; &, 1) = (sx;t&,t)and hy(x,s,t; €, 1) = (x,s,t;5E, (x,§), 7).
Hence Ker /4 is contained in {t = 0}. Since SS(F) N {t = 0} is contained in
the zero-section, F' is non-characteristic for # and we find

SS(h™'(F)) c{(x.s'.1":& 0", T): o' = (x'.&). ' = allE'||/|5']}.

On B x I we have |s’| < 1 and |[(x",&')| < ||€||. We deduce SS(h~!(F)) C
{t’' > alo’|} on B x I x R, as required.

(iii) We apply Proposition 6.9 to A~'(F) on B x I x R with sy = 0, s = 1/2.
For J C I weset G; = Rqx(h™ ' (F|pxr)®Kpmxsxr). We note that Gy =~
h7'(F|pxr) forany s € I. We have the distinguished triangles on B x R

+1 +1
G,1/21 = Gp.i/21 = Gy —, G20 = Gy = Gy —

where Gjo.1/2) and Gyo,1/2; are torsion by Proposition 6.9. Since g is the
contraction B x R — {0} x R the hypothesis implies that Gy, is torsion.
Hence Gyp,1/2) is torsion by the first distinguished triangle and then Gy;,,; also
is torsion by the second one. Since /1, is a diffeomorphism from B x R to
U x R, where U is the ball of radius 1/2 we deduce that F|yxg is torsion.

|

Lemma 6.11. Let F € D(kyxr) satisfying (84). We assume that there exists xo €
M such that F|g\xr is a torsion object in D‘{Dpo}(kR). Then F|yxr also is a

torsion object in Dl{’r>0} (kr) forall x € M.

Proof. We set I =] — 1, 1] and we choose an immersion i:/ — M such that
i(0) = xp andi(1/2) = x. Theni ™! F satisfies the hypothesis of Proposition 6.9 on
I'xR.Weletq: I xR — Rbe the projection. Then F'|;(s)3xr = Rgx« (i_1F®k{S}XR)
for any s € I. Now we have the distinguished triangles

. . ._ +1
Rq« (i ' F®Kpo.1/2xr) — Rqs(i T FRK(01/2xk) —> i F|xoixr —

. . o +1
Rq+ (i ' F ®Kp, 1 /oxr) — Rqw(i ' F®K1/2xr) — i ' Flyxr —>

and we conclude as in part (iii) of the proof of Lemma 6.10. O

Theorem 6.12. Let M be a connected manifold and let F € DP(kyxr) satisfy-
ing (84). Then the following assertions are equivalent:

(i) there exists xo € M such that F |, ,xr is a torsion object in D?T>0} (kg),
(ii) for any relatively compact open subset U C M the restriction F|yxr is a
torsion object in D?po}(ka]R)-
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Proof. We only need to prove that (i) implies (ii). By Lemmas 6.10 and 6.11 we
can find a finite cover of U, say {U;}, i = 1,...,n, such that F |y xr is torsion.
We conclude with the remark that, for any two open subsets V, W C M, if F|yxr
and F|wxr are torsion, then so is F|(yuw)xr. Indeed we apply Lemma 6.3 to the

. +1 .
triangle Fiynwyxk = Frxr ® Fwxr — Fruw)xg —> and the commutative
square

Fovow)yxr Frxr @ Fwxr

10‘(,:0l / lm.(;o

Tes(Fyowyxg) — > Toi(Frxr ® Fy <r).

7 Tamarkin’s Non Displaceability Theorem

We will explain here Tamarkin’s non displaceability theorem which gives a criterion
in order that two compact subsets of 7* M are non displaceable.

In this section we consider a Hamiltonian isotopy @:T*M x I — T*M
satisfying (29), that is, there exists a compact set C C T*M such that ¢ |7\ ¢ 18
the identity for all s € 1.

Let @:T*(M x R) x I — T*(M x R) be the homogeneous Hamiltonian
isotopy given by Proposition 3.2 and A C T*(M x R x M x R x I) the conic
Lagrangian submanifold associated to @ in (26). Let K € D™ (Kp/xrxpxrxs) be
the quantization of @ given in Theorem 3.1.

Invariance by Hamiltonian Isotopy

For J C I arelatively compact subinterval of /, we introduce the kernel

K7 = Rq1234, (K®Kprxrxmxixs) € DP(Kprxrxarxr),
where q1234 is the projection on the first four factors. We remark that K and K’
satisfy the hypothesis (74). Hence, by Proposition 4.29, composition with K’

defines a functor

w,;:D°(k},) — D°(K},), Fr K’oF. (85)

We note that K& ~ IZIMxRxMxRx{s}- We set for short ¥y = W,. We have
¥ >~ id.
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Theorem 7.1. Let @:T*M x I — T*M be a Hamiltonian isotopy satisfying (29).
For s € I and J C I a relatively compact subinterval let ¥, ¥s: Db(k ) —
DP(K},) be the functors defined in (85). Then for A a closed subset of T*M and
F e Db (K},) we have

(i) ¥,(F)eDb (A)(k ) foranys € I,
(i) Ypup((F) and Wb (F) are torsion objects foranya < b € I,
(iii) fors € I, s > 0, there exist distinguished triangles

+1 +1
lI’]Q;](F) — W[Q.S](F) —> F —>, ll’[()ys[(F) —> W[Q.S](F) — WS(F) —>

and similar ones for s < 0. In particular we have a natural isomorphism

F ~W(F)in J (ky) forany s € 1.
Proof. (i) We set Ay =Ao T 1. This is the graph of ¢,. Hence

SS(¥,(F)) N{r > 0} C Ayop~"'(4) = gs(p~'(4) = p~ ' (ps(A)).

which proves the first statement.

(ii)—(iii) (a) We set F = Ko F which belongs to D (k. ;) by Proposition 4.29.
We have SS(F)N{z > 0} C Aop~'(A4). Asin Lemma 5.1 we define A’ C T*M xR
by A = {(x:£.7);1 >0, (x:£/1) € A}. Then A’ is a strict y-cone. It follows that
there exists a closed strict y-cone B C T*(M x I) x R such that A o p~'(4) C
A7 (B)N{r > 0}. Then Lemma 5.1 gives SS(F) C 7~ (B)UT}, ;wu (M xI xR).
In particular F |mxrxr satisfies the hypothesis of Proposition 6.9 for any relatively
compact subinterval J C 1.

b)yWeletg: M x I xR — M x R be the projection. For a relatively compact
subinterval J C I we have ¥;(F) ~ Rgx (F@kijxR). Then (ii) follows from
Proposition 6.9. The triangles in (iii) are induced by the excision triangles associated
with the inclusions {0} C [0, s] and {s} C [0, s]. Then (ii) gives F <= W¥jg ;(F) =>
W,(F) in 7 (Ky). O

Application to Non Displaceability

Recall that two compact subsets A and B of T*M are called mutually non
displaceable if, for any Hamiltonian isotopy @: T*M x I — T*M satisfying (29)
and any s € I, A N ¢s(B) # @. A compact subset A is called non displaceable
if A and A are mutually non displaceable. Let A and B be two compact subsets
of T*M, let F € Db(kVMl) and G € DY (k ) Let go: M x R — R be the
projection. Recall that #om™(F, G) € Db(k ) by (62). We deduce by adjunction

that Rg, ,.##om™ (F, G) € D°(k”"). We shall consider the following hypothesis:

Rq . ##om™ (F, G) is not torsion. (86)
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Theorem 7.2 (The Non Displaceability Theorem of [12, Th.3.1]). Let A and
B be two compact subsets of T*M. Assume that there exist F € Dg (kVMI) and

G € D% (k%;,l) satisfying the hypothesis (86). Then A and B are mutually non
displaceable in T*M .

Proof. Assume @ is a Hamiltonian isotopy such that ¢y, (B) N A = @. We consider
@:T*(MxR)xI — T*(MxR)and K € D" (Kyxrxarxrxs) as in the introduction
of this section.

We define F/, G’ € D°(K,,) by F/ = FRk; and G’ = KoG. We let go3: M x
R x I — R x I be the projection. We have F >~ F’'|yxrx(s;} and we set Gy =
G'| mxrx{s}- By Lemma 5.1 and Corollary 4.15, we have #om™ (F’, G")| prxrx{s} =
Hom™ (F, Gy). By Lemma 5.1 ¢o3 is proper on the support of S#om™(F’, G') and
we get

(Rgp3, Hom™ (F', G/))IMX]RX{S} ~ Rqy,om™* (F, Gy).

Since SS(Gy) C p~!'(¢s(B)), Theorem 5.3 implies Rq, , #om™*(F, Gy,) = 0.

By Proposition 4.13 and Lemma 4.7, the microsupport of S#om™*(F’, G’) is
contained in #7!(C) for some strict y-cone C. Hence a similar inclusion holds
for the microsupport of Rgy3,#om™(F’,G'). Then Theorem 6.12 implies that
Hom*(F, Gy) is torsion for all s € I. In particular SZom™*(F, G) is torsion, which
contradicts the hypothesis (86). O

Corollary 7.3. Let A and B be two compact subsets of T*M . Assume that there
exist F € D'jl (Ky,) and G € D% (K},) such that Hom y(kM)(F, G) # 0. Then A and
B are mutually non displaceable in T* M.

Proof. By Proposition 6.7, there exists ¢ € R such that the morphism induced by
7.4(G), HomD"(kL)(F’ T.+.G) — HomD"(kL)(F’ T4+G) is non zero for all d > c.
But Lemma 4.18 gives

Hompy, 1 (F. TexG) H 4 oo(R:Rqp Hom* (F, T, G)).

On the other hand we can see that Rqy, 5#om™ (F, T, G) ~ T..Rq,,7#om™ (F, G)
and that 7. 4 (G) induces 7. 4 (Rga ,##om™ (F, G)) through this isomorphism. Hence
Rq»,##om™ (F, G) is non torsion and we can apply Theorem 7.2. O

Let A be a closed conic subset of 7* M . We know by Corollary 6.8 that the functor
Jm:D%(ky) = T (ky), F > F KK toof (87)

is fully faithful. Applying Corollary 7.3 with F = G = jy(ky) € 7 (ky) and
A=B=T;M,we get

Corollary 7.4. Assume M is compact. Then M is non displaceable in T*M .
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In [12], Tamarkin applies the non displaceability Theorem 7.2 to prove that the
following sets are non displaceable.

Set X = P(C)" endowed with his standard real symplectic structure. Consider
the sets A :=P(R)" and B :=T = {z = (z0,...,21): |20| = ... |zs|}. Then A and
B are non displaceable and A and B are mutually non displaceable.
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1 Introduction

In recent years, it has been realized that a solution to a variety of different prob-
lems in theoretical and mathematical physics—matrix models, four-dimensional
supersymmetric gauge theory, quantum invariants of knots and 3-manifolds, and
topological strings—leads to what sometimes is referred to as the “quantization of
an algebraic curve.”

To be more precise, the classical phase space which is quantized in this problem
is the two-dimensional complex plane parametrized by the coordinates u and v

(u,v) e CxC, (D

and equipped with the canonical holomorphic symplectic form
w = %du Adv. 2)

In this space, a polynomial A(u, v) defines an algebraic curve
%: A(u,v)=0, 3)

which is automatically Lagrangian with respect to the holomorphic symplectic
form (2). A close cousin of this problem (that we consider in parallel) is obtained
by taking A to be a polynomial in the C*-valued variables

u v

xX=e , y=¢é". 4

In either case, the problem is to quantize the classical phase space C x C (resp.
C* x C*) with the symplectic form (2) and a classical “state” defined by the zero
locus of the polynomial A.

Classically, # and v have the Poisson bracket {v,u} = # that follows directly
from (2). Quantization turns u and v into operators, & and v, which satisfy the
commutation relation

[b,4] = #. (5)

Therefore, quantization deforms the algebra of functions on the phase space into a
non-commutative algebra of operators. In particular, it maps a polynomial function
A(u,v) (resp. A(x, y)) into an operator A:

A\:A\o—‘rhz‘i\l—‘rhzz‘i\z—%..., (6)
where Ay = A. Since # and § (resp. £ and §) do not commute, there is no

unique way to write the perturbative expansion (6). After all, changing the order
of operators changes the powers of 7. In practice, however, one often makes a
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choice of polarization, i.e. a choice of what one regards as canonical coordinates and
conjugate momenta. For example, in most of the present paper we make a simple
choice consistent with (5):

0

B_M )

. v=hd.=h 7

=
Il
<

where u plays the role of a “coordinate” and v is the “momentum.” With this or any
other choice, one has a natural ordering of operators in (6), such that in every term
momenta appear to the right of the coordinates. This leads to a “canonical” form of
the perturbative expansion (6) that we will try to follow in the present paper.

Starting with the classical curve (3) defined by the zero locus of A(u,v) or
A(x,y), our goal will be to construct the quantum operator /f, in particular, to
study the structure of its perturbative expansion (6). A priori, it is not even clear
if a solution to this problem exists and, if it does, whether it is unique. We
will answer these questions in affirmative and describe a systematic method to
produce “quantum corrections” /fk, for k > 1, solely from the data of A(u,v)
(resp. A(x, y)) by drawing important lessons from applications where this problem
naturally appears:

1. SUSY gauge theory: In .4 = 2 supersymmetric gauge theory, the curve (3) is
known as the Seiberg-Witten curve [48], and 7 is related to the £2-deformation
[44].

2. Chern-Simons theory: In Chern—Simons theory with a Wilson loop, the
polynomial A(x, y) is a topological invariant called the A-polynomial and plays
a role similar to that of the Seiberg—Witten curve in .4/~ = 2 gauge theory [32].
The parameter # is the coupling constant of Chern—Simons theory.

3. Matrix models: In matrix models, the curve (3) is called the spectral curve, and
h = 1/N controls the expansion in (inverse) matrix size [12].

4. Topological strings: In topological string theory [2, 18], every curve of the
form (3) defines a (non-compact) Calabi—Yau threefold geometry in which
strings propagate, namely a hypersurface in (C*)? x C:

A(x,y) = zw. )

The parameter # is the string coupling constant.

5. 2-modules: There is also a mathematical theory of Z-modules [35, 36, 38],
which studies modules over rings of differential operators, and in particular
operators with properties analogous to those which we expect from A. Some
connections of this theory to the above mentioned physics systems were analyzed
in [15,17,18].

In all these applications, the primary object of interest is the partition function,
Z(u), or, to be more precise, a collection of functions Z® () labeled by a choice
of root v = v (u) to Eq. (3):

Z@w) = Z(uv? W) . 9)



90 S. Gukov and P. Sutkowski

The right-hand side of this expression is the partition function Z(u, v), which is a
globally defined function on the Riemann surface (3) and which does not depend on
the choice of «. The existence of such a globally defined partition function is less
obvious in some of the above mentioned applications compared to others. In our
discussion below, we find it more convenient and often more illuminating to work
with Z(u, v) rather than with a collection of functions Z @ (u).

From the viewpoint of quantization, the partition function Z is simply the wave-
function associated to a classical state (3). It obeys a Schrédinger-like equation

Az =0, (10)

and has a perturbative expansion of the form

1 o0
Z =exp (ESO + ZS,,+1h") . (1)

n=0

The quantum operator Ain (10) is precisely the operator obtained by a quantization
of A(u,v)or A(x, y), and the Schrodinger-like equation (10) will be our link relating
its perturbative expansion (6) to that of the partition function (11).

Indeed, recently a number of powerful methods have been developed that allow
to compute perturbative terms S, in the A-expansion. In particular, insights from
matrix models suggest that the perturbative expansion of the partition function (11)
should be thought of as a large N expansion of the determinant expectation value in
random matrix theory

7= (det(u—M)>. (12)

This expectation value is computed in some ensemble of matrices M of size
N = h~!, with respect to the matrix measure ZM e~ "VM/: where V(M) is a
potential of a matrix model. Then, by exploring the relation between perturbative
expansions of Aand Z, we argue that having a systematic procedure for computing
one is essentially equivalent to having a similar procedure for the other. In particular,
by shifting the focus to A, we obtain the following universal formula for the first
quantum correction A :

< 1 (A, 8T
Al—z(avAav—i— - av) A, (13)

expressed in terms of the classical A-polynomial and the “torsion” T (u) that
determines the subleading term in the perturbative expansion (11) of the partition
function:

S, = —% log T'(u) . (14)



A-Polynomial, B-Model, and Quantization 91

Usually, the torsion is relatively easy to compute, even without detailed knowledge
of the higher-order quantum corrections to (6) or (11) which typically require more
powerful techniques. For instance, in the examples coming from knot theory the
torsion 7 (u) is a close cousin of the “classical” knot invariant called the Alexander
polynomial.

Furthermore, it is curious to note that, generically, for curves in C* x C* the
leading quantum correction (13) completely determines the entire quantum operator

A when all A-corrections can be summed up to powers' of g = e” :
/i = Z Am.n CIC”"” x" .);n ’ (15)
(m,n)€

in other words, when A can be written as a (Laurent) polynomial in X, y, and ¢.
Here, 2 is a two-dimensional lattice polytope; in many examples & is simply the
Newton polygon of A(x, y). Indeed, the coefficients a,, , are simply the coefficients
of the classical polynomial, A = Y_ a,, ,x™ y", which is obtained from (15) in the
limit ¢ — 1. On the other hand, the exponents ¢,, , can be determined by requiring
that (13) holds for all values of x and y (such that A(x, y) = 0):

1 (8,4, 8T
mn Cm,n "y =~ v A. 1
E A Cnn XY 2(8VABV+TB) (16)
(m,n)€

For curves of low genus this formula takes even a more elementary form (79) which,
as we explain, is very convenient for calculations of A. In Sect. 3 we will illustrate
how this works in some simple knot theory examples, and in Sects. 6 and 7 in several
examples from the topological string theory.

2 Topological Recursion Versus Quantum Curves

In this section, we collect the necessary facts about the perturbative structure of the
partition function (11) and the Schrédinger-like equation (10) that, when combined
together, can tell us how the polynomial A(u, v) or A(x, y) gets quantized,

A

A~ A. 7)

To the leading order in the %-expansion, A is obtained from A simply by replacing
u and v by the quantum operators & and V. Then, with the choice of polarization as

Tt seems that all polynomials A(x, y) that come from geometry have this property. Why this
happens is a mystery.



92 S. Gukov and P. Sutkowski

in (7) the Schrodinger-like equation (10) implies the following leading behavior of
the wave-function (11):

So = /vdu for curvesin C x C, (18)
d
= /logy—x for curves in C* x C* .
x

In fact, in any approach to quantization this should be the leading behavior of the
semi-classical wave function associated to the classical state A = 0. What about the
higher-order terms S,, withn > 1?

In the introduction we mentioned several recent developments that shed light on
the perturbative (and, in some cases, even non-perturbative) structure of the partition
function (11). One of such recent developments is the topological recursion of
Eynard—Orantin [28] and its extension to curves in C* x C* called the “remodeling
conjecture” [9, 41]. These techniques are ideally suited for understanding the
analytic structure of the quantization (17).

2.1 Topological Recursion

The starting point of the topological recursion [28] is the choice? of a parametriza-
tion, i.e. a choice of two functions of a local variable p,

v=v(p) (19

where u(p) is assumed to have non-degenerate critical points. (In particular, for
curves of genus zero, both u(p) and v(p) can be rational functions. We are not
going to assume this, however, and, unless noted otherwise, much of our discussion
below applies to curves of arbitrary genus.) Then, from this data alone one can
recursively determine the perturbative coefficients S, of the partition function (11)
via a systematic procedure that we explain below.

For example, as we already noted in (18) the leading term Sy is obtained by
integrating a 1-form differential ¢ = vdu along a path on the curve A(u,v) = 0.
When expressed in terms of the local coordinate p, this integral looks like

)4 P
So = / b= / W(p)du(p). 20)

and sometimes is also referred to as the anti-derivative of ¢. Then, the next-
to-the-leading term S; is determined by the two-point function, or the so-called

2As will be explained in Sect. 2.3, this choice is related to the choice of polarization.
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annulus amplitude. For a curve % of genus zero it can be expressed in terms of the
parametrization data (19) by the following formula®

1 d
Si=—=log Q1)
2 dp

whose origin and generalization to curves of arbitrary genus will be discussed in
Sect.2.5. We recall that, according to (14), the term S contains information about
the “torsion” 7' (1) and generically is all one needs in order to determine the quantum
curve A when it has a nice polynomial form (15).

In a similar manner, the topological recursion of Eynard—Orantin [28] can be
used to determine all the other higher-order terms S,, n > 2. Starting with the
parametrization (19), one first defines a set of symmetric degree-n meromorphic
differential forms W,¥ = W, (pi1. p2.....pn) on €" via a systematic procedure
that we shall review in a moment. Then, by taking suitable integrals and residues
one obtains respectively the desired S,’s, as well as their “closed string” analogs
known as the genus-g free energies Fj:

u(p) and v(p) ~ W ~ S, and F, (22)

Specifically, motivated by the form of a determinant in (12), or a definition of
the Baker—Akhiezer function in [27, 28], we construct S,,’s as the following linear
combinations of the integrated multilinear meromorphic differentials:

1 P P , ,
Se(p) = E/ / WP P s (23)
28—1+k=n """ P L4

k times

where each differential form Wkg of degree k is integrated k times.* The base point
of integration p is chosen such that u(p) — oo [28]. In turn, the multilinear
differentials W, are obtained by taking certain residues around critical points of
the “Morse function” u(p), i.e. solutions to the equations

du(p)|pl_* =0 =4 8‘,A|pi* =0, (24)

3Notice, our prescription here and also in Eq. (23) differs from that in [16]. As will be explained
below, these differences are important for overcoming the obstacles in [16] and reproducing the
“quantum” g-corrections in the quantization of the A-polynomial (17).

“4For curves of genus one or higher one should consider more general Baker—Akhiezer function,
which in addition includes non-perturbative corrections represented by certain 6-functions [27].
As the examples which we consider concern mostly curves of genus zero, we do not analyse such
corrections explicitly.
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where the standard shorthand notation 9, = % is used. Following [28], we shall
refer to these points as the “branch points” of the curve € in parametrization (19).
For each point p in the neighborhood of a branch point p/ there is a unique,
conjugate point p, such that

u(p) = u(p). (25)

The next essential ingredient for the topological recursion is the differential 1-
form? called the “vertex”:

w(p) = (v(p) —v(p))du(p) for curves in C x C, (26)

= (log y(p)— logy(p))M for curves in C* x C*,

x(p)

and the 2-form B(p, q¢) known as the Bergman kernel. The Bergman kernel B(p, ¢q)
is defined as the unique meromorphic differential with exactly one pole, which is a
double pole at p = g with no residue, and with vanishing integral over A;-cycles
9SA, B(p.q) = 0 (in a canonical basis of cycles (A;, B') for %). Thus, for curves
of genus zero the Bergman kernel takes a particularly simple form

dp dq
B(p.q) = — . @7
(r—q)
and its form for curves of higher genus is presented in Sect.2.5. A closely related
quantity is a 1-form, defined in a neighborhood of a branch point g

1 r4
i) = [ BEp).

q

Finally, the last important ingredient is the recursion kernel K(q, p),

dE
K(g.p) = ZEa2) 28)

(q)

Having defined the above ingredients we can present the recursion itself. When
expressed in variables (i, v), the recursion has the same form for curves in C x C as
it does for curves in C* x C*. Tt determines higher-degree meromorphic differentials
W8 (p1,.... pa) from those of lower degree. The initial data for the recursion are
one- and two-point correlators of genus zero, the former vanishing by definition and
the latter given by the Bergman kernel:

SFor reasons that will become clear later, we choose a sign opposite to the conventions of [28].
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g

Fig. 1 A graphical representation of the Eynard—Orantin topological recursion

@z W (p) = 0. 29)
B P,
@ © WY(p1, p2) = B(p1. p2). (30)

It is also understood that W,§ < —o.
The other differentials are defined recursively as follows. For a set of indices J
denote p; = {pi}ies. Then, for N = {1,...,n} and the corresponding set of points

Py = {p1...., pu} define

p P p,

W (poow) = Y Res, e Kig. p) (Wi (0. 3.0w) +

g q;

g
Y Y W @ POWE L @ps )
m=0JCN

€19

where ), - denotes a sum over all subsets J of N, cf. Fig. 1. These correlators
have many interesting properties. For example, any W,£(p1,. .., p,) is a symmetric
function of p;. Furthermore, apart from the special case of g = 0 and n = 2, the
poles of W, (p1,..., pn) in variables p; appear only at the branch points. In addi-
tion, the A;-cycle integrals with respect to any p; vanish, _(ﬁpieAI WE(p1y....pn) =
0. For a detailed discussion of these and many other features of W, see [28].

Let us briefly illustrate how the recursion procedure works. First, from the
recursion kernel (28) and from the Bergman kernel (30) one finds the genus-1 one-
point correlator

W'(p) = D "Res,,»K(q. p)W5(q.9) - (32)
q,-*
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Then, the following series (with g + n = 3) is determined

p PP

W{(p, p1. p2) = @ (33)

=) Res,,,~K(q.p)

x (W2, pOWE@. p2) + WG pOWR(a, 1)
p B
W) (p, p1) = @ = Y "Res,,+K(q, p)
q,-*

x (Wi p) +2W @W@. p)). (34)

W) = oy = DResyp Kg.p) (W' @.0) + W oW @). G5
q,-*

Next, one finds a series W), W', W2, W} with g + n = 4, and so on. In the end,
from each such series one can determine one more S, using (23). For example, as
will be discussed in Sect. 2.5, S| is obtained by integrating the Bergman kernel:

du(py) du(p>) )
(u(p) —u(p2))?)’

and for curves of genus zero this formula reproduces the expression (21) proposed
earlier. At the next step, from the series of the multilinear differentials (33)—(35) one
finds the next term in the perturbative series (11):

p 1 [P (P (P
Sz(P)=/ Wll(P1)+§/ / / W(p1, p2. p3) .« 37

Si(p) = (36)

1 .
= lim_ (B(Pl ,D2) —
2 pi—~>p=p

and so on.

While not of our immediate concern in this paper, for completeness we also
recall a definition of genus-g free energies F,. For ¢ > 2 they come® from the
corresponding W*:

ZRes - So(@WE(q) (38)

g 2g_

%Notice, compared to the conventions of [28] we introduce an extra minus sign in our definition of
Fg in order to account for the sign of W originating from the sign in (26).
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where So(q) = [ *y(p)du(p), while Fy and F; are defined independently in a more
intricate way presented in [28]. Among various interesting properties of F, the most
important one is their invariance under symplectic transformations of the spectral
curve.

Finally, since the relation between S, and Wkg will be crucial for computing A
from the classical curve A = 0 and its parametrization, let us briefly explain our
motivation behind (23). Recall, that the correlators Wkg (p1,-.., px) in (23) were
originally introduced [28] in a way which generalizes and, when an underlying
matrix model exists, reproduces connected contributions to the matrix model
expectation value

1 1 X\ s emair WEDL oL pi)
<Tr(u(p1) - M) ' ”Tr<u(pk) - M)>c0nn - ;);ﬂg o dul({pll)n. ..du(l;(k)

in an ensemble of matrices M of size N = #~!.7 Integrating both sides with respect
to all variables and then setting p; = ... = px = p, we get

P " e /
= yowe [ [l

=0

<(Trlog (u(p) — M))k>

conn

Dividing both sides by k! and summing over k we get

(o]

= Z hn_lSn (p)s

n=0

(det(u — M)>

conn

with S, (p) defined in (23). Whereas the left hand side represents the connected
expectation value, the right hand side plays the role of the free energy, so that

Z = (det(u — M)> — oF TeZo " Sup)
This result is in agreement with (11) and (12) and provides the motivation for the

definition (23). From the matrix model point of view, the free energies F, defined
in (38) encode the total partition function

(1) = /@Me‘%TrV(M) = eXe=o T e (39)

From a string theory viewpoint, this partition function would correspond to closed
string amplitudes. In fact, in many instances relevant to Seiberg—Witten theory

7Strictly speaking, this equation holds for k > 2 and there are some corrections to the lowest order
terms with k = 1 and k = 2 [28].
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or topological strings, matrix models which encode corresponding partition func-
tions (39) have been explicitly constructed in [3,24-26,37,46,49].

2.2 Quantum Curves and Differential Hierarchies

Our next goal is to compare the results of the topological recursion to the structure
of the “quantum curve”

A~o0, (40)

where we used a shorthand notation “~” to write (10) in a form that makes a
connection with its classical limit A(x, y) = 0 manifest, ¢f. [19]. In general, the
Schrodinger-like equation (10) and its abbreviated form (40) is either a g-difference
equation (for curves in C* x C*) or an ordinary differential equation (for curves in
C x C). In either case, we need to write it as a power series in #, which was the
expansion parameter in the topological recursion.

In practice, one needs to substitute the perturbative expansions (6) and (11) into
the Schrodinger-like equation (10),

o0
(/io-i-hfil-i-hz/fz—i-...)exp %Zth” =0, 41)
=0

and collect all terms of the same order in #-expansion. This requires some algebra
(see [21] and Appendix 1), but after the dust settles one finds® a nice hierarchy of
“loop equations”

Xn:i),A,,_, =0, (42)
=0

expressed in terms of symbols A4,_, of the operators /fn_, and in terms of
differential operators ®,. Specifically, each ®, is a differential operator of degree
2r; it can be written as a degree-2r polynomial in d,, = %, whose coefficients are

80nce again, we point out that, when expressed in terms of variables u and v, most of our formulas
have the same form on any complex symplectic twofold with the holomorphic symplectic 2-
form (2). In particular, the hierarchy of differential equations (42) written in variables (u, v) looks
identical for curves in C X C and in C* x C*. Of course, the reason is simple: it is not the
algebraic structure, but, rather, the symplectic structure that matters in the quantization problem.
For this reason, throughout the paper we write most of our general formulas in variables (i, v) with
understanding that, unless noted otherwise, they apply to curves in arbitrary complex symplectic
twofold with the holomorphic symplectic 2-form (2).
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polynomial expressions in functions Sk (#) and their derivatives. For example, the
first few differential operators look like

Do =1, (43a)
S//

D = 7083 + 879, , (43b)
(S(/)/)2 4 1 " 17'ar\ a3 1 " N2\ 92 /

D) = 3 dy + E(So +38581)9; + E(Sl +(SD7)9; + S30,. (430)

and yield the corresponding equations, at each order A" in (42):

Ko A=0, (44)
S//

p (T4 si)a+ A =0, (45)

B DA+ DA+ ...+ A, =0, (46)

The first equation is equivalent to the classical curve equation (3), provided S}, =
% = v which, in turn, leads to the expression (18) for So(u). The second
equation (45) is also familiar from (13) and (16), where the second order differential
operator ©; acting on A9 = A was expressed in terms of the “torsion” 7 (u). If we
know the partition function Z, then, at each order %", the above equations uniquely
determine the correction /f,,; or vice versa: from the knowledge of the total /f, at
each order /", we can determine S, (up to an irrelevant normalization constant).

More generally, the operators D, are defined via the generating function

o0 o0
Zh"@,. = exp (Z h”an) , (47)
r=0 n=1

where

n+1 o(r)

S
o = @) (48)

r=1

For example, the explicit expressions for small values of n
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1
0= Jo2 + 819,

1 1
0= gsg’ai + ES{’af + 859, ,
0y = S0t + 25183 + + SL0% + S50
3_4'0 v+3'1v+22v+3v’

lead to the formulas (43). More details and a derivation of the above hierarchy are
given in Appendix 1.

Our goal in the rest of the paper is to combine the steps in Sects. 2.1 and 2.2
into a single technique that can produce a quantum operator A starting with a
parametrization of the classical curve (3), much as in the topological recursion:

u(p) and v(p) ~> A. (49)

Basically, one can use the output of (22) as an input for (44)—(46) (written more
compactly in (42)) to produce a perturbative expansion (6).

2.3 Parametrizations and Polarizations

The quantization procedure (17) on one hand, and the topological recursion (22) on
the other come with certain inherent ambiguities which are not unrelated.

In quantization, one needs to split the coordinates on the phase space into
“canonical coordinates” and “conjugate momenta.” This choice, called the choice
of polarization, means that one needs to pick a foliation of the phase space by
Lagrangian submanifolds parametrized by a maximal set of mutually commut-
ing “coordinates” (with the remaining variables understood as their conjugate
momenta). In the problem at hand, the (complex) phase space is two-dimensional,
with the symplectic form (2),

wz%WAW, (50)

so that the ambiguity associated with the choice of polarization is described by one
functional degree of freedom, say, a choice of function f(u,v) that one regards as
a “coordinate.” Thus, in most of the present paper we make a natural® choice (7)
treating u as the “coordinate” and v as the momentum. Any other choice is related
to this one by a canonical transformation

°In most applications.
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oW oW
i P I7 GD
that depends on a single function % (u, U). By definition, the transformation
(u,v) — (U, V) preserves the symplectic form w. For example, U = vand V = —u
corresponds to # (u,U) = uU.

Similarly, as we reviewed in Sect. 2.1, the ambiguity in the topological recursion
is also described by a single function u(p) that enters the choice of parametriza-
tion (19). (The functional dependence of v(p) is then determined, up to a discrete
action of the Galois group permuting branches v(®, by the condition A4(u,v) = 0.)
Indeed, starting with different parametrizations of the same classical curve (3) and
following (49) one arrives at different expressions for A. To make a contact with the
choice of polarization, let us point out that part of its ambiguity is already fixed in the
topological recursion (since u( p) is a function of a single variable, whereas # (u, U)
in (51) is a function of two variables). However, a transformation from u(p) to U(p)
can be understood as a particular symplectic transformation (u, v) — (U, V'), such
that U = f(u) and V = v/ f’(u). For example, a simple choice of f(u) = u + ¢
with a constant ¢ corresponds to

U=u+c , V=v, (52)

and does not affect A. On the other hand, a similar “shift transformation” of the
momentum v,

V="hd, — V="ho,+ch (53)

is equivalent to Z(u) — e“Z(u) and, therefore, transforms the quantum operator
A as

AR.)) — A(R.q9). (54
This transformation plays an important role in our applications since it controls a
(somewhat ambiguous) constant term in S { .

We also note that, with the choice of uniformization (19) and in the polarization
where p is the “coordinate” the quantum curve factorizes to the leading order in %

A=T]0d,+ f@p) + o). (55)

Then, to the leading order in #, various branches of the partition function (9) are
annihilated by the first order operators (%9, + f®(p)), so that

7@ — e‘%f f(“)(P)dp(l + ﬁ(h)) )
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2.4 Relation to Algebraic K-Theory

Now we come to a very important point, which could already have been emphasized
much earlier in the paper:

Not every curve ¢ defined by the zero-locus of a polynomial A4 is “quantizable”!

Namely, one can always produce a non-commutative deformation of the ring of
functions on C x C or C* x C*, which obeys (5) with 7 as a formal parameter and,
therefore, at least formally gives (17). However, in physics, one is usually interested
in the actual (not formal) deformation of the algebra of functions with a parameter #
and, furthermore, it is important to know whether a state associated with a particular
Lagrangian submanifold in the classical phase space exists in the Hilbert space of
the quantum theory.

In the present case, this means that not every Lagrangian submanifold defined by
the zero locus of A(x, y) corresponds to an actual state in the Hilbert space of the
quantum theory; the ones which do we call'® “quantizable.” Specifically, whether
the solution to the quantization problem exists or not depends on the complex
structure'! of the curve %, i.e. on the coefficients of the polynomial A(x, y) that
defines it.

Following [32], we explain this important point in a simple example of, say, the
figure-8 knot. Relegating further details to the next section, let us take a quick look
at the classical curve

C - xt—(d=x?=2x* = x+ )y +xHr =0 (56)

defined by the zero locus of the A-polynomial of the figure-8 knot (see Table 1).
This polynomial equation has a number of special properties, including integrality
of coefficients, symmetries (with respect to x — 1/x and y — 1/y), and so on.
More importantly, the classical curve (56) is quantizable.

10Notice, a priori this definition of “quantizability” has nothing to do with the nice property (15)
exhibited by many quantum operators A that come from physical problems; one can imagine
a perfectly quantizable polynomial A(x, y) in the sense described here, for which the quantum
corrections (6) can not be summed up into a finite polynomial of x, y, and g. We plan to elucidate
the relation between these two properties in the future work.

1At first, this may seem a little surprising, because the quantization problem is about symplectic
geometry and not about complex geometry of ¢. (Figuratively speaking, quantization aims to
replace all classical objects in symplectic geometry by the corresponding quantum analogs.)
However, our “phase space,” be it C x C or C* x C*, is very special in a sense that it comes
equipped with a whole CP! worth of complex and symplectic structures, so that each aspect of the
geometry can be looked at in several different ways, depending on which complex or symplectic
structure we choose. This hyper-Kéhler nature of our geometry is responsible, for example, for the
fact that a curve ¢ “appears” to be holomorphic (or algebraic). We put the word “appears” in quotes
because this property of ¢ is merely an accident, caused by the hyper-Kéhler structure on the
ambient space, and is completely irrelevant from the viewpoint of quantization. What is important
to the quantization problem is that ¢ is Lagrangian with respect to the symplectic form (2).



A-Polynomial, B-Model, and Quantization 103

Table 1 Classical A-polynomial and its quantization in prominent examples

Model Classical curve Quantum operator
Airy v:—u V=i
tetrahedron 1+ y+xy/ 1+ g~ 25 + qU T35/
¢ =1model u®—V*+2¢ w—+2+h
conifold Il+x+y+ex! 1+g'22 +q7 25 + '3y
(p,q) minimal v? —u4 ?
model
figure-8 (1=—x2=2x*—x+x%y (1—¢*3%
X (1= %2 = (¢ + ¢O)3* — ¢°%° + ¢°%%)y
Knot —xt— xty? —3(1 — ¢539)3* — 5 (1 — 2743452

Preserving most of the nice properties of (56) we can make a tiny change to the
polynomial A(x, y) to obtain a close cousin of €

¢ - - 2axt = x4+ XYYy +xH?2 =0 (57)

To a naked eye, there is almost no difference between the curves 4" and ¢”; indeed,
every obvious property of one is manifest in the other and vice versa. Nevertheless,
the curve (56) defined by the true A-polynomial of the figure-8 knot is quantizable,
whereas the counterfeit (57) is not. Why?

The reason, as explained in [32], is that all periods of the 1-form Im ¢ must
vanish

 (1og +ld(are ) - log|yld(arg ) =0, (58)

14

and, furthermore, the periods of the 1-form Re¢ should be integer (or, at least,
rational) multiples of 27§ or, equivalently,

5 @ (log|xld log|y| + (arg y)d(arg ) ) € (59)
14

forall y € H,(%,R). Indeed, these two conditions guarantee that Z = exp (%So +
..) = exp(3 /"¢ + ...) is well-defined and, therefore, they represent the
necessary conditions for A(x, y) = 0 to be quantizable.'? It is not difficult to verify
that these conditions are met for the curve (56) but not for the curve (57).
Notice, the constraints (58)—(59) are especially severe for curves of high genus.
Moreover, these constraints have an elegant interpretation in terms of algebraic K-
theory and the Bloch group of Q. To explain where this beautiful connection comes

2Notice, various choices discussed in Sect.2.3 lead to expressions for ¢ which differ by (non-
holomorphic) exact terms. For more details on change of polarization see e.g. [33].
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from, we start with the observation that the left-hand side of (58) is the image of the
symbol {x, y} € K»(%) under the regulator map'?

r: Ky(€) - H'(%,R) (60)
{x,y} = n(x,y)

evaluated on the homology class of a closed path y that avoids all zeros and poles
of x and y. Indeed, the left-hand side of (58) is the integral of the real differential
1-form on % (with zeros and poles of x and y excluded),

n(x,y) = log|x|d(argy) —log|y|d(argx), (61)

which, by definition, is anti-symmetric,

ny,x) =-nx,y), (62)

obeys the “Leibniz rule,”

n(xixz, y) = n(x1,y) + n(x2, »)., (63)
and, more importantly, is closed

dn(x,y) =Im (@ A Q) =0. (64)
X y

For curves, the latter condition is almost trivial and immediately follows from
dimensional considerations, which is another manifestation of the ‘“accidental”
extra structure discussed in the Footnote 11. In higher dimensions, however, the
condition (64) is very non-trivial and holds precisely when % is Lagrangian with
respect to (real / imaginary part of) the symplectic form (2).

We have learnt that the differential 1-form n(x, y) is closed. However, to meet
the condition (58) and, ultimately, to reformulate this condition in terms of algebraic
K-theory we actually want n(x, y) to be exact. In order to understand when this
happens, it is important to describe 7(x, y) near those points on ¢ where rational
functions x, y € C(%)* have zeros or poles. Let p be one of such points and let
ord, (x) (resp. ord,(y)) be the order of x (resp. y) at p. Then, we have

1
o= Pncey) =gl ), (©9)

where the integral is over a small circle centered at p and

3Defined by Beilinson [6] after Bloch [7].
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ord, (y)
_ (_1)ordy(x)ord (y)x
(x,y)p = (=1)”Hr Yo, |,

(66)
is the tame symbol at p € ©.

One general condition that guarantees vanishing of (65) is to have {x, y} = 0 in
K>(C(¥)) ® Q. Then, all tame symbols (66) are automatically torsion and 7n(x, y)
is actually exact, see e.g. [39]. Motivated by this, we propose the following criterion
for quantizability:

% is quantizable <= {x,y} € K»(C(%)) is a torsion class (67)

This criterion is equivalent [11] to having
xAy=Y rzuA(l-z) in A2(C(¥)") ®Q (68)

for some z; € C(¥)* and r; € Q. When this happens, one can write
n(x,y) =d (Z riD(zi)) =dD (Z ri [z,-]) (69)
i i
in terms of the Bloch—Wigner dilogarithm function,
D(z) := log|zlarg(l —z) + Im(Liz(z)) , (70)

which obeys the famous 5-term relation

D(x) + D(y) + D(1 —xy)+D<11__;;) +D(11_;;y) -0 (D

and dD(z) = n(z,1 — z). Note, the exactness of n(x,y) is manifest in (69),
which makes it clear that our proposed condition (67) incorporates (58). (The check
that (67) also incorporates (59) is similar and we leave it as an exercise to the reader.)
In our example of the A-polynomial for the figure-8 knot, we already claimed
that the curve (56) is quantizable. Indeed, the condition (68) in this example reads

xAy=gA0-z)—22Ar1-2) (72)
where

Z% 1=z

¥t =zz, y = , (73)

11—z z

so that z; and z, satisfy the “gluing condition” (z; — 1)(z2 — 1) = 23z3.
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In practice, the condition (68) is much easier to deal with and, of course, the
appearance of the dilogarithm is not an accident. Its role in the quantization problem
and the interpretation of (67) based on Morse theory will be discussed elsewhere
[22].

2.5 The First Quantum Correction

As we emphasized earlier, the subleading term S; contains a lot more information
than meets the eye; e.g. generically it determines much of the structure of the
quantum curve, if not all of it. Therefore, we devote an entire subsection to the
discussion of S} and the first quantum correction to A that it determines via (45).
In general, the correction S, is defined as the integrated two-point function with

equal arguments
1 12 P
Sl(p)ZE/ / w2(p1, p2).-

The two-point function can be expressed in terms of the Bergman kernel with a
double pole removed [28]

du(p1)du(p>)

o (p1,p2) = B(p1,p)) ———m—— .
(u(p1) — u(p2))

Generally, for curves of arbitrary genus, the Bergman kernel is given by a derivative
of a logarithm of the theta function of odd characteristic 6,4, associated to the
classical curve & [28,41]

B(p1. p2) = 9,0, 102 Opaa (u(p1) — u(p2))

and it has only one (second-order) pole at equal values of the arguments. For curves
of genus zero this pole is the only ingredient of the Bergman kernel, see (27), and
in that case the above two-point function was used in (36) to get (21).

Let us discuss now how this result is modified for curves of higher genus. For
curves of genus one the Bergman kernel can be expressed as'*

T
B(p1.p2) = (z@(pl —p27) + E)dmdpz. (714)

“More generally, one can consider a generalized Bergman kernel [28], which differs from an
ordinary Bergman kernel by a dependence on an additional parameter «. In most applications,
including matrix models, one can set k = 0, which leads to the ordinary Bergman kernel given
above.
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The Weierstrass function g has the expansion

pz1) = _+&2+g3 4

6
20 8 + 0(2), (75)

where 7 and g, g3 denote, respectively, the modulus and the standard invariants of
an elliptic curve. Using this expansion we get

/m /m _ (Pl) u(p2)
@ (p1, p2) = — 7
Kplpz - %(Pl )+ O0((p1 — p2)°).

In the limit p; — p, = p the first term reproduces the genus zero result (21), while
the other contributions in the expansion of the function (p; — p»; ) vanish. In
consequence, we are left with the quadratic correction to the genus zero result

P1 p2 T )
Si(p) = / / wZ(PhPZ)___ T m P (76)

As we already mentioned, for curves of higher genus the Bergman kernel also has
only one double pole at coinciding arguments. This implies that S; for any genus
will have similar structure as we found for genus one, i.e. it will include the term (21)
plus some corrections.

The Bergman kernel, or the two-point function, are expressed above in terms of
uniformizing parameters p. Sometimes it is convenient to express them in terms
of the coordinate 1 which enters the algebraic equation (3) and the branch points
a; = u(p}") determined in (24). For a curve of genus one there are four branchpoints
ai,...,as, and the corresponding two-point function has been found, using matrix
model techniques, in [5]. This result can also be obtained, see [8], using properties
of elliptic functions and rewriting the Bergman kernel given above, so that'

1 (a3 —ai)(as — az) E(k)

2(uy — u)? * 4o (u) /o (us) K(k)
1 (\/(”1 —ay)(uy — ag)(uz — az)(uz — as) n

4(ur — u2)?> \\ (1 — a2)(uy —az)(uz — ar)(uz — as)

B(uj,up) =

n \/(“1 —az)(uy — az)(uy —ay)(uz — 614))

(uy —ay)(uy — ag)(uz — az)(ur — az)/’

5Taking the common denominator of the two square roots, the dependence on branch points in
numerator can be expressed in terms of symmetric functions of a;, which leads to the formula
presented in [16].
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where

o(u) = (u—a)(u—a)(u—az)(u—ay)
and

_ (a1 —as)(ar — a3)

k? =
(a1 —a3)(az — a4)

is the modulus of the complete elliptic functions of the first and second kind, K (k)
and E (k), related to the parameter of the torus in (75)as t =i K(1 —k)/K(k).

In particular, the above expression for Bergman kernel was used in [9, 41] to
determine several terms in the u-expansion of the two-point function, as well as a
few lower order correlators W,¥ for mirror curves of genus one, for local P2 and
local P! x P'. Nonetheless, these results are not sufficient to determine corrections
A or A to the corresponding putative quantum curves, as the hierarchy of Egs. (42)
requires the knowledge of the exact dependence of Sy on both u and v. We plan to
elucidate this point in future work.

3  Quantum Curves and Knots

As we already mentioned in the introduction, in applications to knots and 3-
manifolds the polynomial A(x, y) is a classical topological invariant called the
A-polynomial. (For this reason, we decided to keep the name in other examples
as well and, for balance, changed the variables to those used in the literature on
matrix models and topological strings.) In this context, the quantum operator Ais
usually hard to construct (see [30,31] for first indirect calculations and [19] for the
most recent and systematic ones); therefore, any insight offered by an alternative
method is highly desirable.

The study of such an alternative approach was pioneered in a recent work
[16], which focused on the computation of the perturbative partition function (11)
using the topological recursion of Eynard and Orantin [28]. Starting with a rather
natural'® prescription for the perturbative coefficients S, in terms of W, the
authors of [16] were able to match the perturbative expansion of the Chern—Simons
partition function e.g. for the figure-8 knot complement [21] up to order n = 4,
provided certain ad hoc renormalizations are made. It was also pointed out in
[16] that such renormalizations are non-universal, i.e. knot-dependent. Motivated
by these observations, we start with a different prescription for the S,,’s described

16The choice of the prescription in [16] automatically incorporates the symmetries of the SL(2, C)
character variety, in particular, the symmetry of the A-polynomial under the Weyl reflection x —>
xland y >y~ L



A-Polynomial, B-Model, and Quantization 109

in Sect.2.1, which appears to avoid the difficulties encountered in [16] and to
reproduce the SL(2,C) Chern—Simons partition function in all examples that we
checked. In addition, we shift the focus to the A-polynomial itself, and describe how
its quantization (17) can be achieved in the framework of the topological recursion.

3.1 Punctured Torus Bundle —L*R*

We start with a simple example of a hyperbolic 3-manifold M that can be
represented as a punctured torus bundle over S! with monodromy ¢ = —L?R?,

where
L= 10 ’ R = 11 a7
11 01

are the standard generators of the mapping class group of a punctured torus,

I' = PSL(2,Z). This 3-manifold has a number of nice properties. For example,

it was considered in [23] as an example of a hyperbolic 3-manifold whose SL(2, C)

character variety has ideal points for which the associated roots of unity are not £1.
For this 3-manifold M, the A-polynomial has a very simple form'’

Ax,y) =14 ix+ iy + xy, (78)

and its zero locus, A(x,y) = 0, defines a curve of genus zero. According to our
criterion (67), this curve should be quantizable. Indeed, this can be shown either
directly by verifying that all tame symbols (x, y), are roots of unity or, alternatively
[51], by noting that the polynomial A(x, y) is tempered, which means that all of its
face polynomials have roots at roots of unity. Either way, we conclude that the genus
zero curve defined by the zero locus of (78) is quantizable in the sense of Sect. 2.4.

Therefore, we can apply the formula (21) from Sect. 2.1 to compute the one-loop
correction S;(u) or, equivalently, the torsion 7 (x). In fact, we can combine (16)
and (21) to produce the following general formula

1 /du\—2 (d? du d
L ot =3(5)" (-Gt 4 | @
(mn)ew P dp P ap

In fact, this polynomial occurs as a geometric factor in the moduli space of flat SL(2, C)
connections for infinitely many distinct incommensurable 3-manifolds [23] that can be constructed
e.g. by Dehn surgery on one of the two cusps of the Neumann—Reid manifold (= the unique 2-
cover of m135 with H, = Z/2 + Z/2 + Z + Z). Indeed, the latter is a two cusped manifold
with strong geometric isolation, which means that Dehn surgery on one cusp does not affect the
shape of the other and, in particular, does not affect the A-polynomial. As a result, all such Dehn
surgeries have the same A-polynomial A(x, y) = 1 + ix 4 iy + xy as the manifold m135.
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that allows to determine the exponents ¢,, , of the g-deformation (15) directly from
the data of the classical A-polynomial A = >_ a,, ,x™ y" and a parametrization (19).
In our present example, we can choose the following parametrization:

1+ip
i+p

suggested by the form of (78). Substituting it into (79) uniquely determines the
values of the g-exponents ¢, , and, therefore, the quantum operator (15):

A=14i¢"*% +iqg %) + q3y. (81)

In order to fully appreciate how simple this derivation of Ais (compared to the
existent methods and to the full-fledged topological recursion) it is instructive to
follow through the steps of Sects.2.1 and 2.2 that, eventually, lead to the same
result (81).

First, one needs to go through all the steps of the topological recursion.
Relegating most of the details to Sect. 7, where (78) will be embedded in a larger
class of similar examples (and dealing with various singular limits as presented in
Sect. 6), we summarize here only the output of (22):

X —1
S =1 ,
U
i—Xx
S = ,
P ox 420
g = x(5i — 12x — 5ix?)
2T 12(1 4 x2)2

which should be used as an input for (42). Indeed, from the first few equations
in (44)—(46) one finds the perturbative expansion (6) of the quantum operator A:

1‘[1 = %(i}%—l}sﬁ-zx);)’
" 1

Ar = g(i£+iy+4)%ﬁ),
- L .. .. “n

Agzﬁ(zx—zy+8xy),
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Fig. 2 Figure-8 knot

It does not take long to realize that the perturbative terms A, come from the #-
expansion of the “quantum polynomial” (81) with ¢ = e”. Pursuing the topological
recursion further, one can verify this to arbitrary order in the perturbative #-
expansion, thus, justifying that A can be written in a nice compact form (15).

Hence, our present example provides a good illustration of how all these steps
can be streamlined in a simple computational technique (49) which, for curves of
genus zero, can be summarized in a single general formula (79).

3.2 Figure-8 Knot

The lesson in our previous example extends to more interesting knots and 3-
manifolds, sometimes in a rather trivial and straightforward manner and, in some
cases, with small new twists. The main conceptual point is always the same, though:
at least in all examples that “come from geometry,” the full quantum curve A is
completely determined by the first few terms in the h-expansion, which can be easily
obtained using the tools of the topological recursion.

For example, let us consider the figure-8 knot complement, M = S? \ K, for
which the story is a little less trivial. The figure-8 knot is shown in Fig.2. Much
like our first example in this section, M is a hyperbolic 3-manifold that also can be
represented as a punctured torus bundle with the monodromy

21
= RL = ,
e=re= (1))

where L and R are defined in (77). Even though the classical curve (56) for the
figure-8 knot is hyper-elliptic, one can still easily find the torsion 7'(x) needed
for (16). In fact, for curves associated'® with knots and 3-manifolds the torsion 7 (u)
is exactly what low-dimensional topologists call the Ray—Singer (or Reidemeister)
torsion of a 3-manifold M. To be more precise, the function 7 () is the torsion of

18That is defined by the zero locus of the A-polynomial.
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M twisted by a flat SL(2,C) bundle £, — M determined by the representation
p : m(M) — SL(2,C) or, at a practical level, by the point p = (x, y) on the
classical curve %.

In particular, 7 (u) is a topological invariant of M = S\ K and, therefore, can
be computed by the standard tools. For instance, when p is Abelian, the torsion 7 (1)
is related to the Alexander—Conway polynomial V(K z) [42,50]:

RV |
JT = YEKx=x7) = ) (82)
X —X

that, for every knot K, can be computed by recursively applying a simple skein
relation'”

AN /
vy —vX) =2v0 (), (83)
and the normalization V(O) = 1. Similarly, when p is non-Abelian (and

irreducible) the torsion looks like

T(x) = VAx), (84)

where A(x) is the Alexander polynomial of M twisted by the flat SL(2, C) bundle
E,, cf. [29]. For example, for the figure-8 knot that we are interested in here, it has
the form [33,47]:

Ag(x) = x4 F2x72 1 +2x7 —x*. (85)

Now we are ready to plug this data into our universal formula (16) and compute
the quantum operator A or, at least, its first-order approximation. The computation
is fairly straightforward; indeed, from (84) and (85) we find

0T  2(—=14x*—x5+x%)
T 1—2x2—x%—2x6+x8

(86)

and, by solving (56) we get y@(x) = W + 12_;54 /—A(x) which

immediately gives the second part of the input data for (16), namely

9,4 d 202x72 =1 4 2x2
_ v _ 2x +x). 87)

WA du /—A(x)

9For example, V3,(z) = 1 + 2> for the trefoil knot and Vy, (z) = 1 — 2> for the figure-8 knot.
Note, that our definition of 7'(u) is actually the inverse of the Ray—Singer torsion, as defined
in the mathematical literature. This unconventional choice turns out to be convenient in other
applications, beyond knots and 3-manifolds.
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Then, once we plug these ingredients into (16) we come to our first surprise: we
find that there is no way to satisfy (16) with constant real numbers ¢, , if for Z
we simply take the Newton polygon of the classical curve (56). In other words, the
figure-8 knot is a good illustration of the following phenomenon (that rarely happens
in simple examples, but seems to be fairly generic in more complicated ones): one
may need to enlarge the domain & in order to solve (16). For the figure-8 knot, the
minimal choice is

A, y) = (1 =xHx* =1 =xHA = x2 =2x* = x* + x¥)y + (1 = xHx*y? (88)

and differs from (56) by an extra factor 1 — x*. Now, with this A(x,y), the
formula (13) produces the set of coefficients c,, , or, equivalently, their “generating
function”

I, = 39812 — (22— 1284+ 2483 + 108 = 128 1) p + (5—-78H2* 52, (89)

which almost uniquely determines the full quantum A-polynomial for the figure-8
knot in Table 1:

A= (1-¢°3H2 —(1-¢*+") 1-*F—(¢*+¢°) % —¢°5° +¢°5%)  +¢° (1-¢* 24 2457 .

Indeed, if one knows that A is in the general form (15), then the above expressmn
for Al determines almost all of the coefficients in A, except for the factor ¢> + ¢°
which is easily fixed by going to the next order in the recursion.

3.3 Torus Knots and Generalizations

For a (m,n) torus knot, the classical curve (3) is defined by a very simple
polynomial [13]:

A(x,y) =y —x™. (90)

In fact, this curve is a little “too simple” to be an interesting example for quantization
since it has only two monomial terms, whose relative coefficient in the quantum
version

AR, §) =9 — gz 91)

can be made arbitrary by a suitable canonical transformation, as discussed in
Sect.2.3. (Indeed, one can attain arbitrary values of ¢ even with the simple shift
transformation (53).) Another drawback of (90) is that, for general m and n, it
describes a singular curve.
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Both of these problems can be rectified by passing to a more general class of
examples,

A(x,y) =y + P(x), (92)

where P(x) can be either a polynomial or, more generally, an arbitrary function
of x. Then, the A-polynomial (90) of (m, n) torus knots (and its quantization (91))
can be recovered as a limiting case of this larger family, P(x) — —x™". Another
important advantage of choosing generic P(x) is that we can use (79) to find A

In practice, in order to implement the algorithm summarized in (49) and (79), it is
convenient to exchange the role of x and y. Hence, we will work with the “mirror”
version of (92):

A(x,y) =x + P(y), (93)

where P(y) can be an arbitrary function of y. In general, the curve defined by the
zero locus of this function is a multiple cover of the x-plane. It admits different
parametrizations which, therefore, lead to different expressions for A (related by
canonical transformations discussed in Sect. 2.3). However, one can always make a
natural choice of parametrization with

yp)=rp

Substituting this into (16) (or, equivalently, into (79)) we find

mon X ydP(y)
mn Cm.n = T - T 95
(m%;@a,c,xy AT 95)

which, for generic P(y), immediately determines the quantization of (93):

A=q"P%+P(g7"?p). (96)

Notice, in spite of the suggestive notation, P(y) does not need to be a polynomial
in this class of examples. For instance, choosing P(y) to be a rational function,

P(y)=—- 7)

from (96) we find the quantum curve,

124 4 q'"?+iy

Y (98)
ig"? +§

q
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which, after multiplying by ig'/? + § on the left and using the commutation relation

yX = qXxy, agrees with the earlier result (81).

4 Examples with A = Adassical

In certain examples, it turns out that the quantum curve can be obtained from the
classical one simply by replacing u and v by & and ¥ with no additional # corrections
(and with our standard ordering conventions, cf. Sect. 1). There are examples of such
special curves in C x C as well as in C* x C*; e.g. from (96) it is easy to see that
A(x,y) = x 4+ 1/y is one example. In this section, for balance, we consider curves
with this property defined by a polynomial equation A(u,v) = 0 in C x C. In
particular, we discuss in detail a family of examples related to the Airy function,?
in order to explain how our formalism works for curves embedded in C x C.
The Airy function (and its cousins) can be defined by a contour integral,

3

d
Zau) = / L0, s =t 99)
Y

over a contour y that connects two asymptotic regions in the complex z-plane where
the “action” S behaves as Re S(z) — 4-o0. For such a contour y, we have the
following Ward identity:

1 —Llg( 1 dz 7
OZ%/dI:e hS('{I—g/—(M—Z)@ hS()

14

which we can write in the form of the differential equation
(0 —u) Zaiw) =0 (100)

where we used the definition of Z4;(x) and

2mi

dz
P2 Zai(x) = (hau)/—e—”@ / 2e 750 (101)

This simple, yet instructive, example is a prototype for a large class of models
where quantum curves are identical to the classical ones, i.e. A = A(u, v). Indeed,
let us consider a contour integral,

d.
Z(u) =/—Z. #5908 =—uz+ P(2)
y 27

20 In this model, computation of W, and their generating functions are also presented in [28].
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where y is a suitable contour in the complex z-plane, and P(z) is a Laurent
polynomial. Then, following the same arguments as in the example of the Airy
function, we obtain the following Ward identity

/ & (u—P'(2)) e #5@ =0
v

2mi

which translates into a differential equation Az (u) = 0 with
A=P @) —i. (102)

The special choice of P'(z) = z? gives rise to (p, 1) minimal model coupled to
gravity. In this case, the corresponding partition function has an interpretation of
the amplitude of the FZZT brane [40], and in the dual matrix model this partition
function is indeed computed as the expectation value of the determinant (12).
Recall, that a double scaling limit of hermitian matrix models with polynomial
potentials describes (p,q) minimal models coupled to gravity, characterized by
singular spectral curves [14]:

Au,v) =vP —u? =0. (103)
In the simpler case of ¢ = 1 discussed here the classical Riemann surface P’(v) —
u = 0, given by the # — 0 limit of the quantum curve (102), represents the semi-

classical target space of the minimal string theory. Below we discuss in detail how
the above A arises from our formalism in the Airy case, p = 2.

4.1 Quantum Airy Curve

For a minimal model with (p, g) = (2, 1) the classical curve (103) looks like
Au,v) =vV*—u=0. (104)
It has two branches labeled by o = =+,
v=1_8)=+Ju=vH, (105)
and exchanged by the Galois transformation?!

V—> —V.

2By definition, the action of the Galois group preserves the form of the curve (104).
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This model provides an excellent example for illustrating how the hierarchy
of differential equations (Sect.2.2) and the topological recursion (Sect.2.1) work.
Because we already know the form of the quantum curve in this example, we start
by deriving the % expansion of the Airy function using the hierarchy (42). Then,
we will show that this expansion is indeed reproduced by the topological recursion.
In examples considered later we will also illustrate the reverse process: from the
knowledge of S; (computed from the topological recursion) we will determine the
form of the quantum curve.

In our calculations, we will use global coordinates, such as v or p, and avoid
using the coordinate u (that involves a choice of branch of the square root) except
for writing the final result. In particular, from the equation of the Airy curve (104)
we find the relation

dv 0, A(u,v) 1
== = 106
v du 0y A(u,v) 2v (106)

that will be useful below.

4.1.1 Differential Hierarchy
First, we solve the hierarchy of equations that follow from the quantum curve (100):
AZpi = (W2 —u)Zni = 0. (107)

To solve this equation in variable u, already in the first step one would have to make
a choice of the branch (105). This would influence then all higher order equations
in the differential hierarchy, and eventually lead to two well-known variants of the
Airy function. Instead, we express the coefficients Sy in a universal way in terms of
v, so that a particular solution in terms of u can be obtained by evaluating v in the
final expression on either branch (105).

The first equation in the differential hierarchy is already given in (105),i.e. v =
S;- The second equation (45) takes form

1
S19,A(u, v) + ESO”aﬁA(u,v) =0,

and implies

Solving further Eqs. (42) we find

g = —1-8w 5 , 5(1 4+ 10w) 15 , 1105
)= _ —

3215 35T T3 1288 64t T4 204811
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We can integrate these results taking advantage of (106) to find

S/
Sk = | —dv. (108)
1%

In particular, the first few terms look like

2 1 5 5 1105

So=2v, Sy =—=logv., Sp=——\ S;=-—"1 Sj=-—

0= 3V PTTRRY T e T s 2T 16w
(109)

Finally, using (105) we can evaluate these expressions on either of the two branches
v(®) = 4 /u to find two asymptotic expansions of the Airy function (99) (often
denoted Bi and Ai),

2u3/? 5h 5h2 110543
+...). 10

1
@, _ L
Za (W) = exP(i T a8 T e T oatewo T

which indeed satisfy the second order equation (107).

4.1.2 Topological Recursion

Now we reconsider the Airy curve from the topological recursion viewpoint. The
classical curve can be parametrized as

{ u(p) = p?
vip)=p
The conjugate point is simply p = —p, and there is one branch-point at p = 0.

All ingredients of the recursion can be found in the exact form, in particular the
anti-derivative and the recursion kernel take the following form

P 2 1
SO(P)Z/ ¢=3p. K(@.p)= 15—
3 49(p* —q?)
The annulus amplitude gives
1 du 1
S1 = —<log— = —=log(2v),
1= —ylog = log()

which correctly reproduces S| found in (109) (up to an irrelevant constant).

Now we apply the topological recursion to find the higher order terms Sx with
k > 2. These terms are computed as functions on the curve, i.e. as functions of the
parameter p, and can be expressed as rational functions of # and v. In particular we
find
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1
16p*’

1

W(p1.p2 p3) = ——5—— »
: 2pip3p3

Wll (p) =—

which implies

p 1 P 5
S, = / W (p)dp + G /f W3 (p1. p2. p3)dp,dp,dp; = el

In higher orders, we get

1105

S =
3 9216v°

6k’ !
These results agree with the expansion (109) obtained from the differential hier-
archy. It is clear that, had we not known the form of the quantum curve to start
with, we could compute the coefficients S using the topological recursion and
then apply the hierarchy of differential equations (42). This would reveal that all
quantum corrections Ay vanish, and the quantum curve indeed takes the form (107)
and coincides with the classical curve.

Let us also illustrate the factorization of the quantum curve (55) to the leading
order in %. In the polarization where p is the “coordinate,” the curve (107) takes the
form

A= (hd, —2p%)(hd, +2p%) + O(h).

Then, to the leading order, the two branches of the partition function are annihilated
by the operators (%3, F 2% p) and the solutions to these equations represent the two
variants of the Airy function (110):

3 3
Z =5 (14 0h) = 5% (1+ 0(h).

5 ¢ =1 Model

The aim of this section is to analyze the so-called ¢ = 1 model. As in the previous
section, however, it is instructive to start with a more a general class of models
associated with the contour integral

Zn+l

n+1°

r

d
Z(u) =/—Z.z% eH5@ | S(2) = —uz +
y 27l

This integral satisfies the following Ward identity
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/ﬁ E_i_u_zn Z;Te_%s(z) :O
y 2mi \z

that leads to the quantum curve
A=t+0o@—7").
In the special case n = 1 this reproduces the quantum curve of the ¢ = 1 model:
A=t+vu

where we used the freedom of shifting u by an arbitrary function of v to implement
a change of polarization &t — & + V, cf. Sect.2.3. (Note that this shift does not affect
the commutation relations of & and .) Another convenient choice of polarization is
implemented by a canonical transformation

1 1
i — G-, b — (G + )
ﬁ( 2

7

and leads to a perhaps more familiar representation of the quantum curve for the
¢ = 1 model:

A=G+D)(@—-D+20=0>—9>+2t +h. (111)

In what follows we consider this last form of the quantum curve. Note, in this
case the underlying classical curve is embedded in C x C by the equation

A(u,v) =u®> —VvV* +2t =0, (112)
and has two branches v(® labeled by o = +,
VB () = £vu? + 21 (113)
These branches are mapped to each other by a Galois transformation
V= —v,
that does not change the form of the curve (112). We also note that

, _dv 0,A(u,v) _u

Tdu 0 Awv) v (114)

The solution of the ¢ = 1 model is well known. In particular, the associated
closed string free energies, for g > 2, are given by
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po_ B 1 (115)

¥ 2g(2g—2)12872"
Below we reexamine this model in the new formalism, in particular from the view-
point of open (rather than closed) string invariants. Since the quantum curve (111)
has only the first order quantum correction Ay = 1, we start by verifying that it is
indeed correctly reproduced by the annulus amplitude (21) in our formalism. Then,
we follow the strategy employed in the previous section and show that higher order
amplitudes Sk, determined by the quantum curve equation, agree with those given
by the topological recursion. Equivalently, this guarantees that, had we computed
Sk first by applying the topological recursion to the classical curve (112) and then
determined the quantum curve using the hierarchy (42), we would indeed find A
givenin (111).

5.1 Differential Hierarchy

The differential hierarchy (42) starts with the equation which, as usual, specifies the
disk amplitude; integrating (113) we find that it takes the form

1
Sp = :i:(iu\/uz 121 4 tlog(u 4+ Vi + 2t)) . (116)
The second equation in the differential hierarchy (45) implies that

A =V Av—u
S/ = = , 117
! 2y 21?2 a1

with A; = 1. The first (and the only) quantum correction A; = 1 follows directly
from (111) as well as from the annulus amplitude which we compute below in (120).

To find the higher order amplitudes Sy we take advantage of the fact that all
higher order corrections to the quantum curve (111) vanish. Therefore, using the
fact that the first correction A; = 1 is annihilated by all ®,., all higher order
equations in the hierarchy (42) take a simple form ©, A = 0. Moreover, noting that
the classical curve is quadratic in v, the hierarchy of differential equations reduces to

1
0=S50,A+ E((S{)2 + 87)24,
S//
0= 80,4+ (=2 + 5{83)a24.

1
0=S,3,4+ E((52’)2 87+ 25{5;,) 24,
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and solving these equations we get

V—u
Sl = ——,
! 212
—5u2 + 4uv +1?
= 118
2 8v° (118)
, (u—v)Bu—v)Qu+v)
S =— ,
16v8
g = (u —v)(11051° + 145u>v — 389urv? — 21v%)
4 = .

128v11

We stress that given here are global solutions; in order to restrict to a particular
branch one needs to substitute v = v*) using (113). Making such a choice of
branch and expanding in «# we find

A 1 u + u? n u n 3ut w n
LE T T a0 4 4Q0)2 7 82 T 16(21)52 1643
T 1 + u - 132 u? 115u* + 3w’ +
2 7 TR(2)32 T 812 T 16(21)/2 813 T 64(21)7/2 T 3214 T
) o_p_ 5 5w 75u 150° - 875u N 450° N
3E T T 16(20)52 T 6413 T 32(21)72  64r* T 128(20)%2 T 12845
21 23u 1215142 1943 29387u* 265u°

4
— + —
st = T g T 128 T 2562002 | 3265 | 10242012 25616 T

Integrating these results term by term gives the u expansion of Si. One can also find
the global representation of Sy in terms of # and v using the integral (108) and the
result (114); we determine such a global representation below.

5.2 Topological Recursion

Now we show how the above results can be reproduced using the topological
recursion. The curve (112) can be parametrized as

u(p) = 2pt—

(119)
v(p) = 2pt + ﬁ

Note, this implies that a local parameter p can be expressed as

_u+v
P=y
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Having fixed the parametrization, we can compute the annulus amplitude (21)
and find that its derivative in this case is

v—u
S| =—. 120
g2 (120

Comparing this with (117) we confirm that the first quantum correction to the
A-polynomial indeed reads

A =1,

in complete agreement with (111).
The other ingredients of the topological recursion are as follows. There are two
branch points du(px) = 0 at

i

px = =% 2—@ . (121)
Conveniently, there is a global expression for the conjugate point
_ 1
P= "% (122)
and the recursion kernel reads
K(g,2) = 4° (123)

(1-8¢%1)(q —2)(1 —8q12)

The correlators contributing to (23) take form

64p3t
1 —_—
O s
W(p) = B6016L(pT ~24p% + 64p1?)
1 (14 8p21)10
W) = 28I 35— 8T84p% + 133376 — 36217654 + 532960p"").

(1 4 8p?r)te
and so on. Hence, using (23) we get the global representation

202t —9(u+v)?)

20t (u + v)*(2t — (u + v)?)
2 = S3 =

6021 + (u+ v)2)p ’ Q21 + (u + v)2)S

’

and derivatives of these functions with respect to u indeed agree with our earlier
results (118). Therefore, the results of the topological recursion are in excellent
agreement with (111). Again, had we not known the quantum curve to start with,
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we could reverse the order of the computation and from the knowledge of the
coefficients Sj determine

A=1u>—hd,) +2t+h. (124)

Finally, we illustrate the factorization property (55) of the quantum curve in
p-polarization. In this polarization, the curve (111) gives rise to first order differen-
tial operators (h 0, F %) which (to the leading order in #) annihilate the two

branches of the partition function:
(@) :I:%(—%+2t2p2+tlog p)
A A (1 i ﬁ(h)) .

After substituting p = (u + v)/4t and v given by (113) we indeed reproduce the
leading behavior (116).

Let us also mention that from W and W;® computed here one can determine the
“closed string” free energies (38). This computation reveals that

1 1
- Fie —
24012 >~ 1008¢*

F

in excellent agreement with the expected result (115), thereby, providing yet another
nice check of the topological recursion formalism.

6 Tetrahedron or Framed C3

In this section we consider quantization of a classical curve that plays a very
important role simultaneously in two different areas: in low-dimensional topology
and in topological string theory.

One of the problems in low-dimensional topology is to associate quantum group
invariants to 3-manifolds (possibly with boundary). Topological string theory, on
the other hand, computes various enumerative invariants of Calabi—Yau threefolds
(possibly with extra branes). In both cases, the computation is usually done by
decomposing a 3-manifold (resp. a Calabi—Yau threefold) into elementary pieces,
for which the invariants are readily available. As basic building blocks, one can
take e.g. tetrahedra and patches of C3, respectively. Indeed, just like 3-manifolds
can be built out of tetrahedra, Calabi—Yau threefolds can be constructed by gluing
local patches of the C* geometry. For this reason, a tetrahedron might be called the
“simplest 3-manifold,” whereas C* might be called “the simplest Calabi—Yau.”

Furthermore, in both cases the invariants associated to these basic building
blocks involve dilogarithm functions (classical and quantum). In quantum topology,
the quantum dilogarithm is the SL(2) invariant associated to an ideal tetrahedron,
from which one can construct partition function of SL(2) Chern—Simons theory
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Fig. 3 Mirror curve for C?
geometry

on a generic 3-manifold [19, 21]. Similarly, the partition function of a local toric
Calabi—Yau threefold (with branes) can be computed by gluing several copies of the
topological vertex associated to each C3 patch [4] and, in the most basic case, the
answer reduces to the quantum dilogarithm function.

As in many other examples discussed in this paper, the exact solution to both of
these problems is determined by a quantization of a classical algebraic curve. The
complex curve associated to an ideal tetrahedron is simply the zero locus of the
A-polynomial A(x,y) = 1 + x + y, cf. Sect.3. In topological string theory, this
is the mirror curve for the C* geometry. More precisely, there is a whole family of

such curves labeled by the so-called framing parameter £, such that*
A(x.y) =1+y+xy/, (125)
where x,y € C* and, as usual, x = ¢" and y = ¢". The curve (125) can be

visualized by thickening the edges of the toric diagram of C>, as shown in Fig. 3.
Various choices of framing are related by symplectic transformations (x,y)
(xyf, ¥), under which closed string amplitudes F, are invariant, while W,¢ and Sy
transform as discussed in Sect. 2.3.

For integer values of f, the curve (125) is an f-sheeted cover of the x-
plane. There are various possible choice of parametrization of this curve, which
can be related by Galois transformations. In following subsections, we find the
corresponding quantum curves from several perspectives. First, in Sect.6.1, we
choose one very natural parametrization and determine the corresponding quantum
curve for arbitrary f. Then, in Sect.6.2 we set f = 2 and demonstrate how the
form of the quantum curve changes under a change of parametrization. Finally, in
Sect. 6.3, we discuss some special choices of framing, f = 0 and f = 1, for which
the topological recursion cannot be applied directly, but the answer can nevertheless
be obtained by treating f as a continuous parameter and considering limits of our
results for generic f.

20ne can invert the curve equation [9, 10] to find the expansion y(x) = —1 +

Z,fil(—l)k(f"'”%xk (where the factorial function with negative argument is under-

stood as the appropriate I”-function).
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6.1 General Framing

We wish to find a quantum version of the curve defined by the zero locus of (125),
¢: l+y+x/ =o0. (126)

As we explained earlier, the answer depends on the choice of parametrization. Here
we make the most convenient choice

7 (127)

such that x(p) and y(p) are rational functions. As one can easily verify, these
rational functions have trivial tame symbols (66) at all points p € %, which means
[43] that our K-theory criterion (67) is automatically satisfied and the curve (126)
should be quantizable for all values of f.

In fact, we can immediately make a prediction for what the form of the quantum
curve should be, by writing the classical curve (125) in the form A(x,y) = x +
P(y), with P(y) = (14+y)y~/. This is the same form as we considered in (93), and
the parametrization (127) is consistent with the one in (94). Therefore, (96) implies
that the quantization of (125) is

A=1+4q7125 4 qUtD2557 (128)

This result, however, is based only on the first quantum correction (21) and the
assumption that all higher-other corrections can be summed up into factors of g.
Now we wish to show that this is indeed the case by a direct analysis of the higher
order corrections.

Our first task is to determine the subleading terms S, in the wave-function (11)
associated to the curve (126). In order to use the topological recursion, we first need
to find the branch points. Solving Eq. (24) we find a single branch point at

S
_(-1—ff)1_—f’ e=p=l (129)

=17
Note, this result is our first hint that special values of framing f = 0, 1 require
extra care: one can not simply set f/ = 0 or f = 1 from the start since for those
values (129) gives y, ¢ C*. In these exceptional cases, our strategy will be to carry
out all computations with f generic, and then set f = 0 or f = 1 only in the final
expressions.

The next ingredient we need is the location of the conjugate point p introduced
in (25). For the above curve, the value of p cannot be found in closed form. However,
if we write

Xx =
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p=pstr, (130)
we can find the conjugate point as a power series expansion in a local coordinate r
21— /7 40— [
3f 9f*

21— £} (22 +57f + 572 4+ 2213 r*
+ 1353

P=px—T+

+ 0.

The remaining ingredients of the recursion are the following. Because the
curve (126) has genus zero, the Bergman kernel is given by a simple formula (27).
We also find @ and dE,(p) and hence determine the recursion kernel (28). Using
local coordinates ¢ and r centered at the branch point (130), the recursion kernel
has a g-expansion that starts with

S At
(11— F)4r2qg 20— f)3r2
Ffrr(=1+2r)+2r(1+2r)+ f(3—8r?))q
* 6(1— f)*r

Even though we do not make much use of the anti-derivative, we mention that it can
be found in the exact form,

K(g,r) = 3

+ 0.

So(r) = —g log (r + %)2 + log (r + 1 ff) log(1 +1(1_—ff)r)
+Liz(—f tl(lJ:ff)r),

expressed in a local coordinate r, cf. (130).
Using all these ingredients, the topological recursion leads to the following
results for the amplitudes (23):

A3+ CELE NN+ EL+ B+ FE3+20)y + (=1+ f)y?

S == 3 :
24(=14 /H)(f + (=14 f)y)
fyAQ+ (=248 —(=1+ fH1 +y)
[ (2—2y+f(2+7y+f(2—7y+2f(1+y)))))}
S3 = ,

48(f + (~1+ f)y)°

and so on. We again stress that we obtain these amplitudes in a closed form, defined
globally on the curve. Now, in turn, we can apply the hierarchy of Egs. (42) to
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determine corrections /Ik to the curve (125). To this end, we also need the following
derivatives

@ y1+f

dvy+fyl

@ _ HA+21)2y + 1+ fxy/)
dx* (v + oy’ )3

)

etc. Substituting the leading (20) and the subleading (21) terms

x0,So =logy,
1L y—=f—fy
S =—<log————
2 y(y+1

into the hierarchy (42) we find the first few quantum corrections
1 . .
A =—§(1+f+2y+fy),
1 2 25
A= (+ )7+ 2+ D),

1 o
=g+ +C+ 1)),
These corrections clearly arise from the -expansion of e~/ TD#/2  o=(1+//2k y, 4
xy/ . Equivalently, choosing a slightly different overall normalization constant, the
quantum curve reads

A=14q""25 4 qUH02%57

in perfect agreement with the original prediction (128).

Let us mention that one can also compute from the topological recursion
the coefficients F, defined in (38). As shown in [10], for the mirror C? curve
this leads to the A-expansion of the square root of the MacMahon function, in
agreement with the closed topological string free energy. For more complicated
toric manifolds (like generalized conifolds analyzed in Sect.7) the corresponding
constant contributions to the (closed) partition functions turn out to be given
by multiplicities of the MacMahon function. They are also reproduced by the
topological recursion computation, which in this case can be interpreted in terms
of a pant decomposition of the mirror curve, and mirrors A-model localization
computation [10].

We can also demonstrate that the form of the above quantum curve is consistent
with, and annihilates the B-brane partition function in the topological string
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theory, if conventions are adjusted appropriately. The B-brane partition function,
in arbitrary framing f, in the topological vertex formalism, can be represented as>*

Lheut
wf(xqf) — Z(_l)flmezh (1 )SM' (xq”) C¢¢M(eh,eh)
n

+Due Lhp(u—1) ehn(f+1/2) 1

_ (- 1)(]
_ZZ: (1—eh)--- (1 —erh)

1)(f+1)uq%+§u(u+l)xu

=§ (I—q)---(1—gr)

, (131)

where || is the total number of boxes in the partition p. As the Schur function s,
with a single argument forces partitions involved to be effectively one-dimensional,
in the second line we changed the domain of summation to integers. Also note that
a general expression

k() = |u|+Z(u, 2ipL;) (132)

in our case gives

i
k() =+ Y (1=20) = —u(u—1) (133)

i=1

and k(') = p(p — 1). The functions ¥ s can be interpreted as framed invariants of
the unknot on the three-sphere. Let us now write ¥ (x q’) = ZZO=0 a,, with

nyt
. (=) HDrg T HrntD) o 134)
" (1—q)-(1—g")

BWe shifted the argument x by g/ to match our conventions with the topological vertex ones.
Also note, that for framing f', one has

[m+ fm—1]
m[fm]![m]!

where [x] = ¢’ q is the g-number. Notice that for f = 0 it reduces to —— [ 7 which is the
answer for zero framing leading to the dilogarithm. We do not know a product formula for

(Tru™) =

x/2 _ ,—x/2

Z[m+fm—1]xm.
m=1
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Then,
1 git/ D
Apt1 _ —x( 1)/ q> ’ (135)
ay (1 —grth)
so that
(1= Nayp1 = —x(=1)7 g2/ Dg,, (136)

Summing over u, we get
(1=3 +¢/22(=5)7) vy (xq’) = 0.

As we stressed before, there is a freedom of shifting the subleading S term in the
partition function by a linear term in u. To match to our conventions we define
Zs(x) = x!/ 2 r(x g’), and commuting the additional x'/? in the above equation
we find that

(1+q72(=9) +q"*22(=)) Zs(x) = 0.

Therefore, up to a sign of y which also is a matter of convention, we reproduce the
quantum curve which we found in (128) in our formalism.

6.2 Framing f =2

So far we discussed mirror curve for C* geometry in an arbitrary framing £, but with
a special choice of parametrization. Now we do roughly the opposite, and discuss
how the form of the quantum curve depends on the choice of parametrization, but
with a particular choice of framing f = 2,

Ax,y) =14y +x*. (137)
This curve has two branches y(‘“ labeled by « = =, such that

@ —lEVT—4x
YOS Ty
X

We note that these two branches are mapped to each other by the Galois transfor-
mation

X X, Yy — (138)
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that preserves the form of the curve (137). From the equation of the curve we also
have

dy Ay y?

dx A_y_ 14+ 2xy’

& _ ZAxAxy _ Axx _ A)ZCAyy _ 2y3(2 + 3xy) (139)
dx? A3 Ay A3 (14 2xy)?

ﬂ _ _6y4(5 + ldxy + 10x%y?)

v (1 +20)°

6.2.1 Topological Recursion

Let us apply the topological recursion to the curve (137). We will consider two
different parametrizations related by the symplectic transformation (138). The first
parametrization which we consider is the natural one

u(p) = logx(p) = log =7~

(140)
v(p) =logy(p) =logp
It leads to a single branch point dx(p«) = 0 with p, = —2. The conjugate of a
point p is
e P
1+p°

The recursion kernel (28) and the anti-derivative (20) can be found in the closed
form (here we use a local parameters ¢, r, defined such that p = p. + g):

2-g9)’@-1
(2(=1+r)+r2—qr?)log(l—q)’

K(g,r) = 3

Solg) = loa(q =2 log (1) +Lia2 =),

Computing the annulus amplitude and solving the topological hierarchy we find

1 2
SI:——log +,;y,
2 Xy-
4—10y — y?
Sy ==V

242+ y)3
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5 (1 +y)
42+ y)°
|:y(1 + 7)(4096 + (8448 + y(—22592 + y(—25344]
+y(5122 + y(162 + 7))))))
57602 + y)°

Sz = (141)

Sy =

Computing derivatives and using the results (139), we get

gl Bty
2 24+ y)[1+2xy)
xy? (=32 + 16y + »?)
242+ )t 4 2xy)
(5xy*(—4 =2y + 3y?)
42+ y)7(1 + 2xy)

S5 =

S] = (142)

+144296y°5 — 13486y° — 226y7 — 7%)
5760(2 + y)'0(1 + 2xy)

|:xy2(8192 + 17408y — 172672y — 2986243 + 37460y4:|
S;=—

Now, let us consider another parametrization, which is related to (140) by the
transformation y — (xy)~' given in (138), so that

{ u(p) = logx(p) = log =~ (143)

v(p) =logy(p) = log -5

In this parametrization the Eq. (137) is also satisfied. Since we did not redefine x, the
expressions for the branch point p,. = —2 and for the conjugate p = —p/(1+ p) of
a point p are still the same as in the previous parametrization. The recursion kernel
and the anti-derivative in the present case read (again, using local coordinates ¢ and
r vanishing at the branch point):

2-q9)*(1—q)
(qz(—l +r)+r2— qrz) log(1—¢q) "’

K(g,r) = 3

1
So(g) = —(log(g —2))° + 5 log(g — 1) log ~Lix2—q).

(¢ -2
(422
Using the new parametrization we compute the annulus amplitude and solve
topological hierarchy to find

1 —(1+y)°C+y)
S1 = —=log ,
2 xy?
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C(L+y)+ 18y +13y?)
242+ y)? '

5 +y)
42+ y)°

[y(l + )(4096 + y(16128 + y(—3392 + y(—67584:|

S, =

Sy = (144)

+y(=77438 + 13y(-1686 + 259y))))))

S f—
! 5760(2 + y)°

Finally, computing derivatives we get
B xy(3 +2y)
2+3y+yH(1+2xy)’
xy?(32 + 80y + 47y?)
242+ y)*(1 + 2xy)
50 (14 )2 (4 + 6y — »?)
42+ y)(1 + 2xy)

xy? fa(x,y)
57602 + y)10(1 + 2xy)’

where  fi(x,y) = —8192 — 48128y + 65152y 4 644224y° +
+1095340y* + 612184y° — 38354y° — 90974y + 3367y5.

S) =

(145)

S| =

Not surprisingly, the perturbative coefficients (141) and (144) are different in two
different parametrizations that we have considered. However, one can immediately
check that they are, in fact, related by the transformation (138). Therefore, as
expected, the entire partition function Z also enjoys the action of (138).

6.2.2 Quantum Curves

Once we found the coefficients S, of the perturbative expansion, we can plug our

results into the hierarchy (42) to produce the quantum corrections Ay and, hence,
the entire quantum curve A. As usual, we start with the leading term

Sy =logy, (146)
which is the same in both parametrizations, and then use higher order amplitudes

computed above. We start with the first parametrization (140), in which the
derivatives of Sy summarized in (142). From the hierarchy of Eqgs. (42) we get
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These coefficients arise from the A-expansion of e™%/2 4 ¢72%j 4 %72 and,
therefore, up to an overall normalization, the quantum curve (6) in this case reads

AR, D) = 14+¢725 + 42552, (147)

in agreement with (128) for f = 2.
We can also consider the second parametrization (143). The leading term S is

the same as (146), and the higher order perturbative corrections are given by (145).
This time, the hierarchy (42) leads to

~ 3 .
A=—5-3,

.9

A -5 A

2 8+2
~ 9 y
PR
16 6

These terms (up to an overall normalization) arise from the expansion of the
quantum curve

AG,9) = 14479 +¢7557, (148)

which is different from (147).

Finally, the present example gives us a good opportunity to illustrate how the
factorization (55) works for curves in C* x C*. Indeed, it is easy to see that to the
leading order in # the quantum curve factorizes as

) 1
A=14w— p+

W4+ Oh)=(p-"(p+(@+DW)+0H), (149

where we used (140) and also introduced w = e~ P+2 ha,, In this factorized
expression, the first factor (p — w) annihilates the wave function

7 = e—%./)dﬁipf’pt-zl)logp(l + ﬁ(h)) — e%(Liz(—P)+logp~log(1+P_l)) (1 + ﬁ(h)) )
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The exponent here indeed reproduces the leading order term in the partition
function, Sy = [ v(p)du(p), in the parametrization (140). On the other hand,
from the second factor p + (p + 1)w in (149) one finds Sy in the second
parametrization (143).

6.3 Framing f = 0,1

In the preceding subsections, we found the quantum curves for a tetrahedron (or
C?) model with a generic framing, and also analyzed in excruciating detail the
case f = 2. The situation becomes more delicate for special values of framing
f =0, 1 because in these cases the branch point (129) escapes “to infinity” and the
topological recursion can no longer be directly applied. However, as also stressed in
[10], one can still obtain meaningful results by treating f as a continuous parameter,
and taking the limit f — 0, 1 in the end of the computation.

Let us analyze the case f = 0 from this viewpoint first. From the general
result (128) we conclude that for f = 0 the quantum curve should take the form

Apmo=14¢7"%5 +¢"%. (150)

The partition function Z associated to this operator is given by a version of the
quantum dilogarithm (183) and can be written as

Zeo=c-x"Py(—x), (151)

where ¢ is some multiplicative factor which is not fixed by the g-difference
equation (10). This form of the partition function follows from the application
of the differential hierarchy (42) to the quantum curve (150), or can be seen
directly as follows. Assuming that the constant normalization factor ¢ contains
[,(-1) = (=1)*© and changing the signs in each factor of the product (183)
we see that

o

N 1

ny=O = q1/2x1/2 l_[ TN — ql/Z(_l _qu/Z)Zf=0 , (152)
k=1

which is equivalent to the statement /if:o Zi=o=0.
Now, let us compare the perturbative %-expansion of the partition function (151)
with what one might find from the topological recursion. The leading term is

log(—1 —
S = / de =imlogx — Liy(—x),
X
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where the dilogarithm properly reproduces the leading term in (183). The next,
subleading contribution given by the annulus amplitudes is
im

1
51=7+§10gx,

and, again, it reproduces the corresponding factor x'/2 in (151). The higher order
terms Sk arise from the topological recursion as follows. First, notice that all wE
with n # 1 vanish for f = 0. This immediately implies that all Sy +; = 0
because only W,¥ with even values of n contribute to Sok+1. On the other hand,
the correlators with n = 1, which remain non-zero in the f — 0 limit, read

1
Wll(l’) = sz,
7(6 4+ 6p + p?)
W) =~ e
31(120 4 240p + 150p2 + 30p° + p*)
W13(17) = .

967630 p"

Integrating these correlators (and including an appropriate integration constant in
S») we find the following functions of x,

1
S = ﬂLlo(_x)7
7
Sy = ———Li_(—x).
4 T 2(=x)
31
= — Li_a(—
54 = ~967680 ()

which, as expected, agree with the expansion (184). In topological string theory, this
partition function represents a B-brane amplitude in the C* geometry.

In the second special limit, f — 1, the situation is a little more subtle due to the
divergence of the correlators Wzi. This, however, does not affect the leading terms
So and S| which still can be computed by direct methods. The higher-order terms,
on the other hand, can be obtained from the hierarchy of Eqgs. (42) applied to the
quantum curve (128) with f = 1:

125 4 qxy. (153)

Apmr=1+4q"
From the topological string point of view, this choice of framing corresponds to an
anti- B-brane, whose partition function should be roughly the inverse of that for a
B-brane. Curiously, however, the hierarchy (42) applied to the above quantum curve
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reveals that the #-expansion of the free energy contains not only polylogarithms of
even order, but also polylogarithms of odd order. This expansion starts with

11 1
So =Lir(—x). S =logx'?+Lij(-x), S»= ﬁLio(—x), S3 = gLi—l(_x),

and can be summed up to a generating function
L xl/2 Wk L 1/2
Zi— = lezlﬁo %Lll—k(—ﬂ _¢ X e—IOg(l+xe’1/2)

¥(=x) ¥(=x)

o0
=c-x'2[](1+ xe"®+12),
As a check of this result we make an observation analogous to (152):

Z =
67 o = gl/2y1/2 k+3/2 1/2 f=1
VZj1=q ]_[ )=da"

where we also identified the multiplicative factor ¢ with [T, (=1) = (—=1)*©. After
multiplying both sides of this expression by the denominator 1 + xg*/? we recover
the quantum curve equation (153).

7 Conifold and Generalizations

There is a large class of toric Calabi—Yau manifolds, known as the generalized
conifolds, whose mirror curves have genus zero. They provide especially simple
and attractive examples, for which the corresponding quantum curves can be easily
determined using our technique. Toric diagrams for this class of manifolds arise
from a triangulation of a “strip,” as shown in Fig. 4. The corresponding mirror curves
are always linear in one of the variables. Therefore, up to a coordinate change, they
can be put in the form

A(x,y) = B(x) + yC(x). (154)

With a suitable choice of framing, B(x) and C(x) can be written in a simple
product form B(x) = [];(1 + Q;x) and C(x) = [[;(1 + Q;x), where Q; and
0O, encode the Kihler parameters of the toric Calabi—Yau threefold. For this choice
of framing the partition function of generalized conifolds is always a product of
quantum dilogarithms, which can be easily recognized from the leading behavior

$0= [ 102y = (ZLIZ( 0,%) ~ (X Liat-0:m)).
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Fig. 4 An example of mirror curve for a generalized conifold

The higher-order %-corrections complete the dilogarithms here to quantum diloga-
rithms in the full partition function, generalizing the expansion (184) in an obvious
way. With this particularly nice choice of framing, it is also easy to extend the
computation (152) to find corresponding quantum curves.

For general framing, however, a derivation of the quantum curve along these lines
is by far non-obvious. It is this point where our results turn out to be very powerful
and allow to determine quantum curves in any framing in a straightforward and
systematic manner. Writing Eq. (154) with x and y interchanged, as

A(x,y) = B(y) +xC(y), (155)

essentially represents the same toric geometry and the same algebraic curve.
Equivalently, the curve A(x,y) = 0 can be described as the zero locus of (93)
with P(y) = B(y)/C(y), and from (96) we immediately obtain

A= B@™"?5) +q'"2% Cq"?p). (156)

Because the latter choice of the generalized conifold equation (linear in x) differs
from (154) by the exchange of x and y, the corresponding partition functions are
related by a Fourier transform. In particular, we mentioned earlier that for a specific
choice of framing®* the partition function Z is built out of quantum dilogarithms.
Since the quantum dilogarithm is self-similar under Fourier transform, it follows
that the convolution of a product of quantum dilogarithms is again a product of
quantum dilogarithms. Hence, the Fourier transform of the partition function should
also be a product of quantum dilogarithms. This can be verified directly using the
form of the quantum curve (156) and the hierarchy of Egs. (42).

As a check of our result (156), we note that for B(y) = 1 + y and C(y) = y/
we get

Acs = 14 ¢7 12 4 qU+D2557

#In which B(x) and C(x) have a product form B(x) = [];(14+Q,x)and C(x) = [];(1+ 0;x).
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which correctly reproduces the quantum curve (128) of the C* geometry discussed
earlier in Sect. 6. As another example one can consider an ordinary conifold, whose
mirror curve in zero framing f = 0 reads

X
Af=0(x,y):1+x+y+Q;,

where, as usual, Q is the (exponentiated) Kdhler parameter. Similarly, for general
value of framing f', the mirror curve of the conifold is given by the zero locus of a
degree- f polynomial

Ap(x,y) =1+xy" +y+0xy/ 7", (157)

which is manifestly in the form (155) with B(y) = 14y and C(y) = y/ +Qy/ .
Therefore, from (156) we conclude that the quantization of this A-polynomial is

Ap =14q725 4 qUID2557 4 0q/ 255771, (158)

Another special choice of framing f = 2 leads to the quantum curve (164) which
will be analyzed next to high order in topological recursion. Before we proceed
to this example, however, let us remind the reader that a particular form of the
quantum curve depends not only on the classical equation but also on the choice
of parametrization, as discussed in Sects. 2.3 and 6.2, and as will be also discussed
below. For example, the quantum curves (156), (158), and (164) all come from the
choice of parametrization (94).

Quantum curves for generalized conifolds were also studied recently in [1],
Beem et al. (Private communication, 2011). In particular, in [1] a different quan-
tization of the classical curve A(x, y) = 0 was related to the Nekrasov—Shatashvili
limit [45] of the refined topological string partition function, where ¢; = 0 and
€2 = h (see also [20]). In that framework, the classical curves for generalized
conifolds and even more general examples are quantized® by simply replacing x
and y with X and y (where all g-factors in A can be absorbed in a normalization of
X, y, or Kéhler parameters). In particular, the new interesting phenomena where the
numerical coefficients “split” into several powers of g, as in

A=34+... ~ A=@+@ @+ +...

or where completely new terms appear upon quantization (as in A= (1—g*x*+
...) never happen in the framework of [1]. It is tempting to speculate that such
phenomena—that one encounters e.g. in quantization of A-polynomials for some
simple knots—can be accounted for by going from the Nekrasov—Shatashvili limit
€1 = 0, €, = h to the limit €] = —ep; = A.

25We thank Mina Aganagic and Robbert Dijkgraaf for clarifying discussions on this.
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Fig. 5 Mirror curve for the
conifold geometry

7.1 Conifoldin f = 2 Framing

In this section we analyze the ordinary conifold, whose mirror curve is shown in
Fig.5. As in the case of C* geometry, we wish to discuss a special choice of framing
(namely, f = 2) and study how a choice of parametrization affects the form of the
quantum curve.

For f = 2, the conifold mirror curve (157) takes the form

A(x,y) = Apoa(x,y) = 1+ y + 57 + Oxy, (159)
and in the limit Q — 0 reduces to the C* mirror curve (137) in the same framing.

In fact, the relation between these two models goes much further. For example, the
curve defined by the zero locus of (159) has two branches y® labeled by o = +,

J® = —1—-0x+ /(1 + 0Ox)? —4x
2x ’

(160)

which, as in the C> model, are exchanged by the Galois transformation (138):

1
(x,y) H( ,—) . (161)
xy
From the equation of the curve we also find the following formulae

d A, 2
dy _ A OvHy (162)
dx Ay 1+ Ox+ 2xy

& — 2AXAX} _ ﬁ _ A,%Ayy
dx® 24 A
_29(Q +»)(Q + 0%x + (2+30%)y + 3%7)
a (1 + Qx + 2xy)? ’
dy (@ +y) (. 2 ) s
ol —m<Q (14 0x)* + Q5+ 110x + 60°x%)y +

+(5 +210x + 160%x%)y? + 2x(7 + 100x)y° + 10x2y4).

which will be useful to us later.



A-Polynomial, B-Model, and Quantization 141

7.1.1 Topological Recursion

The curve (159) is quadratic and, therefore, is a double cover of the x-plane. We
introduce two parametrizations of this curve which, just like the two branches (160),
are permuted by the Galois transformation (161).

The first parametrization is the obvious one

u(p) = logx(p) 10g p(p+Q)

(163)
v(p) =logy(p) =logp

and is motivated by writing (159) in the form (93) with P(y) = (1+y)/(Qy + y?).
Indeed, applying our general result (96) to this particular model we immediately
obtain

A=1+q¢""%) +¢225% +q0%¥. (164)

which is also consistent with (158). As we pointed out earlier, however, this result
is based only on the elementary computation of the annulus amplitude S;, and now
we wish to verify that computing S, and Ay to higher order does not lead to any
modifications and merely confirms the result (164).

The conifold curve (163) has two branch points

L=—1F/1-0. (165)

Notice, in the O — 0 limit, the branch point with the minus sign reduces to the C?
branch point p. = —2, whereas the other branch point runs away to p. = 0 ¢ C*.

The conjugate of a generic point p is given in a global form (the same around
both branch points)

I el 4
1+p

The recursion kernel and the anti-derivative can be found in the closed form

q(1+49)¢+ Q)
2-9)qg+ Q +z+q2)log(715%)

q+0
o +q)

K(g.2) =

1
So(q) = —= logq(logq + 2log (——— )) + Liz(—¢) —Lia(—¢/ Q) .

from which we can compute the annulus amplitude and solve the topological
hierarchy. We find

Q+y(2+y))

1
Si=->1
H= o xy*(Q +y)?
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y(1—=0)(110% +20(7—5y)y — y* (-4 + y(10 + »)))

%= 240 132 4 7)) - (166
(Q =Dyl 4+ y)(Q + y)(Q—y?
g (03— 10y* —60%y(1 + 3y) + Qy*(y* — 26y — 6))
3 = .

8(Q +y(2+y)°

Now, let us consider another parametrization of the classical curve (159), related
to (163) by the transformation (161):

u(p) = log x(p) = log ;575

v(p) = log y(p) = log =22

(167)

Since x is not affected by the transformation (161), we find the same two branch
points (165):

p*=—1:F\/1—Q,

whose behavior in the O — 0 limit was discussed below Eq. (165).
In the new parametrization (167), the conjugate of a point p is given by the same
formula as in the previous parametrization (163):

i Y

1+p °
The recursion kernel and the anti-derivative can be also found in the closed form.
The kernel differs by a sign from the kernel in previous parametrization

K(g.o) = 91+ 4q)q+0) ’
2(g —2)(g + O +z+gz)log (;‘f—:_qQ))

and, as everything else, in the Q9 — 0 limit reduces to the recursion kernel of the
C3 model. The formula for Sy can be also written explicitly, even though its form is
a little involved.

Computing the annulus amplitude and solving the topological hierarchy we now
find

1 ((1 + )20 +y2+ y)))

ST g e ew

2
(1 + y)(Q + »(Q*+ Q*(1 +2y(7 + 5y))
+y2(4 4+ y(18 + 13y)) — Qy(6 + y(2 + y(10 + 11y))))

S, = ,
2 240 —1)(Q +y2+ )
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which should be compared to the analogous formulae (166) obtained in a different
parametrization / polarization.

7.1.2 Quantum Curves

Once we found the perturbative amplitudes Si, we can compute their derivatives
and determine the form of the quantum curve from the hierarchy of Eqs. (42). With
the first choice of parametrization (163), we get

o
Il
|
[NSTRCN
_l’_
(.
=
=
_l’_
N W
=
=
N

L . . n n
Az=§@+4Qw+9mﬂ,

| . . n . n
A3=Z§Ey+8Qx%+Nxﬁ)

It is easy to see that these are precisely the coefficients which arise from the
perturbative %-expansion of the curve (164):

AR D) = 1+q729 +¢¥°%5% +q0%, (169)

which, in the Q — 0 limit, reduces to the quantum curve (147) of the C? model (in
a similar parametrization).

In the second parametrization (167), computing the derivatives of S from (168)
and substituting the result into the hierarchy of loop equations (42) gives

A y 1.,

A]:—I—E—‘rzxyz,
<1 31

A — _ . _AAZ’
2 =5 g gt

etc. Up to an overall normalization, these coefficients arise from the #i-expansion of
the quantum curve

AG.9) =1+4"75 + 7725 + 055 . (170)
As expected, in the limit Q — 0 this expression reduces to (148).
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Appendix 1: A Hierarchy of Differential Equations

In this appendix we provide more details on the hierarchy of differential equa-
tions (42) arising from the quantum curve equation AZ = 0. This hierarchy allows
to determine the quantum operator A, order by order in #, from the knowledge of the
partition function Z it annihilates, or vice versa. We stress that the hierarchy (42)
takes the same form for curves embedded in C x C or C* x C*, even though its
derivation in both cases is much different.

‘We recall that, in the classical limit, we consider curves embedded either in CxC
with coordinates (,v), or in C* x C* with coordinates (x = e“,y = ¢e"). The
classical curve is given by the polynomial equation

0=A=A. (171)

In the quantum regime we introduce the commutation relation [V, &] = % and use the
representation i = u, v = hd,. For C* coordinates we then have x = x = e", y =
e" = " and §% = g% J, where ¢ = e”. In what follows we denote derivatives
w.rtuby’ = 0, = x0x.

To represent the quantum curves corresponding to (171) we use the following
expansions, respectively in C x C and C* x C* case

d d
/I:Zaj(u,h)f/j, A:Zaj(x,h))?j,

Jj=0 =0

where, respectively,
o0 o0
aj(u.h)=> a;wh aj(x.h) =Y aj(xh'.
=0 1=0

We also reassemble contributions of fixed % order into, respectively,
d d
A= Awv) = a;y, Ar=Ai(x.y) =Y aj(x)y/. (172)
j=0 j=0

Replacing classical variables in these expansions by quantum operators i, v or X, ,
ordered such that ¥ or § appear to the right of & or £, defines corrections A; to the
quantum curve (6). Using the above notation, the quantum curve equation can be
written, respectively in C x C and C* x C* case, as

d d
AZ@w) = (Zaj(u,h)f)j)Z(u) -0, AZ(x) = (Zaj(x,h))?j)Z(x) -0,
j=0 j=0
(173)
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where

Z = exp (% i hksk). (174)
k=0

Hierarchy in the C* Case: q-Difference Equation

The quantum curve equation gives rise to a hierarchy of differential equations which
arise as follows. Substituting the partition function (174) into (173) and dividing by
"5 results in

o0 o0
0= ajhlesS exp(Zh”Dn(j)), (175)
JjI=0 n=1

where 0,(j) combine terms with a fixed power of % in the expansion of

Zk hkSk (eu+jh)

n+l .,
0.0) = 3 LS 0. (176)
r=1 "

For example

j2
01(j) = 756/ + jSi.

7

0n(j) = G

j2
sy Lsi e sy,
.4 .3 .2
N @ S om T on .o/
03(])— 4'SO + 3'S1 + 2S2 +]S3,

and note that for each n we have 9,,(0) = 0. Let us now expand the exponentin (175)
and collect terms with fixed power of %

exp (Y70 ())) = YWD, (), (177)
n=1 r=0

so that, for example,
Do(j) =1,

. NS,
D) =n() =%+ 81,
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N . 1 N2 (56/)2 .4 1 " nary 3
D2(j) = 0a(j) + 501(1) =g + E(So +38581)J

1
5 ST+ ($D2)) + 8.
D3(j) = 03() + 01 ()02 + éal(n’

_ (S(/)/)S 6 Sé/Sé// (S(/)/)ZS{ s
= (R

1
+ ﬂ(sg{” + 68 S + 48'S| + 657 (S)*)j* +

1 . S5 . .
+2 (3STS+ (5D’ + 81" +35783) )% + (5 + S189) ) + 845,

1
Da(j) = 2()) + 01 ()s(/) + 5220/)°
F0(R0) + ()

(S(/)/)4 -8 1 "IN2 QI N3 @l =7
= 384 J +4—8((So) Sy + (Sy) Sl)l

1
+... 4+ 5((S§)2 + 8§ +2883)j% + S, .

Finally, expanding (175) in total power of # and collecting terms with a fixed such
power A", gives rise to a hierarchy of differential equations

0= "¢ a;Dur()). (178)
j =0

Now we use the fact that the disk amplitude in C* x C* case is Sy = [ log(y)‘%,

so S = log(y). Therefore elSh = y/ and we can write (178) in terms of corrections
Ay to the quantum curve (172). In particular the first equation in the hierarchy 0 =
Zj:o ajoy’ = Ao(x,y) coincides with the classical curve equation (171). Now,
writing ©,,—,(j) = Y_,, Dn—rmj", we can rewrite (178) as

0= Zzaj,rgn—r.mjmyj = Zzaj,rgn—r.m(yay)myj

r=0 j.m r=0 jm

= Zn: ( Z Qn—r.m(yay)m)Ar-
r=0 m
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The expression in the last bracket is nothing but the operator ©,_,(j) from (177)
with all j replaced by yd, = 0,. Therefore we denote this operators by ©,,_.(9,),
or simply ®,,_,; for example

S//
D = 7°(y3y)2 + S1(»9,),

etc. In terms of these new operators, the hierarchy of Eqs. (178) takes a particularly
simple form

0=72 DyrA, (179)
=0

as advertised in (42), and with ©,,_, defined as in (177) with j replaced by 0,.

Hierarchy in the C Case: Differential Equation

Now we show that the hierarchy of equations which arises for curves in C x C takes
the same form (42) as in C* x C* case, even though the explicit derivation of this
hierarchy is much different. Now Eq. (173) takes a form

d oo
0=AZwu) =" a; "0 Z(w).
j=01=0

and by induction we find that the last term can be written as 8, Z = Z(3, + S’)/ S'.
Then the factor of Z can be factored out of an entire expression, which results in

o d—1 0o . 00
0 =3 [aon' + 3 ajsnn (hd+ 3 0¢sy) Sows)]. (180)
=0 Jj=0 k=0 r=0

Recalling that S) = v, an explicit computation reveals that the last term in this
expression can be written as

| | . |
(R0, + 1S hS" = v+ 4 h(sg’%w—l +SIG DY)+ s

)AJ—bU%Dﬂj+UW4+

G=DjG+D

+h2((S(; :

(S(’)" + 356’51’) +

G+ o

H(ST + (D)=

+Sj + V) + o) =
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2

Si 4+ 35US] o ST+ (5D o

A%

84
6 2

_ [1 + h(%é/af + S{BV) + hz((S o)’
+ 859 )+ﬁ(h )]vf+l

We see that a coefficient at each power A" above is nothing but ©, introduced
in (179), i.e. the operator defined in (177) with j replaced by 9,. Therefore

(hd +1S") 1S" = Zh@

Using a definition A, from (172) we find that (180) takes form

d n
0= Y auto =3 wHo,4 = ihﬂ(Z@n_,A,.).
n=0 r=0

r,[=0j=0 rl

Therefore at order A" we get
n
0= Dy 4, (182)

with ©,_, defined as in (177) with j replaced by d,. This is the same equation as in
C* x C* case (179), and as already advertised in (42).
Appendix 2: Quantum Dilogarithm

In literature several representations of quantum dilogarithm can be found. We use
the following one

[Ja—xe’ 27t = (183)

k=1

[ Xk
:exp(—;m)z

¥ (x)

00 . k
:];)xkeTDI_elh

which has the following “genus expansion”
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log ¥ (x) = %So(x) + 81(x) + ASy(x) + B2S3(x) + B3 S4(x) + A*Ss(x) + ...

1 B 3
= L i) — 21
jy L2 () + 2 Lio(¥) — g7 Li-2(x)
31H
B = 184
+ 67650 ) F (184)
O k—1 1—ky Bk .
= Y2 L (). (185)
k=0 :

Note, all terms with even power of % vanish. For terms ~ A*"!B, with k =
3,5,7,... this is so, because B3 = B; = B; = ... = 0. On the other hand,
the term with k = 1 is proportional to (1 — 2'~!) = 0, hence it vanishes as well.
Further details can be found e.g. in [21].
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1 Introduction

(1.1) The construction of the Hall algebra of an abelian category <7 is known
to produce interesting Hopf algebras of quantum group-theoretic nature. A
condition usually imposed to ensure that the Hall algebra has a compatible
comultiplication, is that .7 is hereditary (of homological dimension 1). There
are two main types of hereditary abelian categories which have been studied in
this respect.

First, if Q is a quiver, we can form the category &/ = %equ(Q) of (finite-
dimensional) representations of Q over a finite field IF,. As discovered by Ringel
[22], the Hall algebra of %equ(Q) is related to the quantized Kac—Moody
algebra whose Dynkin diagram is Q. More precisely, it contains U, (n4), the
quantization of the unipotent subalgebra on the positive root generators from the
Kac—Moody root system.

Second, if X is a smooth projective curve over IF,, we can form the category
@/ = Foh(X) of coherent sheaves on X. In this case the Hall algebra contains
the spaces of unramified automorphic forms on the groups GL,, r = 1 over
the function field K = F,(X), and the multiplication corresponds to forming
Eisenstein series [14]. One can also include “orbifold curves” G\ X where G is
a finite group of automorphisms of a curve X, see [23]. The algebras obtained in
this way include both quantum affine algebras [14, 23] and spherical Cherednik
algebras [25].

(1.2) The goal of the present paper is to begin the study of a third, more
arithmetic, type of Hall algebras. It is obtained by replacing a curve X/IF, by
the spectrum of the ring of integers in a number field, compactified at infinity by
the Archimedean valuations. In this paper we consider only the basic example of
Spec(Z) = Spec(Z) U {oo}. The role of rank n vector bundles for Spec(Z) is
played by free abelian groups L of rank n with a positive definite quadratic form
in L ® R, see [10,29,30] as well as [18,28] for a more general point of view of
Arakelov geometry. The “moduli space” of such bundles is the classical quotient
of reduction theory of quadratic forms

Bun, = GL,(Z)\GL,(R)/O,.

Functions on Bun,, are the same as automorphic forms on GL,(R), see [9] for a
detailed study of precisely this situation.

(1.3)  To describe our arithmetic analog of the Hall algebra, let H,, = C°(Bun,)
be the space of smooth functions on Bun,, with compact support. The space H =
@n H,, has a natural structure of an associative algebra, constructed in Sect. 3.
From the point of view of the automorphic form theory, the multiplication in
H is given by the parabolic pseudo-Eisenstein series map. If X is a curve over
IF,, the analogous map for unramified automorphic forms over the function field
IF,(X) gives the multiplication in the Hall algebra of X, see [14]. So in this paper
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we study the space H of automorphic forms on all the GL, (R) as an associative
algebra in its own right.

We further concentrate on the subalgebra SH C H generated by H; =
Cy°(R-o). Extending the terminology of [26], we call SH the spherical
Hall algebra of the “curve” Spec(Z). From the point of view of spectral
decomposition [20], SH consists of automorphic forms expressible through
the Eisenstein—Selberg series [27], the simplest higher-dimensional analogs of
the nonholomorphic Eisenstein—Mass series on the upper half plane. This algebra
has an explicit space of generators, but relations among these generators are not
directly given.

(1.4) Our first main result describes SH as a Feigin—Odesskii-type shuffle algebra,

in a way similar to the results of [26] for the case of curves over a finite field.
However, in our case the shuffle algebra is based not on a rational, but on a
meromorphic function: the Riemann zeta function ¢ (s). This function, therefore,
encodes all the relations among the generators from H;.
Quadratic relations in SH correspond to the classical functional equation for the
Eisenstein—Maass series, in a way similar to the case of function field considered
in [14]. One form of writing the relations is in terms of “generating functions”
(formal H -valued distributions) &(s) depending on s € C. It has the form

E(s)€(s2) = %@(é‘z)@(ﬁ),

where ¢*(s) is the full zeta function of Spec(Z) (the product of ¢(s) with the
Gamma and exponential factors). This is discussed in Sect. 7.

Our second main result, Theorem 8.6, is that the space of the cubic relations (not
following from the quadratic ones) is identified with (an appropriate completion
of) the space spanned by nontrivial zeroes of ¢(s). In other words, the space
spanned by the zeroes of (s) can be realized as a certain algebraic homology
space of the associative algebra H. This is remindful of (but different from)
the result of D. Zagier [32] who gave an interpretation of the zeta-space using
integrals of Eisenstein—-Maass series over anisotropic tori associated to real
quadratic fields.

(1.5)  After the first draft of this paper was written, we learned that M. Kontsevich
and Y. Soibelman [17] have recently considered the algebra H as well. Their
interest was in studying wall-crossing formulas in Zun, so our results practically
do not intersect. We are grateful to M. Kontsevich and Y. Soibelman for
explaining their work and providing us with the preliminary version of [17].

(1.6) M.K. would like to thank Universities Paris-7 and Paris-13 as well as the
Max—Planck Institut fiir Mathematik in Bonn for hospitality and support during
the work on this paper. His research was also partially supported by an NSF
grant.
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2 Vector Bundles on Spec(Z)

By a vector bundle on Spec(Z) we will mean a triple E = (L, V, g), where V is a
finite-dimensional R-vector space, ¢ is a positive definite quadratic form on V, and
L C V is a Z-lattice of maximal rank. In this case, VV becomes a Banach space with
norm [[v]| = /g (v).

The rank of E is defined as tk(E) = dimg (V) = 1kz(L). A morphism f : E' =
(L',V',q")y — E = (L,V,q) of vector bundles on Spec(Z) is, by definition, a
linear operator f : V' — V such that, first, (L") C L and, second, || /]| < 1, i.e.,
we have ¢(f (V")) < ¢’ (V') foreachVv' € V', In this way we get a category which we
denote Aun. All the Hom-sets in ZAun are finite.

We denote by & = (Z, R, x?) the trivial bundle of rank 1.

The dual bundle to E is definedas EV = (LY, V*,¢~"), where ¢! is the inverse
quadratic form on the dual space. The tensor product of two bundles is defined as

EQE =(LQ@zL . VerV' ,qg®q), @q¢)v®V):=qWq ().

In particular, we have the bundle Hom(E, E’) = EY ® E’. The corresponding
quadratic form on Homg(V, V') takes f : V' — V’ into tr(f* o f), where the
transpose is taken with respect to ¢,q’. We leave to the reader the proof of the
following:

Proposition 2.1. Let E; = (L;,V;,q;), i = 1,2,3, be three vector bundles on
Spec(Z). Then

Homg,, (E1, Hom(E,, E3)) C Homgu,(E1 ® E,, E3)

as subsets in Homg (V] ® V2, V3). |

Note the particular case of £y = &. The proposition in this case reduces to the
inequality

I/ < Vu(fiof)

for any linear operator f : V5 — V3. We also see why the inclusion in the
proposition is not, in general, an equality. Indeed, for £; = &, the Hom-set on the
left consists of integer points in the domain tr( f*o f) < 1, which is an ellipsoid. But
the Hom-set on the right consists of integer points in the domain || f|| < 1 which is
not an ellipsoid, if dim(13), dim(V3) > 1.

We also have the symmetric and exterior product functors

S"(E) = (Sz(L). Sg(V). §"(q)).  S"(@)(vie---ev,):=q(v1)---q(v),
AY(E) = (Az(L), Ag (V). A7(q)). A" (@)(vi A== Avy) i=det [ B(vi,v)).
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Here e is the product in the symmetric algebra, while B is the symmetric bilinear
form such that ¢(v) = B(v,v).

Let Bun, be the set of isomorphism classes of rank n vector bundles on Spec(Z).
This set is a classical double quotient of the theory of automorphic forms:

Bun, <— GL,(Z)\GL,(R)/O,. (1)

Explicitly, the double coset of goo € GL,(R) corresponds to the isomorphism class
of the bundle (Z",R", (g',)+"'(gs)), where

n
go(X1, ..., Xy) = lez

i=1

is the standard quadratic form on R” and (g°,);' (¢s0)(x) = gse((g) " (x)) is the
quadratic form corresponding to the symmetric matrix (gt) ' god.
We will also need an adelic version of (1). Let 2/ = ]_[jfS Q,, be the ring of finite

adeles of the field Q, let Z = I »Lp C 21/ be the profinite completion of Z, and

2A = R x A/ be the full ring of adeles. Then K, := O, x ]_[p GL,(Z,) is a maximal
compact subgroup of GL, ().

Proposition 2.2. The embedding of GL, (R) into GL, () induces a bijection

Bun, =~ GL,(Z)\GL,(R)/ 0, —> GL,(Q)\GL,(2)/K,.

Proof. The statement is of course well known. We describe the inverse map
explicitly for later use. Let ¢ = (oo, (gp)) € GL,(A), s0 goo € GL,(R) and
gp € GL,(Q,), with g, € GL,(Z,) for almost all p. We associate to g a vector
bundle £, = (L,, V,, q,) on Spec(Z) by putting:

Ly = Q' N (&h(Zh). Ve=R" ge=(gh)s" (g
P
Itis clear that E, 4 ~ E, for y € GL,(Q), k € K,,, so we get a map

GL, (Q\GL, () /K, —> Bun, .

By construction, Bz = 1d; the fact that «f = Id follows since L, is a free abelian
group.

Example 2.3. Take n = 1. The set Bun; formed by isomorphism classes of line
bundles, will be also denoted by Pic(Spec(Z)). This set is a group under tensor
multiplication. It is identified with R%, the multiplicative group of positive real
numbers. Explicitly, given E = (L, V, g) with dimg (V) = 1, we associate to it the
number deg(E) = 1/4/q(Imin) € R4, where /1y, is one of the two generators of L.
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Conversely, for a € R4 we denote by 0'(a) = (Z,R,a™? - qq) the corresponding
line bundle with deg(&'(a)) = a. The convention, compatible with (1) forn = 1, is
chosen so that for a > 0 the bundle &'(a) has many “global sections”, i.e., lattice
points / such that ¢(/) < 1.

Example 2.4. For any n, taking the top exterior power together with the isomor-
phism of Example 2.3, gives a map

Bun, el Pic(Spec(Z)) = Ry.

Explicitly, E = (L, V, q) is sent into 1/ Vol(V/ L), the inverse of the covolume of
L with respect to the Lebesgue measure defined by g. We will denote this inverse
covolume by deg(E) and call it the degree of E. We denote by Bun, , the set of
isomorphism classes of bundles of rank » and degree a.

Consider the case n = 2 and take a = 1. In this case

Buny; = SLy(Z)\SL2(R)/SO»
is identified with the quotient SL,(Z)\H, where H C C is the upper half-plane
Im(z) > 0. More explicitly, consider the standard quadratic form on C given by
g«(z) = |z|*> Then, for t € H, the lattice Z + Zt has, with respect to ¢, the
covolume equal to Im(t). We therefore associate to t the bundle

E, = (Z + Zz, C, qy/ Im(r)l/z) € Buny;.

Lemma 2.5. For y € SL,(Z) we have E,y =~ E., and this establishes an
identification SL,(Z)\H — Bun, ;.

Proof. 1Itis clear that E; ~ E. 4. Let us show that E_;;; 2~ E.. Note that

Vol(C/L-i;) = Im(—1/7) = Im(j).

|z|?
Notice also that multiplication by t defines an isomorphism of lattices
T
L—l/t — L-L—.

The determinant of the multiplication by 7 being |r|?>, we conclude that this
multiplication defines an isomorphism

(L—l/rv C, qst/ Im(_l/r)l/z) — (Ltv C, (]st/ Im(r)l/z)

of vector bundles over Spec(Z).
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Let now
0> E' =(L,V,q)—> E=(LV,q) > E'=(L"V".¢) >0 (2

be a sequence of vector bundles on Spec(Z) and their morphisms.

Definition 2.6. We say that a sequence (2) is short exact (in Bun), if the following
hold:

(1) The induced sequences of vector spaces and abelian groups are short exact.
(2) The form ¢’ is equal to i *(g), the pullback of ¢ via i, defined by

() =q@((), VeV
(3) The form ¢” is equal to j.(q), the pushforward of g via j, defined by

(=) (V") = } (13)11=an(v), VeV

An admissible monomorphism (resp. admissible epimorphism) in Yun is a mor-
phism which can be included into a short exact sequence as i (resp. j).

Let us call a subbundle in E an equivalence class of admissible monomorphisms
E’ — E modulo isomorphisms of the source. For such a subbundle E’ we have the
quotient bundle E/E’ € Bun.

Proposition 2.7. Let E = (L, V,q) be a vector bundle on Spec(Z). The following
sets are in bijection:

(i) Rankr subbundles E' C E.
(ii) Rank r primitive sublattices, i.e., subgroups L' C L such that L/L’ has no
torsion.
(iii) Q-linear subspaces W' C L ®z Q of dimension r.

Proof. The bijection between (ii) and (i) takes a primitive sublattice L’ into £/ =
(L',V',q"), where V! = L’ ®z R and ¢’ = ¢|y-. The bijection between (iii) and
(ii) takes a subspace W' into the sublattice L' = L N W',

Proposition 2.8. Let E = (L, V,q) be a vector bundle on Spec(Z). For any r €
Z+ and a € Ry, the set of subbundles E' C E with tk(E’) = r and deg(E’) = a,
is finite.

Proof. Let W = L ®z Q. Consider first the case r = 1. If E’ C E corresponds
to a one-dimensional subspace W' C W, then deg(E) = 1/+/q(w'), where w €
W’ N L = L' is one of two generators of this free abelian group of rank 1. Since
the number of w' such that ¢(w') < a is finite, our statement follows.

Consider now the case of arbitrary r and use the Pliicker embedding of the
Grassmannian G (r, W) into P(A”(W)). If W' C W is an r-dimensional subspace
with L’ = W/ N L, then A"(W’) C A"(W) is a one-dimensional subspace, and
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A" (W) N AL(L) = A(L') is a free abelian group of rank 1 and a primitive
sublattice in A7, (L). Further, AL (V) is equipped with the quadratic form A" (g),
and deg(E’) = 1/4/A7(q)(¢’), where E’ is the subbundle corresponding to W’ and
& e A (L’) is one of the two generators. We thus reduce to the case of subbundles
of rank 1.

Let £/ = (L',V’',q) and, E” = (L",V”,q") be two vector bundles on
Spec(Z). We define Ext! (E”, E’) to be the set of admissible short exact sequences
(2) modulo automorphisms of such sequences identical on £’ and E”.

Proposition 2.9. The set Ext' (E”, E') has a natural structure of a C*®-manifold
isomorphic to the torus (R/Z)""", where n’ = tk(E’) and n” = tk(E").

Proof. For any short exact sequence as in (2), the induced short exact sequence
of lattices necessarily splits. Let us fix a splitting L = L’ @ L” and the induced
splitting V. = V' @ V” of R-vector spaces, so that i and j become the canonical
embedding into and the projection from the direct sum. Let A be the set of positive
definite quadratic forms ¢ on V such that i *q = ¢’ and j«q = ¢”. By definition, A
is a closed subset in the space of all positive definite quadratic forms on V' and so
has a natural topology.

The group Homgz(L”, L’) is identified with the group of automorphisms of the
split exact sequence

0L -SLel’ 1750

identical on L', L”. Therefore this group acts on A, and we have Ext'(E”, E') =
A/Homg(L",L’).

Lemma 2.10. The map A —> Homg (V' ® V", R) which sends q into the induced
pairing between the summands V' and V", is a homeomorphism. This map takes
the action of the group Homz(L", L") on A into its action on Homg(V' ® V", R)
by translations.

Proof. Fix a basis ey, ...,e, of V', orthonormal with respect to ¢, and a basis
Vis..., vy of V7. Let B’, B” be the symmetric bilinear forms on V', V” corre-
sponding to ¢’, ¢”, and let ¢ be a quadratic form on V' with corresponding symmetric
bilinear form B. Then the condition ¢ € A means:

B(Ei,Ej) = 5,']' = B/(ej,ej),

n’ n’ (3)
B(Vp - Z B(vp.eun)-eu. vg— Z B(vg,ev) - e\,) = B”(Vp’ Vg)-
v=1

n=l

Indeed, the minimum in the definition of j.q is given by the orthogonal projection
to V' with respect to B, and the left hand side of the second formula above involves
exactly such projections.
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Denote by X the matrix || B(v,.e,)| of size n” x n’, and let Y be the matrix
| B(vy.vg)| of size n” x n”. From the first condition in (3) we see that a quadratic
form ¢ with i*g = ¢’ is completely determined by the datum of X and Y, while the
second equation implies that Y = B”—X-X', where B” = || B”(v,, v)||. Therefore
q € A is indeed completely defined by X, which is the matrix representative of
res(q). The action of elements of Homgz(L"”, L’) in the matrices X is the action by
translation. This proves the lemma and Proposition 2.9.

Remark 2.11. More generally, one can consider data % = (L, V, q) similar to the
above but where L is any finitely generated abelian group, V = L ®z R and q is
a positive definite quadratic form on V. They correspond to coherent sheaves on
Spec(Z) locally free at infinity. We get in this way a category € ol (Spec(Z)),
with admissible short exact sequences defined similarly to Definition 2.6. A more
systematic theory should enlarge % ohoo(Spec(Z)) by allowing a meaningful
concept of sheaves with torsion at co. This will be done in a subsequent paper.
For example, sheaves supported at co can be described in terms of two positive
definite quadratic forms ¢ < ¢’ on one R-vector space V, much in the same way
as representing a finite abelian p-group as quotient of two free Z,-modules of
the same rank. The role of elementary divisors is then played by the logarithms
logAi(q : q') € Ry, of the eigenvalues of ¢ with respect to ¢’.

3 The Hall Algebra

Let
Yn = GL, (R)/ On

be the space of quadratic forms on R”. It is a C °°-manifold of dimensionn(n+1)/2.
It is well known that for large N the congruence subgroup

GL,(Z,N) = {yeGL,,(Z): y=1 modN}

acts on Y, freely, so GL,(Z, N)\Y, is a C ®°*-manifold. The set Bun, is the quotient
of this manifold by the finite group GL,(Z/N) and therefore has a structure of a
C*°-orbifold. In particular, we can speak about C °°-functions on Bun,,. They are
C*°-functions on GL, (R), left invariant under GL, (Z) and right invariant under O,,
i.e., C *°-automorphic forms in the classical sense. Let

H, = C°(Bun,) = C{°(GL,(Z)\GL,(R)/O0,)

be the space of C°°-functions on Bun, with compact support. In other words, an
element of H, is a C *°-function f : GL,(R) — C which is left GL, (Z)-invariant,
right O,-invariant and such that Supp(f) C GL,(Z) - K where K C GL,(R) is a
compact subset.
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Consider the direct sum

Let f € Huy,g € H,. We define their Hall product f * g to be the function
Bun,,+, — C given by the formula

(f *@)(E) = ) deg(E")"deg(E/E)™?- f(E)¢(E/E'),  (4)
E'CE

where the sum is over all subbundles £/ C E of rank m.

Proposition 3.1. (a) For every E the sum in (4) is actually finite, so f * g is a well
defined function.

(b) f * g isagain a C*°-function with compact support.

(c) The operation f % g makes H into a graded associative algebra, with unit
1e H().

We will call the algebra H the Hall algebra of Spec(Z). In this paper will be
particularly interested in the subalgebra SH C H generated by H; = Cj°(Ry). We
will call SH the spherical Hall algebra, adopting the terminology of [26], where a
similar algebra was studied for the case of a curve over a finite field.

Remark 3.2. (a) The quantity

(E/E'.E") = deg(E')"*deg(E/E")™/* = \/degHom(E/E', E')

is the analog of the Euler form used by Ringel [22] to twist the multiplication in
the Hall algebra of representations of a quiver. In our case, as well as in the case
of curves over a finite field [14,26], twisting by this form simplifies the form of
commutation relations.

(b) One can get larger algebras by relaxing the condition of compact support to
that of sufficiently rapid decay at infinity. More generally, there are interesting
cases when f and g do not have rapid decay, but f % g still makes sense as a
convergent series.

(c) Hall algebras of exact categories were considered in [5, 12]. Note that Defini-
tion 2.6 defines on Bun a structure remindful of that of an exact category but
lacking additivity (Hom-sets do not form abelian groups), Such structures were
axiomatized in [3] under the name “proto-exact categories”.

Proof of Proposition 3.1. (a) Since f is with compact support, there is A > 1 such
that f(E’) = 0 unless deg(E’) € [1/A, A]. By Proposition 2.8 all but finitely
many E’ C E have deg(E’) < A, so that the sum in (4) is indeed finite.

(b) To see that f * g is smooth, suppose that £; and E; are close to each other in
Bun,,+,. Then the corresponding lattices L and L, are identified in a canonical
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fashion. Therefore the sets of subbundles E{ C E; and E} C E, of rank m,
are identified, and so we have a bijection between the sets of summands in
(f *g)(E)) and (f * g)(E3). Next, the number of nonzero summands in both
sums is bounded by the same number by the continuity of f and g, so we can
view f * g as a sum of finitely many C °°-functions.

To see that f * g has compact support, let Xy C Bun,, be a compact set
supporting f, and X, be a compact set supporting g. Forany E; € X, E; € X,
the set of E € Bun,,4, that can fit into a sequence (2), is a compact topological
space. Indeed, it is the image of a continuous map Extl(Ez, E|) — Buny4,,
whose source is a compact torus. Let F be the total space of the fibration over
X1 x X, with fiber over (E;, E,) being Ext'(E», E1). Then F is compact, while
the support of f * g is contained in the image of F' under a natural continuous
map into Bun,,4,.

(c) To prove associativity, let f € H,, g € H,,, h € H,,. Then for E €
Buny, 4,41, we have

ny+n3  —nj+n3  —nj—ny
(fxxW(E) = > d 7 dy * d,

E\CE,CE

f(E1) - g(Ea/ Ey) - h(E/ E>),

where E;| runs over subbundles of £ of rank n; + n,, and E; runs over
subbundles of E, of rank n;, and we have denoted

di = deg(E1), d» = deg(Ex/Ey), d3 = deg(E/E»).

On the other hand
nz-;-ng, —n 12+n3 —n 12—112 , ,
(fx(gx)(E) = Y 87 8 7 & 7 -f(E)-g(Ey)-h((E/E)/E3),

where we have denoted
81 = deg(E1), 6, = deg(E,), 8 = deg((E/E1)/E)).

Let F be the set over which the first sum is extended, i.e., the set of admissible
filtrations £y C E, C E with tk(E|) = n; and tk(E,) = n; + n,. Similarly, let
F, be the set over which the second sum is extended, i.e., the set of pairs (£}, Eé),
where E| C E is a subbundle of rank n;, and Eé C E/E is a subbundle of rank
ny. We have amap p : F — F’ sending (E; C E; C E) into (El,Eé = Ey/EY).
The summand corresponding to any ¢ € F is equal to the summand corresponding
to p(¢p) € F’. So our statement reduces to the following.
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Lemma 3.3. The map p is a bijection.

Proof. An element of F has the form
(L1, V1. Q1) C (L2, Va,92) C(L,V.q) = E,

where L) C L, C L is a filtration by primitive sublattices, and g; = ¢q|y,, i = 1,2.
An image of such an element by p is the pair (L1, Vi,q1), (L5.V3.q5)), where
(L1, Vi, q1) is as above, while L), = L,/L; C L/Ly, and ¢} = m,(q>), with
7’ : Vo — V»/ Vi = V; being the canonical projection.

On the other hand, a general element of F’ is a pair ((Ll, Vi,q1), (L5, V], qé)),
where (L1, V1, q1) is as above, while L, C L/L, is an arbitrary primitive sublattice
of rank 115, and V; = L, ® R and ¢} is the restriction to V; of the quotient quadratic
form 74 (gq) for the projection & : V. — V/ Vi, ie., g5 = (i')*(7w«q). We have
therefore a Cartesian square of R-vector spaces

Vp— vy

)
Vi=W/Vi —= V)V,
with 7, 7’ surjective and i, i’ injective. We claim that 7,i*(q) = i"”*m«(q), and

hence p(F) = F’. This is a particular case of the following base change property
for quadratic forms.

Proposition 3.4. Let

i
UQ*Z>U’

be a Cartesian square of R-vector spaces, such that iy, i, are injective and j, j' are
surjective. Then for any positive definite quadratic form g on U we have the equality
Jiitq = i jxq of quadratic forms on U;.

Proof. Letu) € U,. Then

Uuif@)y) = min  (ifq)w) = min_ g(i1(u)).

u: j/ (up)=u, up: j/ (ua)=uj

Since the square is Cartesian, i; identifies (j/) ™' (u}) with j = (i2(t5)), so the last
minimum is equal to

min ~ qu) = (j«q)(@i2(uy)).

uz j(u)=iz ()

This finishes the proof of Lemma 3.3 as well as Proposition 3.1.
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Remark 3.5. One can extend the definition of the Hall algebra to the category
© 0htoo(Spec(Z)) defined as in Remark 2.11, using the concept of admissible exact
sequences outlined there. The algebra thus obtained will be a semidirect product
of H and the Hall algebra of the category of finite abelian groups, similarly to
[15], §2.6.

4 The Mellin Transform

A standard tool in the theory of quantum affine algebras is the use of generating
functions, i.e., passing from a collection of coefficients (cy)yez to the Laurent
series

F(t) = Y ct® t=(h.....1) € (C". 1% =]]e. (5)

o€

This is just the Fourier transform on the free abelian group Z", but understood in a
more pragmatic way: we do not necessarily restrict to unitary characters (they form
the real torus |¢;| = 1) but pay attention to the domains of convergence in the space
(C*)" of all characters.

A typical free abelian group to which the above is applied is, in the Hall
algebra approach, Pic(X)/{torsion} = Z, where X is a smooth projective curve
over F,, see [14,26], In the present paper the corresponding role is played by
the group Pic(Spec(Z)) = R4. The Fourier transform on R” is known as the
Mellin transform. We now give a summary of its properties from the same pragmatic
standpoint as above.

Unitary characters of R, have the form

a=(ay,...,ay) —>a’ = l_[ai”, sy, €iRCC, a = v logl@)

and the Haar measure is d *a = []da,/a,. Accordingly, the Mellin transform of a
function (or a distribution) f(a) on R”, is the integral

F(s) = (M f)(s) = /

a€R

fla)a’d*a. (6)
"

Here, a priori, s € i R", but we are interested in allowing the s; to vary in the
complex domain, i.e., in considering not necessarily unitary characters. The group
isomorphism

exp: R" — R%. @)

transforms the Mellin integral into the standard Fourier integral on R”.



166 M. Kapranov et al.

Example 4.1 (Paley—Wiener Theorem). If f(a) has compact support, then
(A f)(s) converges for any s € C", i.e., 4 f is an entire function, analogously to
the case of a Laurent series in (5) being a Laurent polynomial. Recall that an entire
function F(s), s € C", is called a Paley—Wiener function, if there is a constant
B > 0 and, for every N > 0 there is a cy > 0 such that

|F(s)| < en(l+ [s])~NeBIROI,

This means, in particular, that F' has a faster than polynomial decay on each vertical
subspace {op + iR", 0y € R"}, while allowed to have exponential growth on any
horizontal subspace. We denote by 2% (C") the space of Paley—Wiener functions
on C". The Paley—Wiener theorem says:

Proposition 4.2. The Mellin transform .4 identifies C°(R",) with W (C").

Proof. The classical formulation, see, e.g., [21], Vol. II, Thm. IX.11, is for the
Fourier transform of compactly supported functions on R”. The case of the Mellin
transform reduces to this via exp.

An important point about series (5) is that one (meromorphic) function can have
different Laurent expansions in different regions, while the region of convergence of
each expansion is “logarithmically convex”, i.e., is the preimage of a convex open
set A C R” under the map

A (CH)"—R", (1)~ (loglti]).

We now review the corresponding features of Mellin expansions. Unlike in the case
of Laurent series, these features are less familiar, and a precise treatment involves
L. Schwartz’s theory of Fourier transform for distributions.

For a C*°-manifold or orbifold M we denote by Zist(M) = C§°(M) the
space of distributions on M. Let . (R") be the space of Schwartz functions on R”,
and 2(R") = S (R")Y C Zist(R") be the dual space of tempered distributions,
see [21], Vol. I, §V.3. Recall that a C°°-function lies in Z(R") if and only if it has
at most polynomial growth.

We define .(R’} ) and Z(R’,), the spaces of Schwartz functions and tempered
distributions on R’ , by means of the group isomorphism exp of (7). For f €
2R’} ) we define . f to be the tempered distribution on i R" given by the Fourier—
Schwartz transform of f o exp.

For a distribution f* € Zist(R’, ) we denote by Temp( /) and call the tempering
set of f,the setof 0 € R” such that f(a)-a’ is a tempered distribution. It is known
(see [21], Vol. II, Lemma after Th. IX. 14.1) that Temp( /') is a convex subset in R”.
We say that f is temperable, if Temp( f) has non-empty interior. For any convex
open set A C R" we denote by Uy = {s € C"| Re(s) € A} the corresponding tube
domain.
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Proposition 4.3. Let f is a temperable distribution on R”, and A be the interior
of Temp( f). Then F(s) = (Af)(s) is an analytic function in U s, which has an at
most polynomial growth on each vertical subspace oy + iR", oy € A.

Proof. To see holomorphy, it is enough to assume that O is an interior point of
T(f) and to show that .Zf is holomorphic in an open neighborhood of i R". For
a sequence of signs & = (e1,...,&,), & € {£1} let (R7 ), C R, be the domain
given by conditions a;’ > 1, and C? C C" be given by the condition &; Re(s;) < 0.
Let .. f be the partial Mellin integral of f, taken over (R, ).. If s € CI, then
the function a® decays exponentially at the infinity of (R’ ).. Therefore, if f is
a tempered distribution on R’ (i.e., if 0 € Temp(f)), then .Z f extends to
a holomorphic function in C!. If, moreover, 0 is an interior point of Temp(f),
then .#, f is holomorphic in additive translates C! + o for ¢ running in an open
neighborhood of 0 in R". Therefore .#Zf = ), .. f is holomorphic for Re(s)
running in some open neighborhood of 0, as claimed.

To see that .Zf has at most polynomial growth on each oy + i R”, it is again
enough to treat the case op = 0. The restriction of .Zf to i R" is a tempered
distribution, the Fourier-Schwartz transform of f o exp. As it is also a real analytic
function, it must be of polynomial growth.

Next, we discuss the inverse Mellin transform, i.e., the analog of the formula
which finds each coefficient ¢, in (5) as an integral of F(¢) times a monomial.
Formally, the inverse Mellin integral is defined by

fla) = (AaF)(a) =

- F(s)a ®ds. ope A, aeRY, (8)
2mi)" /san+i]R”

In our case, this integral should again be understood using Schwartz’s theory. More
precisely, we have:

Proposition 4.4. Let A C R" be a convex open set and F (s) be an analytic function
in Uy with at most polynomial growth on each vertical subspace. Choose oy € A
and define f(a) = (NaF)(a) as a=® times the inverse Fourier transform of g as a
tempered distribution on oo + i R" >~ R" (the Fourier transform being transplanted
to R’y via exp). Then NAF is independent on o9 € A, and is a temperable
distribution on R" such that A C Temp( f) and Af = F.

We will call A, (F) the coefficient function of F in U 4. Thus the existence of the
coefficient function presupposes that F' grows at most polynomially on each vertical
subspace in Ux. As usual with the Fourier transform, the coefficient function of the
product of analytic functions is the convolution (on the group R’} ) of the coefficient
functions of the factors.

Proof. To show independence, it is enough to assume 0 € A and compare the
integrals (8) over i R" and oy 4+ i R" for oy being close to 0 in A. Both functions
F(s) and F(s 4 o) are tempered distributions on i R” ~ R" and so have Fourier—
Schwartz transforms. Moreover, F (s + o) the sum of a Taylor series involving
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derivatives of F(s) (evaluated on i R"). So the Fourier transform of F (s + 0y) is
product of the Fourier transform of F(s) and an exponential factor. This factor is
accounted for by the change in a’ in the integral (8), showing the independence.
The remaining claims follow from the inversion theorem for the Fourier—Schwartz
transform.

Let us note the particular case A = R”.

Corollary 4.5. The Mellin transforms 4 and & defines mutually inverse isomor-
phisms between the following two spaces:

* DR )aps, the space of absolutely tempered distributions, i.e., of distributions
f(a) such that f(a)a’ is tempered for each s € C".
o O(C")pol, the space of entire functions in C" with at most polynomial growth on
each vertical subspace.
O

Note that an absolutely tempered distribution has actually exponential decay at
the infinity of R" .

For future reference we recall two elementary properties of the Mellin/Fourier
transform. We denote by . € Z(R) the delta function at ¢ € R.

Proposition 4.6. (a) Let F(s) be analytic in Uy, with the coefficient function
f(a) = Na(F). Then foranyv = 1,...,n we have

Na(svF(s)) = —a,

-~ f@.

(b) Let A be an interval (c,c’) C R, so Uy is a strip in C. Let h(s) be analytic

in Uy, with coefficient function k(a), a € Ry. Consider the function of two
variables

F(s1,50) = h(si — $2), (s1,5) € Us = {c <Re(s; — ) <’}
Then the coefficient function of F is found by

(AN5F)(a1,a2) = Si(a1az) - k(ay).

Example 4.7. Let (s) be the Riemann zeta function, and
*(s) = a2 (s/)(s) ©)

be the zeta function of Spec(Z). It is a meromorphic function on C with simple
poles at 0 and 1, satisfying £*(s) = £*(1 — s).

The function I"(s) has exponential decay on each vertical line oy +i R, as follows
from the Stirling formula. The function ¢ (s) has at most polynomial growth on each
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vertical line, see [4], Chap. 9. Therefore *(s) has exponential decay on each vertical
line and therefore has a well defined coefficient function in each of the three strips
of holomorphy: Re(s) > 1,0 < Re(s) < 1 and Re(s) < 0. The coefficient function
in Re(s) > 1 is given by the classical formula of Riemann, see [4], §1.7:

(Sew=10)(@) = 0@ =1, 0(b) = Y e (10)

n=—0o0

It can be obtained by forming the convolution (on R4 ) of the distribution Z;’o:l S1/n,
of the function 2¢™" and of the distribution § 1/~ These three distributions are the
coefficient functions for {(s) = Y 1/n*, for I'(s/2) = 2 fooo e~ a*d*a and for
77%/% respectively. The coefficient functions in the two other strips are obtained
by moving the contour past the poles of *(s) at s = 1 and s = 0 with residues

+1//7:

(f/%)<Re(s)<l§ )(a) - 9(61 ) 1 aﬁ’
1

(f/’ﬁe(s)<0§*)(a) = 9(612) + ]/ﬁ_ 1— m

5 The Zeta Function Shuffle Algebra

We recall the formalism of shuffle algebras of Feigin—Odesskii [7], see [15,26] for
a more systematic discussion in the rational function case. We denote by &,, the
symmetric group of permutations of {1,...,n}.

Let ¢(s) be a meromorphic function on C. For any m,n > 0 let Sh(m,n) be
the set of (m,n)-shuffles, i.e., permutations w € &,,4, such that w(i) < w(j)
wheneveri < j and either both i, j € [1, m] orbothi, j € [m 4+ 1, m + n]. For any
w € Sh(m, n) consider the following meromorphic function on C"*":

Ou(S1s vy Smtn) = l_[ o(s; —5;). (11)

i€[1,m]
JEm+1,m—4n],
w(i)>w(j)

Let 0(C") C .# er(C") be the spaces of all entire and meromorphic functions
on C" (defined to be equal to C for n = 0). On the direct sum P, .#er(C") we
introduce the shuffle multiplication

O - Mer(C™) @ Mer(C") —> Mer(C"™), F @ F' > FOF, (12)
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by the formula
(F@F/)(Sl, ey Sm+,,)

= Z W(F(sls---ssm)F/(sm-f'lv"'vstrn)) '(pw(sls---ssm+n)- (13)

weSh(m,n)

The following is then straightforward, as in [7].

Proposition 5.1. The shuffle multiplication (S) makes €@, # er(C") into a graded
associative algebra, with unit 1 € .# er(C). O

Assume further that the function ¢ satisfies the equation ¢(—s)¢(s) = 1, and,
moreover, is represented in the form

o(s) = A(s) ™ A(=s) (14)

for some meromorphic function A(s). For n > 0 let .#er(C")®" be the space of
symmetric meromorphic functions on C". On the direct sum 0, .#er(C")®", we
introduce the symmetric shuffle multiplication

*man : Mer(C")" @ Mer(C)S" —> Mer(C"H")Smin,
FQF +— FxF', (15)
by the formula

(F * F/)(Sla oo Smtn)

= Z w(F(sl,...,sm)F/(sm+1,...,sm+n) l—[ A(s,-—sj)). (16)

wESh(m,n) m+11§i/§<l;+n

Proposition 5.2. (a) The multiplication * makes @, # er(C")®" into a graded
associative algebra with unit.
(b) The correspondence

F(sy,...,s,) |—>F(s1,...,s,,)l—[k(s,-—sj)

i<j

defines an injective algebra homomorphism

(@ Mer(C")"r, *) > (@ ///er(@”),@).
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(c) Assume that A(s) has no poles except, possibly, a first order pole at s = 0. Then
the graded subspace @, O(C")®" is a subalgebra with respect to *.

Proof. Parts (a) and (b) are proved straightforwardly, as in [7]. For (c), let us
indicate why

*11: O(C) x O(C) —> M er(C?)

takes values in €’(C?) (the general case is similar). Writing A(s) = cs™' 4+ h(s) with
h entire, we have, for f, g € 0(C):

(f *2)(s1,82) = A(sy — 52) f(s51)g(s2) + A(s2 — s1) f(52)g(s1)
= L [f(s)gls2) — fls2g(s1)] + (entiro),
51— 852

and the expression in square brackets, being an entire antisymmetric function,
vanishes on the diagonal s; = s,.

Definition 5.3. (a) We call the shuffle algebra associated to ¢ the subalgebra
S H(p) C B,»o #er(C") generated by the space 0(C) C A er(C). We
call the symmetric shuffle algebra associated to A the subalgebra .. 7 (1) C
D, A er(C")°" generated by &(C).

(b) The Paley—Wiener shuffle algebra . 7€ (@) s, resp. the Paley—Wiener sym-
metric shuffle algebra .. 7 (1) o , is defined as the subalgebra in .7 57 (¢),
resp. .S (1), generated by the subspace Z% (C) C 0(C).

Thus, if ¢ and A are related by (14), then ./ 7 (¢) is isomorphic to .. 7 (1)
and S H(p)py to LS H (L) sy If, further, A satisfies the condition (c) of
Proposition 5.2, then .. 7# (1) is a subalgebra of @ &/(C")®».

We now specialize ¢(s) to be the following meromorphic function:

P(s) = (/T s+ D. (17

It is known as the global Harish—Chandra function (or the scattering matrix) for
Spec(Z), cf. [16, §7]. The functional equation for ¢ (s) implies that @(—s)®(s) = 1.
We also consider the function

A(s) =5 (=s)(s — D(=s — ). (18)

It has just one simple pole at s = 0, with res;—¢ A(s) = 1, and zeroes at nontrivial
zeroes of ¢ (s) as well as at s = —1. We also have the identity

D(s) = A(s) L A(—s). (19)

Here is the main result of this paper, which will be proved in Sect. 6.
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Theorem 5.4. The Mellin transform .4 : SHy = C§°(Ry) =S oy (C) extends
to an isomorphism of algebras SH — . 7€ (D) ooy ~ S S F(A) oy .

The bigger algebra .. 7 (A) ~ /7 (®) can be thus seen as a natural
completion of SH.

6 The Constant Term and Its Mellin Transform

The sum over shuffles appearing in the definition of the shuffle algebra turns out
to match quite exactly the sum over shuffles appearing in the classical formula for
the constant term of a (pseudo-)Eisenstein series, cf. [20], II.1.7. In this section we
perform a detailed comparison and obtain a proof of Theorem 5.4. Our comparison
can be organized into 5 steps:

(A) Taking the constant term of an automorphic form on GL, with respect to the
Borel subgroup B,, defines a map CT,, : H, — C*(R").

(B) We denote by CT, the twist of CT,, by the analog of the Euler form (Iwasawa
Jacobian) to match the formula (4) for the Hall product. It is then adjoint to the
Hall multiplication map

with respect to natural positive definite Hermitian scalar products on both sides.
This adjointness implies that the restriction of CT, to SH, = Im(*») is an
embedding SH, — C*°(R%).

(C) The standard principal series intertwiners for GL, give rise to integral operators

M, : CPRY) — CO[RYL), weS,,

whose domain of definition can be extended to include more general functions.
The formula for the constant term of a pseudo-Eisenstein series then says:

Cluiwr (f' % [ = Y My(CTy(f)®CT(f"),

weSh(n’,n’")

f' e Hy, f" € Hyp. (20)

(D) For f € SH, we define Ch,(f) to be the Mellin transform of CT, (f). Itis
verified to represent a meromorphic function on C". Taken together, the maps
Chy, define then an embedding of vector spaces Ch : SH — @, .# er(C").
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(E) Finally, one sees that the Mellin transform takes M, to the operator on
M er(C") taking a function F(sq,...,s$,) to

WF)(S1,y ..., 80) - l—[ P(si —5;).

i<j
w(i)>w(j)

and so Ch takes the Hall product into the shuffle product, by comparing (20)
with (13).

We now implement each step in detail.

A. The Constant Term

We will use both the real and the adelic interpretation of the component H, of H:
H, = C{®(GL(Z)\GL,(R)/0,) = C{®(GLy(Q)\GL,(A)/GL,(0)).
Let B = B, be the lower triangular Borel subgroup in GL, and U be the unipotent

radical of B. For f € H, its constant term is the function CT( /) on R’ defined in
either interpretation by:

CT.(f)(a1,...,a,) :/ f(u-diag(ay,....ay))du
weU(Z)\U(R)

S (ua - diag(ay, . ...an))dus, a; € Ry
(21

/l;meU(Q)\U(ﬂ)

Here du, resp. dug, is the Haar measure on U(R), resp. U(2(), normalized so that
U(Z)\U(R), resp. U(Q)\U (), has volume 1. Clearly, CT, (f) is a C*°-function
on ", bounded by max | f(g)|.

Proposition 6.1. For every f € H, there is ¢ € Ry such that Supp(CT,(f)) is
contained in the domain

| =

ay<c, aiax<c, -+, ay...ay—1 < C, <ap---ap, <c.

Proof. For (ai,...,a,) € R and u € U(R) let V(ay,...,a,;u) be the vector

bundle on Spec(Z) associated to the class of u - diag(ay,...,a,) in the double
quotient. This bundle has a canonical admissible filtration

wcwv,c---cV, = Viay,...,ay;u)
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with tk(V;) =i and V;/V;—| =~ O(a;). But given any vector bundle V' on Spec(Z),
there is ¢ € Ry such that for any admissible filtration V; C --- C V, = V
with tk(V;) = i, the numbers a; = deg(V;/V;_;) satisfy the conditions of
Proposition 6.1. This follows from Proposition 2.8, and we can clearly find a
common c¢ for bundles varying in a compact subset of Bun,,.

B. Twisted Constant Term and Its Adjointness

Let

n
[Tij=1d8s o _ yyde

d =
87 Tdet(e)y

a:
i=1 '

be the standard Haar measures on GL,(R) and R’, . We introduce notation for the
factors in the Iwasawa decomposition:

GL,R)=U-R}-0,, g=u-a-k, a=(ay...,a,).

We write a = a(g), a, = a,(g) etc. as functions of g € GL,(R). Let dk be the
Haar measure on O,, of volume 1.

The Haar measure dg on GL,(R) has, in Iwasawa coordinates, the well known
form

dg = §(a)du -dk-d*a, (22)
where the Iwasawa Jacobian §(a) is defined by
a; - .
S — — -7 — '—n+21—1 )
@ =@ = [ = =1]la (23)
I<i<j<n i=l1
See, e.g., [31], §4.1, Exercise 20 for upper-triangular matrices. We also write
8,(g) = 8,(a(g)) for g € GL,(R).

Let us make H, and C;°(R,) D H 1®" into pre-Hilbert spaces via the positive
definite Hermitian scalar products

(fi, f2)u £1(®) f(9)dg.  (p1.¢2)

/GLn (Z)\GLy (R)

1 -
5 | e@eaa)d a.
2 Ja,
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More generally, in each case the scalar product makes sense whenever only one of
the arguments has compact support. Define the twisted constant term of f € H, to
be the function

CT.(f)ai,....an) = CT(f)(ar,...,a) 8a)"> (24)

Proposition 6.2. The map a‘n : Hy — C®(RY) is adjoint to *1n : H1®" — H,,
i.e., we have

(@), flu = (@.CT.(f)), ¢eH®, f€H,.

Proof. This is standard, we provide details for convenience of the reader. For ¢ €
Cs°(R”) we define a function ¢ on U\GL, (R)/O, by

3(g) = pai(g),....an(g)-8(g)~"

Translating the (iterated) formula (4) for the Hall product, into group-theoretical
terms, we have

(@)@ = Y. dre)

YE€B(Z)\GL, (Z)

(a pseudo-Eisenstein series). The adjointness then follows from the expression of
dg in terms of the Iwasawa factorization:

Grte). o = [ T Y o

JO0)@(x)dx

/XGB(Z)\GLn (R)
def / FE0(0)8() " dx
x€B(Z)\GL, (R)

1 — _
= % FMe()8(y) " dy
YEU@\GL(R)

1

2" ) cU®\GL,(R) /ueU(Z)\U(]R)

2 L enih@eas@dta = .S,

2n
aE]R+

fw2)p(2)8(z)""*dudz
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Corollary 6.3. The map CT, : SH, — CsP(RY) is injective.

Proof. By definition of SH as the subalgebra generated by H|, a non-zero element
S € SH, has the form f = xx(p) for some ¢ € H1®”. We can regard ¢ as an
element of C;°(IR"} ). To prove that CT, (* 11 (¢)) # 0, we notice that by adjointness
and by the positivity of the scalar product on H, we have

(0.CT,(+11(9))) = (x1u(@).x10(@)),, = (f fHu > O.

C. The Principal Series Intertwiners

We use the intertwiners in their adelic form, as this form accounts for the appearance
of the factors involving the Riemann zeta in the function @(s) defining the shuffle
algebra, see (17).

Let A, be the diagonal subgroup in GL,. We have the identification

R} = UR)A,(Q\GL,()/K,, K, = 0,[[GL.(Z,).
V4

Forw € &, let U,, = U N (w~'Uw). Using the above identification, we define the
operator

M, : CP(RY) — CP(RY),  (Mup)(g) = / ¢ (wug)du.
ue(UERHNU, (A)\U(21)

cf. [20], II.1.6. More generally, M,,(¢) can be defined if, for any g, the function
u — @(wug) on the domain of integration has sufficiently fast decay (for example,
has compact support). Here is an example, to be used later.

We consider the following domain in C":

Cl o= {s=(s1,.o..8) Sy —Sup1 > Lv=1,....n}, (25)

where we put s,+; = 0. Forw € G, put

D) = ] P6si—s)). (26)
bt

Proposition 6.4. Ifs = (si1,...,s,) € CL, then applying M,, to the function a —
a’ gives a convergent integral, and it is found as follows:

M,(a@*) = a"O®,(s).
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Proof. This is a version of the classical Gindikin—Karpelevich formula. More
precisely, the value of the adelic intertwiner is found as the Euler product of the
values of similarly defined local intertwiners (involving the integration over the
p-adic or real group). Each local integral is found by Gindikin—Karpelevich to
contribute the factor

Ep(si —sj)
I<i<j<n é‘P(S" —si+ 1)
wi)>w(j)
where ¢, is the pth Euler factor of the Riemann zeta, or the Gamma factor for
p = oo.

For ¢’ € C®(RY) and ¢” € C®(RY}) we define ¢’ ® " € C® (R4 ™) by
((P &® (P”)(ala e Qi) = QDI(CZ], ceey an/)<p”(an/+1, e Ayt gnrt). 27

We will use similar notation in other situations without special explanation.

Having now defined all the ingredients of the equality (20), we explain how it
is proved. This is again a standard argument, using the Bruhat decomposition of
a Grassmannian into cells labelled by shuffles, cf. [20], II.1.7 for the case of any
parabolic subgroup in any reductive group.

To give some details in our particular case, let n = n’ + n” and P, ,» C GL,
be the parabolic (block-lower-triangular) subgroup corresponding to (n’, n”). We
denote U, ,~ its unipotent radical and A,’,» = GL, x GL,~ the Levi subgroup.
Then the Iwasawa decomposition implies that

(GLy (Q\GLy (%) K) X (GLy (Q\GLy (0)/ K,

- 28)
> (Up o () Ay (Q)\GL, () / K.

Given f’ € H,s, f” € H,», let f be the function on the right hand side of (28)
corresponding to the function

(g'.g") > |det(g"|""/*- |det(g")| ™% f'(g) f"(g")

on the left hand side. Here |a| is the adelic norm of a. The Hall product f/ * f” is
then given by the parabolic pseudo-Eisenstein series

f' = Q) = > fyg).

YE€Py 1 (Q\GLy (Q)

Now, writing

CL.(f"+ 1) = | S fugbi(e)

uVQNUR) yep, /(@\GL/(@)
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we notice that the Grassmannian Gr(n’, Q") = P, ,,»(Q)\GL,(Q) splits, under the
right U(Q)-action, into (!, orbits (Schubert cells)

2= Pn’,n”(@)\WU(Q)s w e Sh(l’l/, I’l//).

Notice that for w € Sh(n’,n") we have U,, = U N w™! P,y ,»w. This means that

we can write each y € X, uniquely in the form y = P,,»(Q) - w-v forv €
U,(Q)\U(Q) and so
L o= Y | S Flwug)b () du
wesh(n' ) T EU@WE vep @)\v(©@)
- / FOvig)5,(2)'dt
el (Q\UR)

weSh(n’.n"")

and we identify the integral over i corresponding to w, with M, w(’C\T () ®
CT 2w (f")). Note that this argument shows, in particular, that M, is indeed
applicable in this case as the domain of integration reduces to a compact one (since
all we did was re-partition the integral for CT,(f’ % f”)(g), which was over a
compact domain to begin with). We leave the rest to the reader.

Let us note a version of the above statement for the constant term of the n-tuple
Hall product. The proof is similar.

Proposition 6.5. Let ¢1,...,¢, € C°(Ry) and o = 91 ® ... ® ¢, € CFP(R)).
Then

&‘n(*l”((p)) = Z Mw((p)-u

weS,

D. The Mellin Transform of the Constant Term

For f € H, we set Ch,(f) = .#(CT,(f)).

Proposition 6.6. The Mellin integral for Ch, () converges to an analytic function
in the region C'..

Proof. The Mellin transform of CT, (f)@) = 8,(a)'/>*CT,(a) differs from
A (CT,(a)) by a shift of variables, and our statement is equivalent to saying that
M (CT,(a)) converges for

Re(s; —s3) > 0, Re(s, —s3) >0, --- ,Re(s,—1 —s,) > 0, Re(s,) > 0.

To see this, note that by Proposition 6.1 and of boundedness of CT, ( f), the integral
is bounded by
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Cc Cc Cc
S1—82 §2—S S
const/ / / ay (ara)? R (ay .. oan)™
a1=0 Jaya=0 ay...a,=0

xd*aid*(a1a)---d*(a; . ..ay).

Since foc a’d*a converges for Re(s) > 0, the claim follows.

Proposition 6.7. Forany f € SH,, the function Ch, ( f') extends to a meromorphic
Sunction on C".

Before giving the proof, we recall the properties of a classical type of Eisenstein
series due to Selberg [27].
For any s € C we denote by &(s) the following function on Bun;:

E(s) : E+—>deg(E)’ = exp(s-In(deg(E))). (29)
The (formal) Hall product

E(s1) %+ €(sy) = *u(a) ...a)) (30)
is a series of functions on Bun,,, known as the (primitive) Eisenstein—Selberg series,
see [27] and [13], §8.3.

Proposition 6.8. (a) The series (30) converges for s = (s1,...,s,) € C., toa
C®°-function on Bun,,.

(b) Forany g € Bun, the function (Qf(sl) *ew ok Qf(sn)) (g) extends to a meromorphic
function in the s;, with position and order of poles independent on g.

(c) The twisted constant term of (Qf(sl) % eee ok Qf(sn))(g) as a function on g is
given by

CT,(E(s) %+ Es))@r.....an) = Y a""a [] @Csi—s)).
weS, i<j

w(i)>w(j)
Proof. For (a), see, e.g., [13], §8.5, Remark, and take into account the Ringel twist
in the definition of * which translates the shifts by 1/2 into shifts by 1. See also [9],
Proposition 10.4.3 for a slightly weaker statement.

For (b), see [13], §8.6-7.

Finally, (c) follows by the formula (20) applied to the function a®, s € C (the
application is legal because of the decay conditions) and then using Proposition 6.4.

Proof of Proposition 6.7. Tt is enough to assume that f = f] *---x f,, where f, €
Hi =CPRy).Let F, = . #(f,) € % (C) be the Mellin transform of f,. Then
fv = A (F,), and the inverse Mellin integral (understood as in Proposition 4.4) can
be taken along any vertical line Re(s) = o,.

Let us now choose 01, ..., 0, such that 6,4 —0, > 1 foreachv =1,...,n—1
and o, > 1. The equalities .4 (F,) = f, then imply that
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1
F©) = [ FG) - Fas) (€ e €)@
(27”) Re(sy)=0y
Substituting the formula for the twisted constant term of (QE(—sl) * oeee ok

@(—sn)) (g) from Proposition 6.8(c) into the integral for f(g), we represent CT, (f)
as the inverse Mellin transform of the function

F(sivooovs) = 3 Filswa) - Falswe) [] @G5 —s0),

weS, i<j
w(i)>w(j)
which is analytic in the region Re(s,+;) —Re(s,) > 1. Further, if we take 07, ..., 0y,

such that 0,41 — 0, > 1, 0, > 1, then F is bounded on the vertical subspace
Re(s,) = s,. Indeed, each F;, being a Paley—Wiener function, decays exponentially
at the imaginary infinity. On the other hand, the lemma below shows that @(s) is
bounded on vertical lines Re(s) = o¢p > 1. Therefore we can apply the Mellin
inversion (Proposition 4.4) to F and obtain that Ch,(f) = # (ﬁ‘n f) =
F(sy,...,sy) and so it is meromorphic.

Lemma 6.9. For every oy > 1, the function ®(oy + it) is bounded, as a function
of t € R, and decays as |t| — oo.

Proof. Indeed, for s = oy + it, 0p > 1 we have
o0

LS/ + 1) = Y pmn"
n=1

where ¢(n) = |(Z/n)*| is the Euler function. This is bounded by
Y _onnTh = (o).

Further, I'($)/I"(:%!) decays at infinity as s7'/2, as it follows from the Stirling
formula.

E. Intertwiners and the Constant Term

We now study the action of the intertwiners M,, on the Mellin transform of the
constant term.

Proposition 6.10. For ¢ € C{°(R") and any w € &, we have

M (M (@))(5) = A (9)(W(s)) - Py(5).
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Proof. Write ¢ as the inverse Mellin integral of a Paley—Wiener function F over
any vertical subspace o + iR" inside C” , and apply Proposition 6.4.

At this point, we can finish the proof of Theorem 5.4. It remains only to prove
that Ch is a homomorphism of algebras, i.e., that

Chy(f' * ") = Chy(fNSChwr(f"), n=n"+n" 31)

for any f’' € SH, and f” € SH,. Using the formula (20) for the left hand side
and the definition of the shuffle product (5) for the right hand side, we write this as
an equality of two sums over shuffles

Y A (M (CTy(f) & CT(f"))(s5)

WESh, 1 1

n’.n

= > M(CTu(f) & CTu(f")(w(s)) - Duls). (32)

we€Sh, s .1

n’.n

As f’, f” belong to the subalgebra SH, we can write them as

fr=xm(@),  f7=xm(")

for some ¢’ € C§° (R’i), " e C§° (R{’:). By Proposition 6.5, we have

CTu(f) = Y. Mu(g),

wEeS,,

and similarly for CT w (f'). Substituting this to the LHS of the putative equality
(32), we find that it is equal to

S @) 20 @) aue). e =g @¢"  (33)

WweES, weS,
On the other hand, writing s € C" as (s', s”) with s’ € C",s" € C", we have
M (CTy (f') & CTyr(f")(s) = A (CTw(fN() - A CTur (f)("),

and so the summand in the RHS of (32) corresponding to w € Sh, ,~, is equal by
Proposition 6.5, to @,,(s) times
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Yo M@ YW () A (@YW (")) - B (5 By (5

JeS
w//e S,
wieGS,

= Y M@ X W) B (5).

/eSS
n//ebn/
wies,

and further summation over w gives the same result as (33). O

7 Quadratic Relations and Eisenstein Series

Let
o0
S = @Sn, So = C,
=0

be a graded associative algebra over C. The space of degree n relations among
elements of degree 1 is then

R, = Ker{S®" — S,} C S®" (34)

Here we are interested in quadratic relations (n = 2) for the algebra SH generated
by SH| = H; = Cy°(Ry). Because of the analytic nature of elements of H it is
not reasonable to look for relations inside the algebraic tensor product H; ® H; and
we consider a completion of it, namely the space

H1®H1 = -@(Ri)abs

of absolutely tempered distributions on R? , see Corollary 4.5.

Proposition 7.1. If f € H|® H,, then the series

J(NE) = ) deg(E)/*deg(E/E")™"" f(deg(E"),
E'CE

deg(E/E")), E € Buny,

converges absolutely, defining a distribution %1 1(f) on Bun,. The resulting linear
map %11 1 H{®H, — Zist(Buny) extends the Hall multiplication ,; : H, ®
Hl — Hz.

Proof. The points («, ) = (deg(E’),deg(E/E’)) lie on the hyperbola af =
deg(E). An absolutely tempered distribution decays exponentially at the infinity
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of Ri, in particular at the infinity of any such hyperbola. Now the number of
subbundles in £ = (L, V,q) of given degree « = 1/a is one half the number
of primitive vectors in L of norm a. This number of all lattice vectors of norm a
grows linearly with a, so exponential decay of f ensures the convergence.

Remark 7.2. Tt is possible that one can extend H to a bigger algebra, consisting
of some analogs of absolutely tempered distributions on the Bun,, which have
sufficient decay at the infinity. Note that the concept of a tempered distribution on a
semisimple Lie group was introduced by Harish-Chandra [11].

We will therefore understand quadratic relations in SH is a wider sense, as
elements of the space

R, = Ker(%1) C H\®H,. (35)
Let also %, be the space of entire functions F € & ((Cz)pol such that
F(s1,82) + @(s1 —52)F(s2,51) = 0. (36)

Proposition 7.3. The Mellin transform identifies R, with %».

Proof. This follows from an instance of Eq. (31) for m = n = 1 but applied to
absolutely tempered distributions instead of functions with compact support. The
proof in the new case is the same, given the decay (to define the Hall product) and
the analyticity of the Mellin transform.

(G5

Note that %, is a module over the ring & ((CZ)P01

of polynomial growth on vertical planes.

of symmetric entire functions

Example 7.4. Let P(s) = s(s — 1)(s 4+ 1). Then the function
Fii(s1,52) = P(s1—52)"(s1 —52)
belongs to %,. Further, for any A, A, € Ry the function
Fia,(s1.82) = (AY'AY +ATAY) Fri(s1,52)
again lies in %, by the remark above. Let

d d? d?
V, = Pla—) = d®— —a*=—.
(add) a daS a daZ

The inverse Mellin transform of Fj ; is, in virtue of Proposition 4.6 and the Riemann
formula (10), equal to

W 1(ar,a2) = 8i(a1az) - Vo, 0(a?) € Ry,
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and the inverse Mellin transform of F}, j, is the distribution
Wy, (@1, a2) = Wii(ar /M. az/Ay) + Wia(ai/Aa.az/A1) € Ro.

This gives a 2-parameter family of quadratic relations in SH.

Remark 7.5. This 2-parameter family of relations is analogous to the family of
relations

[O(m + D]+ [0(m)] —q[Om)] % [O(m +1)] = q[Om)] *[C(n + 1)]
—[0(n + D] [0(m)]

in the Hall algebra of the category of vector bundles on qu, see [14], §5.2 or [2],
Lemma 16.

We now explain the relation of the above quadratic relations with the functional
equation for Eisenstein-Maas series

1 Im(7)*
E(t,s) = = Z TETEEE 7 € H, Re(s) > 1,
(m.n)=1

see [9], §3.1. It is classical that E(t, s) extends to a function meromorphic in the
entire s-plane and satisfying the functional equation

£*2s—1)

BEs) = s

E(r,1—y).

Further, the poles of E(z, s) are all among the poles of the ratio of the {*-functions,
in particular, they do not depend on 7.
On the other hand, recall (29) the function

€() :Bun; > C, E r— deg(E)".

Here t € Cis a fixed complex number. This function does not lie in H; = C5°(R).
Nevertheless, the correspondence ¢ + &(¢) can be seen as a kind of H-valued
distribution (“operator field”) on C (or, rather, on iR C C). That is, for any Paley—
Wiener function G(¢) we have a well defined element

/ E()G()dt € H.
iR

This simply the function E > f(deg(E)™"), where f = A4 (G) € C{C(R4).
Proposition 6.8(a) implies that for Re(#; — #2) > 0 the Hall product &(#;) *

&(t,) defined as a formal series, converges to a real analytic function on Bun,. This

function essentially reduces to the series E(z, s) above. Indeed, let E; be the bundle
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of rank 2 and degree 1 corresponding to t as in Example 2.4. Rank 1 subbundles
E' = E,, , in E, are parametrized by pairs (m,n) € 72 of coprime integers, taken
modulo simultaneous change of sign. Explicitly, the primitive sublattice L;, , of
E}, , is spanned by m + nt, and we have

) 3 Im(r)”z , _ |m 4+ nt|
deg(Em’n) = ma deg(Et/Emn) - W
Therefore
(€(1) * @) (E) = E(r.(h—h+1)/2). 37

This means that the product &(¢) * &(f,) extends to a meromorphic function of ¢, t,
(with values in the space of functions on Bun,) and we can write a formula looking
like “quadratic commutation relations” in H:

E(t) * () — @(t — ) E(tr) * €(1;) = 0. (38)

The two summands in (38) are given by series converging in different regions,
having no points in common, and the relations should be understood via analytic
continuation. This way of understanding commutation relations is quite standard in
the theory of vertex operators [8]. In our situation it is modified as follows.

In order to translate the relations (38) into actual elements of IQZ, we can rewrite
them in the form “free of denominators”

)11 {P(1—0)- " (—t+1)-a)'a3 — P(ti—1)-{* (1 —1)-aYay} = 0. (39)
Here we write €(#]) ® &(12) as the function (a;,a2) + a}'a? on Bun; x Bun; =
Ri. We then “compare coefficients” in both sides of this equality at any A A7, 1, €
R, by multiplying with 2;"* 15" and integrating (performing the inverse Fourier-
Schwartz transform) along any vertical 2-plane, which we can choose separately for
each summand. This gives a family of distributions ¥, 3, (a1, a2) € Iéz which is the
same as in Example 7.4.

We can thus say that quadratic relations such as (38) are built into the very
definition of the shuffle algebra.

8 Wheels, Cubic Relations, and Zeta Roots

A. Wheels

Let A(s) be a meromorphic function on C with a simple pole at s = 0 and no other
singularities. In this section we sketch a general approach to higher order relations
in the symmetric shuffle algebra ..’ 77 (1) and illustrate it on the case of cubic
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relations in the shuffle algebra completion of the spherical Hall algebra SH, which
corresponds to

As) = Als) = " (=s)(s = D(=s— D).

Our approach is based on studying the following additive patterns of roots of A
which were introduced in [6] and used in the case when A is rational.

Definition 8.1. A wheel of length n for A is a sequence (si,...,s,) of distinct
complex numbers such that

A(s2—51) =0, A(s3—52) =0, -+ ,A(sy, —Sp—1) =0, A(s; —s,) = 0.

Wheels (si,...,s,) and (s; +c,...,s, + ¢) for ¢ € C, will be called equivalent.

In other words, equivalence classes of wheels are the same as ordered sequences
n q
@honz) €C', A@) =0, Yz =0, Y u#0, (p.q) # (1n).
i=1 i=p

Example 8.2. All wheels for A(s) have length 3 or more. The sequences corre-
sponding to wheels of length 3 have, up to permutation, the form

(z1,22,3) = (p,1—p,—1),
where p runs over nontrivial zeroes of {(s). Indeed, zeroes of A are of the form

s = p together with one more zero s = —1. So there are no pairs of them summing
up to 0 and the only triples summing to up O are as stated.

B. Relations and Bar-Complexes

Let S be a graded associative algebra as in Sect. 7. A systematic way of approaching
relations in S is via the bar-complexes

B® = B*(S) = {S?"Q...e P sies;es—> P S,@S,-—>S,,}.
i+j+k=n i+j=n

Here i, j, k, ... run over positive integers. The grading is such that S {X’” is in degree

(—n), while S, is in degree (—1). The differential is given by

p—1
d(s; ® ~~~Sp) = Z(—l)i_lsl Q... 08i-1 QSiSi+1 VS5i+2Q ... ),

i=1
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so that the condition d? = 0 follows from the associativity of S. It is well known
that

H™(B}(S)) = Tor} (C,C),,

the part of the Tor-group which has degree n w.r.t. the grading induced from that
on S. In particular, the rightmost cohomology has the meaning of the space of
generators in degree n, and the previous one is interpreted as the space of relations
which have degree n with respect to the grading on the generators (which, a priori,
can be present in any degree).

As in (34), let R, be the space of degree n relations among generators in degree
1. For instance, quadratic relations are found as Ry = H _Z(BZ'). The next case of
cubic relations corresponds to the complex

d- d—
B} = {51®51®S1.— ($:®5) ® (S ® $2) — S3}.
We treat this case directly. Denote
Rp=R®S1, Ry=851®R, C S§5®5®S:.

We have then an inclusion Ry + Ry3 C Rj3 of subspaces in 51®3 . The left hand
side of this inclusion is, by definition, the space of those cubic relations which follow
algebraically from the quadratic ones. Thus the quotient

R3™ = R3/(Ri2 + Ry3)

can be seen as the space of “new”, essentially cubic, relations.

Proposition 8.3. Assume that the multiplication map S; ® S| — S, is surjective.
Then R3™ is identified with H_Z(B;), the middle cohomology space of B3.

Proof. Denote for short
V=S%, A=Rp, B=Ry, C=R;,

so that A, B C C C V. Under our assumption, the complex B; can be written as

v v e /B2 vc,

with §_3 being the difference of the two projections, and 6_, being the sum of the
two projections. It is a general fact that in such a situation the middle cohomology is
identified with C /(A + B). Explicitly, if (v+ A4, w+ B) € Ker(6—»), thenv+w € C.
The image of v + win C /(A + B) depends only on the class of (v + A,w + B) in
Ker(8_,)/ Im(8_3). We leave the rest to the reader.
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C. Localization of the Bar-Complexes

We now apply the above to the two graded algebras
SIAHN) C S = (@ o(C"H®n, *).
n

By definition, these algebras coincide in degrees 0 and 1, and .. (1) is the
subalgebra in . generated by the degree 1 part which is .} = &(C). Accordingly,
the space of relations of any degree n among degree 1 generators in . and
LS (ML) are the same. As in Sect.7, we will look at relations as elements of
the completed tensor product. That is, for any two Stein manifolds M and N we
write

O(M)&O(N) := O(M x N)

and understand 5”1@” = ¢ (C") accordingly. The version of the bar-complex of .
using ®, has the form

B, = {ﬁ(@”) N @ ﬁ(@n)GiXG./X@
i+j+k=n

- @ ocHe=e - ﬁ(@”)en}

i+j=n

Notice that each term of this complex is a module over the ring &(C")®" of
symmetric entire functions, and the differentials, coming from multiplication in
&, are O(C")S-linear. This means that B} is the complex of global section of
a complex of vector bundles %5 on the Stein manifold Sym” (C). Explicitly, for
i1 + ...+ i, = n wedenote by

the symmetrization map (a finite flat morphism). Then

B = B i) Osymivc: (40)

in particular, % is a complex of holomorphic vector bundles on Sym” (C). This
allows us to approach the cohomology of B} (and, in particular, relations in .%’) in
a more geometric way, by studying the cohomology of the fibers

. _ .
%H,T - %}’l ®6>Sym”(c) ﬁT
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of the complex #; over various points 7 € Sym”(C). Now, our main technical
result is as follows.

Theorem 8.4. Let T = {sV,...,s0} € Sym"(C) be an unordered collection
of distinct points. Suppose that no subset of T (in any order) is a wheel. Then
By 1 is exact everywhere except the leftmost term, where the cohomology is one-
dimensional.

Recall that similar exactness of all the bar-complexes Bj(S) for a graded
algebra S means that S is quadratic Koszul. The wheels represent therefore local
obstructions to Koszulity for .7

D. Cubic Relations in SH and Zeta Roots

Before giving the proof of Theorem 8.4, let us explain how to apply it to the case
of cubic relations for A = A. Let p be a nontrivial zero of {(s). Denote by W, C
Sym?(C) the subset of points {5}, 52,53} such that, after some renumbering of the
s; we have s, —s; = p, s3 — s» = 1 — p (such a renumbering is then unique). Let
W be the union of the W, over all nontrivial zeroes p of {(s). The following is then
straightforward.

Proposition 8.5. (a) Each W, is a complex submanifold in Sym?*(C), isomorphic
to C, the symmetric function s\ + s, + s3 establishing an isomorphism.

(b) Forp # p' we have W, N Wy = @.

(c) A point {sy, 52,53} € Sym*(C) lies in W, if and only if it is a wheel (in some
numbering). O

Theorem 8.6. Let A(s) = A(s).

(a) The multiplication map A Q.71 — % is surjective, so, by Proposition 8.3, the
space

H7*(B3) = H°(Sym*(C), H*(%453))

is identified with the space of new cubic relations in . as well as in in
S LI (A).

(b) The support of the coherent sheafﬂ_z(%’;) isequalto W = | |W,. Ifpisa
simple root of £ (s), then H > (#3) = Ow, in a neighborhood of W,,.

Remark 8.7. From the point of view of this section, a cubic relation in .. 3¢

is an entire function F(sy,s2,s3) € O(C?) = Y1®3 mapped to the zero element
of .5 by the symmetric shuffle multiplication. On the other hand, from the more
immediate point of view of Sect. 7, a cubic relation in the spherical Hall algebra SH
is a distribution f(a;,az,as3) on R} = (Bun1)3 , mapped to the zero distribution
on Bunj by the Hall multiplication. The relation between f and F is that of the
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Mellin transform. Note that whenever f(ay,az,as) is a relation, then so is the
rescaling f(aa;,aas,aas) for any o € Ry. Taking a weighted average of such
rescalings, i.e., a convolution

/ flaay,car, aasz)p(@)d*o
0

corresponds, on the Mellin transform side, to multiplying F (s, 52, s3) by a function
of the form ¥ (s; 4+ s» + s3). Since 51 + 57 + 53 is a global coordinate on each W,
Theorem 8.6 admits the following striking interpretation: the space of new cubic
relations in SH modulo rescaling is identified with the space spanned by nontrivial
zeroes of (s).

This fact is also true (with a similar proof) for the Hall algebras corresponding to
arbitrary compactified arithmetic curves ( = spectra of rings of integers in number
fields) as well as (with an easier, more algebraic proof) for Hall algebras of smooth
projective curves X /F,. Note that for X = P! there are no new cubic relations
[2, 14], while for X elliptic, new cubic relations were found in [24]. Our results
show that presence of cubic relations is a general phenomenon, holding for all curves
X /F, of genus = 1.

We will give a detailed proof of Theorem 8.4 and a sketch of proof of
Theorem 8.6, which will be taken up and generalized in a subsequent paper.

E. Permuhohedra and the Proof of Theorem 8.4

Our approach, similar to that of [1,19], uses the permutohedron, which is the convex
polytope

P, = Conv(&,-(1,2,...,n)) C R”

of dimension (n — 1). Thus vertices of P, are the n! vectors (iy,...,i,) for all
the permutations. It is well known that faces of P, are in bijection with sequences
(I1,...,1,) of subsets of {1,...,n} which form a disjoint decomposition. We
denote [/, ..., I,] the case corresponding to (/1, ..., 1,). Subfaces of [/1,...,I,]
correspond to sequences obtained by refining (I1,...,1,), i.e., by replacing each
I,, in its turn, by a sequence (J, 1, ..., J,4,) of subsets of /, forming a disjoint
decomposition. Thus, as a polytope,

[11,...,1p] =~ P|11|X-XP‘IP‘, dim[ll,...,lp] =n-—p.

Let C*(P,) be the cochain complex of P, with complex coefficients. The basis
of C"(P,) is formed by the 1f, the characteristic functions of the m-dimensional
faces. We choose an orientation for each face. Then
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d(lp) = Y epp-1p.
F'DF

Here the sum is over (m + 1)-dimensional faces F’ containing F, and eppr = 1
is the sign factor read from the orientations of F' and F’.

On the other hand, (40) gives a natural basis of %’Z?"" labeled by the disjoint
union of the preimages

(T1,,-+.T1,) € Sym"(C) x -+ x Sym”(C)

for all sequences of subsets (/y,...,1,), forming a disjoint decomposition of

an isomorphism of graded vector spaces
Bt — C*(P)n]. en...., = 1y 1, 41)
To see the differential in 93; T from this point of view, consider the matrix
o= Asll. Ag=A6)—s). 1<i.j<n i#]

Let F C F’ be a codimension 1 embedding of faces of P,. That is, F/ =
[{1,...,1,] and F is a minimal refinement of F ’,1.e., is obtained by replacing some
I, by (I',I") where I’, I" are nonempty sets forming a disjoint decomposition of
I,. We put

AFF’ = l—[ Ajrir.

i‘el’
i//El//

It is immediately so see that the A satisfy the multiplicativity property for any
pair of composable codimension 1 embeddings:

A,FF/A,F/F// = A,FF/, F C F/ C FU.

This implies that by putting

de(lp) = Y g epp - 1p,
FISF

we obtain a differential d¢ in C*(P,, C) with square 0. This is a certain perturbation
of the cochain differential for P,. We then see easily:
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Proposition 8.8. The isomorphism (41) defines an isomorphism of complexes
By — (C'(P,,), d,g)[n].

|

Note that the perturbed differential d¢ can be written for any system £ =
| Ailli; of complex numbers. Conceptually, £ is a C-valued function on the root
system of type A,—;. We simply refer to £ as a matrix.

By a wheel for £ we mean a sequence of iy, . .., i, of indices such that

A. ZA,,'ZJ‘}:"':A. ZA. =0

1,02 ip—1.ip ip,i1
Theorem 8.4 is now a consequence of the following result.

Proposition 8.9. Let £ = |All;2, be an n by n matrix without wheels. Then
(C *(Py),d g) is exact outside of the leftmost term, where the cohomology (kernel)
is one-dimensional.

Proof. Foraface F = [I,...,1,] of P, we put

A= [T % (42)

U<V i€ly
JEh

Then for an embedding F' C F’ of codimension 1 we have
Ar = Apr-App.
This means that we have a morphism of complexes
¥ :(C*(P),ds) — (C*(P).d), ¥(r)=Ar-1p,
where d is the usual cochain differential. As P, is a convex polytope, (C*(P), d)
is exact outside the leftmost term, with H° = C. We now analyze the kernel and

cokernel of ¥. For a face F of P, as before we call the depth of P the number of
factors in (42) which are zero. In other words, we put

Z = {G.j):i#j =0} C {l,....n}" (43)
Then the depth of F is the number
dpt(F) = #{(i,j)eZ: du<v: ieI,L,jeI\,}. 44)

Note that if F is a subface of F’, then dpt(F) = dpt(F’). Therefore we have a
descending chain of polyhedral subcomplexes
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PN = U F Cc P, r=0.
dpt(F)=r

Lemma 8.10. (a) The complex Coker (W) is isomorphic to the relative cochain
complex C*(P,, PW).

(b) The complex Ker(W¥) has a filtration with quotients isomorphic to the relative
cochain complexes C*(P"), PU+D) r > 1.

Proof. The matrix of ¥ is diagonal in the chosen bases, and Im(¥) C C*(P,) is
spanned by the 1z, F € P, which shows (a). As for (b), for each r > 0 we have
the cochain subcomplex C*(P,)*" C C*(P) spanned by 17 with dpt(F) = r,
with C*(P,)>! = Ker(¥). The quotient C*(P,)>"/C*(P,)>"*! is identified with
C*(P™, P+ in a way similar to (a). O

Note that the weights of faces of P, and the polyhedral subcomplexes P are
defined entirely in terms of the subset Z in (43) which can be, a priori, arbitrary.
Now, absense of wheels in £ (or, what is the same, in Z) means that after an
appropriate renumbering of {1,...,n}, any (i, j) € Z satisfies i < j. Such renum-
bering does not change the combinatorial type of any of the P ). Proposition 8.9 is
therefore a consequence of the following purely combinatorial fact.

Proposition 8.11. Let Z C {(i, j)| 1 <i < j < n} be any subset of positive roots
for A,_1. Then each polyhedral complex P") is either empty or contractible.

Proof. For a permutationo € G, let
0(0) = {(i <)l o) <o())}

be the set of order preserving pairs of o. Thus the weak Bruhat order on G, is
given by

o<t iff O(r) € O(o).
Now, fir a face F C P, we have

dpt(F) = i 0(0) N Z|. 45
pt(F) [U]envggml (0) | (45)

Indeed, for F = [o] a vertex this is precisely the definition (44), while for F =
[{1,...,1,] the minimum in the RHS of (45) is achieved for o arranging each /, in
the decreasing order and is equal to dpt(F).

Let D = |Z|. Then for r > d we have P") = @, while for r < d we have that
P ") contains at least the vertex [e] corresponding to the unit permutation. Further,
by (45), the set Vert(P")) C &, is a “left order ideal” with respect to the weak
Bruhat order: with each t, it contains all & < 7. This implies that P") contracts
onto [e].

This finishes the proof of Theorem 8.4.
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F. Proof of Theorem 8.6 (Sketch)

(a) It is enough to prove that the map of the fibers %, % - B, lT overany T =
{s),59} € Sym?(C) is surjective. If 59 # 59, it follows from Theorem 8.4, as
there are no wheels of length 2. Assume now that s? = sg = 5. The fiber of
P1.1+Oc2 at {s°, 5%} is then ﬁ((C)/mf(,, the space of first jets of sections of O at
s°. Since A(s) has a first order pole at 0 with residue 1, for any analytic function
f(s1,52) we have

. 1d o
lim (k11 F)(s1,82) = 3% F(s+1¢,5°—1).

S1,52—>S8 =0

This implies that the subspace mgo/ mfo of jets vanishing at s, will map
surjectively onto the fiber of Oy ) at {59, 59},

(b) For T = {51, 5,53} € Sym*(C) let C7 be the skyscraper sheaf at 7. We have a
spectral sequence

EV — Tor>™ O (i (%), C HI™H(83 46
Y = Tor; (H'(#3),.Cr) = (%3 1)- (46)

We analyze it backwards, using the information about the abutment to say
something about E, and then about the H’ (23). Some parts of this analysis
involve straightforward computations which we omit, highlighting the concep-
tual points only.

First, let A C Sym*(C) be the locus of T such that s; = s ; for some i # j.
Note that W N A = @. Theorem 8.4 implies that for 7 ¢ W U A the abutment of
(46) is zero for j —i > —3 and this implies that both H % and H ™! of 25 are zero
outside W U A.

Next, B;' = sym3(C)> SO d—2 (%5 1) is a sheaf of ideals there and therefore
H _1(%; ) is the structure sheaf of an analytic subspace # C Sym*(C). By the
above the support of # is contained in W U A.

Next, we analyze (46) in the case when ' € W. The permutohedron P; is a
hexagon, so for T ¢ A the complex %3 ;- is, by Proposition 8.8, the perturbed
cochain complex of this hexagon corresponding to the matrix £ = ||A;|| = || A(s; —
s;)|. If T e W, then, after renumbering, we have A;» = A3 = A3 = 0, while
other A; # 0. >From this it is an elementary computation to find the dimensions of
the cohomology spaces of %3 ;- to be

h?=3h?=3 h'=1
This, shows that % contains W. Further, let p be a nontrivial zero of {(s) of

multiplicity v and %, be the part of % supported on W,. We can then analyze the
last map in complex %3 near T = {p +c,1 — p + ¢, —1 + ¢} € W, directly, using
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the family of perturbed differentials dg : C'(P3) — C2(P3) with £ = || A(s; —s,)||
depending on {si, 52, s3} near W,. This is again an elementary computation which
yields that %/, is isomorphic to the vth infinitesimal neighborhood of W, in an
embedded surface. In particular, if p is a simple root, then %, = W, as an analytic
subspace.

This means that # = H _1(%5) is given locally in Sym*(C) — A by two
equations and so dim Tor?yms((c) (ﬂ_l(ﬂg ),Cr) = 2 forany T € W. From the
equality h_z(%;j) = 3 and the spectral sequence (46) we then conclude that
dim(ﬂ_z(%;) ® Cr) = l,andso W C supp(ﬂ_z(%’;)). The statement that
H™? (#3) = Ow, near W, for a simple root p, uses an additional local calculation
which we omit. We also omit the analysis of the case 7 € A which shows that the
support of H 2 (%53) does not meet A. O
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Wall-Crossing Structures in Donaldson-Thomas
Invariants, Integrable Systems and Mirror
Symmetry

Maxim Kontsevich and Yan Soibelman

1 Introduction

1.1 DT-Invariants and Poisson Manifolds

The paper is devoted to the notion of wall-crossing structure and its constructions
and applications in various situations. It is motivated by our previous work on Mirror
Symmetry and Donaldson—-Thomas invariants (see [30,31,35,36]) where examples
of wall-crossing structures appeared for the first time.

We consider two types of wall-crossing structures in this paper: the one related
to the theory of Donaldson—Thomas invariants (DT-invariants for short) and the one
related to Mirror Symmetry. Since our main motivation is the former, let discuss it
in detail.

It was proposed in [30], Sect.1.5 (see also [36], Sect.7.2) that so-called
numerical Donaldson-Thomas invariants counting semistable objects in three-
dimensional Calabi—Yau categories (DT-invariants of 3CY categories for short)
introduced in loc.cit. encode a geometric object, which is a (formal) Poisson
manifold. Construction of the Poisson manifold relies on the wall-crossing formulas
(WCEF for short) introduced in loc.cit.

Conversely, we suggested there that the DT-invariants can be recovered from that
formal Poisson manifold. Therefore, collections of DT-invariants satisfying WCF
are in one-to-one correspondence with a certain class of formal Poisson manifolds.

M. Kontsevich
THES, 35 route de Chartres, 91440 Bures-sur-Yvette, France
e-mail: maxim@ihes.fr

Y. Soibelman (B<)
Department of Mathematics, KSU, Manhattan, KS 66506, USA
e-mail: soibel @math.ksu.edu

R. Castano-Bernard et al. (eds.), Homological Mirror Symmetry and Tropical Geometry, 197
Lecture Notes of the Unione Matematica Italiana 15,

DOI 10.1007/978-3-319-06514-4_6,

© Springer International Publishing Switzerland 2014


mailto:maxim@ihes.fr
mailto:soibel@math.ksu.edu

198 M. Kontsevich and Y. Soibelman

Wall-crossing formulas of this type appear in physics (as samples of the
numerous literature on the subject we mention [2,9, 11, 18-21]).

WCEF can be naturally realized as identities in the group of (formal) Poisson
automorphisms of the Poisson torus naturally associated with the Grothendieck
group of the category. In the categorical framework wall-crossing formulas depend
on a choice of stability condition on the category. It was explained in [30], Sect. 2
that in fact wall-crossing formulas arise in a more general framework of stability
data on graded Lie algebras. The above-discussed case of 3CY categories endowed
with stability condition corresponds to the case of torus Lie algebras endowed with
the stability data given by the DT-invariants of the category.

On the other hand, in our work on Mirror Symmetry (see [31,35]) a different
class of wall-crossing formulas appeared (later it was considered in [24,25] in the
higher-dimensional case). They can be realized as identities in the group of (formal)
volume-preserving transformations of a complex torus. This type of formulas is
related to the counting of pseudo-holomorphic discs and hence does not depend on
the stability condition on the relevant Fukaya category.

Similarities between two types of wall-crossing formulas mentioned above lead
to a question: is there a structure which makes the formulas similar? The answer is
positive. We call it wall-crossing structure (WCS for short) in this paper.

Besides of the general formalism of WCS we also discuss several new situations
in which they appear, most notably, the case of complex integrable systems “with
central charge” (see [30] and Sect.4.2 below). Those include Hitchin integrable
systems or Seiberg—Witten integrable systems. To make a link with the above-
mentioned categorical version of DT-invariants, we observe that in many cases the
(universal cover of the) base of complex integrable system can be thought of as a
subspace in the space of stability conditions on some 3CY category. In the case of
Hitchin integrable system this category is the Fukaya category of the local Calabi—
Yau threefold associated with the spectral curve. An interesting fact is that using
the geometry of the base of the integrable system we can construct a collection of
integers which are similar to DT-invariants (e.g. they satisfy WCF). It is natural to
expect that they coincide with the DT-invariants of the above-mentioned Fukaya
category.

More precisely, in this paper we are going to discuss three different ways to
produce collections of integer numbers which enjoy WCF (and subsequently define
WCS).

The first construction of the invariants is based on the count of certain gradient
trees on the base of the integrable system (they can be called “tropical DT-
invariants” because of that).

The second construction extracts DT-invariants from the geometry of the formal
neighborhood of a singular curve (“wheel of projective lines”) in a certain algebraic
variety. This variety is a compactification of the mirror dual to the total space of the
integrable system.

Finally, for a “good” non-compact Calabi—Yau threefold one can define DT-
invariants of its Fukaya category (we expect they can be defined for any Calabi—Yau
threefold). Moreover the moduli space of deformations of the Calabi—Yau threefold
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is naturally a base of a complex integrable system with central charge. Hypotheti-
cally the base can be embedded into the space of stability conditions on the Fukaya
category.

We conjecture (see Conjecture 1.2.1) that all three approaches agree in the cases
when they all can be applied.

In the case of non-compact Calabi—Yau threefolds, the formal Poisson manifold
mentioned at the beginning of this subsection is a “completion at infinity” of an
algebraic Poisson variety. In some examples this variety can be realized as the
moduli space of local systems on a punctured curve.

1.2 Three Constructions

Here we describe the above-mentioned three approaches (constructions) with more
details.

1. For a complex integrable system = : M — B with central charge the following
geometry arises on its base B.

Denote by B® C B an open dense subset parametrizing non-degenerate fibers
of 7. There is a local system I” — B with fibers I, = H,(nx~'(b),Z). The
local system carries an integer skew-symmetric pairing. In general the pairing
can be degenerate, hence M is a Poisson manifold only.

There is a well-defined central charge Z € I'(B°,I"Y ® C), where I"" is
the dual local system. The central charge can be thought of as a local embedding
B —>TI)/®C.

Then (under some conditions on B) we assign to every generic point b € B°
and every y € I, an integer number £2,””(y) € Z which we informally
call tropical DT-invariant. Our construction uses tropical trees on B with
external vertices at the smooth part of Bs"¢ = B — B9 as well as wall-
crossing formulas from [30]. The construction is reminiscent to the attractor
flow story in supergravity (see [9]) recast in mathematical terms in [36]. Edges
of the tropical trees are also gradient lines of the functions on B given by
b |Zy(y)|*.y € L.

2. Here we assume for simplicity that the skew-symmetric form on I" is non-
degenerate, hence M is a holomorphic symplectic manifold (this assumption is
not necessary and will be relaxed in the main body of the paper). Let w?>° denote
the holomorphic symplectic form. Also assume that the above integrable system
is endowed with a holomorphic Lagrangian section s : B — M. Then we can
assign to the above data a filtered associative algebra of finite type over C (in fact
over Z). Roughly speaking, it is the algebra of endomorphisms (in the Fukaya
category of (M, Re(w*?)) of the Lagrangian submanifold s(B) with filtration
coming from areas of pseudo-holomorphic discs. Let MY denotes the affine
scheme of finite type, which is the spectrum of this algebra. It can be thought
of as a mirror dual to the symplectic manifold (M, Re(w*")). Actual geometric
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construction goes along the lines of [31] and uses the corresponding WCF. Then
MY is a complex symplectic manifold of the same complex dimension 2n.
Hypothetically, for a reductive group G and the corresponding Hitchin integrable
system on a smooth projective curve, the space MV can be identified with the
moduli space of “G-local systems on the same curve (Betti realization), where
LG is the Langlands dual group.

We will reconstruct the collection of integer numbers satisfying WCF using
the geometry of MY. Namely, with M one can canonically associate a ZPL-
space Sk := Sk(M) called the skeleton which sits in the Berkovich spectrum of
MY (see [31] and Sect. 6.5. below for the details). Hypothetically, each point b €
B gives rise to a piecewise linear embedding i, : C* ~ R? — {0} — Sk. In the
case of Hitchin integrable systems it can be interpreted in terms of the asymptotic
behavior of the monodromy of a connection depending on small parameter.

From the point of view of the geometry of MV this embedding can be
interpreted such as follows. We have a (partial) Poisson compactification MY
of MY by normal crossing divisors and a singular curve C which is a “wheel”
of projective lines CP' in MV — MV, and such that locally near C the space
‘MY is isomorphic to a toric Poisson variety endowed with a wheel of one-
dimensional toric strata. The embedding i} gives rise to an element Z, €
H'(U(C)NMY,Z)®C, where U.(C) is a small tubular neighborhood of C . In
other words, we have a linear functional Z;, : H;(U,(C)NMV,Z) ~ I, — C.

Simple arguments from the deformation theory show that, after a choice of
Zy, deformations of the above local toric model are parametrized by collections
(£22)5(y))yer,—oy satisfying the Support Property from [30]. Moreover, varying
the point b € B° we arrive to the collection of numbers satisfying WCF.

3. There is a class of algebraic complex integrable systems with central charge
associated with non-compact Calabi—Yau threefolds. The base of the integrable
system associated with a Calabi—Yau threefold X is (roughly) isomorphic to the
moduli space of deformations of X. It looks plausible that all Hitchin systems
arise in this way (see [12] for the A — D — E case). Hypothetically, any point
b € BY gives rise to a stability condition on the category .% (X), the Fukaya
category of X. According to the general theory of [30, 34] with a stability
condition on .% (X)) one can associate a collection £2;“(y) of “categorical” DT-
invariants of % (X).

Conjecture 1.2.1. 2, (y) = QU5(y) = 28 (y).
This conjecture should be the guiding line for the paper.

Remark 1.2.2. For Hitchin system with the group SL(n, C) Gaiotto, Moore and
Neitzke proposed an interpretation of the invariants £2;“(y) as counting invariants
of certain “networks” on the spectral curve of the Hitchin system (for n = 2 they are
geodesics of the quadratic differential defined by the point 5 € B°). The trees in the
definition of .Qlimp (y) are different from the networks, since they are subsets of the
base B rather than of the spectral curve. We do not have a “counting” interpretation
for the numbers .Qé”s()/).
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The concept of wall-crossing structure (WCS for short) underlying all three
constructions is discussed in the next section, starting with WCS in a vector space.
Intuitively, WCS is given by a collection of group elements parametrized by pairs
of points outside of codimension one “walls” and satisfying some consistency
conditions. We observe that WCS can be described in different ways, in particular,
as a sheaf of sets.

Furthermore, WCS is determined by simpler data, which we call initial data
for WCS. In the case of complex integrable systems with central charge discussed
later in the paper, the initial data are ultimately related to the behavior of the affine
structure on the base near the discriminant set B, The above conjecture can be
reformulated as an equivalence of three wall-crossing structures defined in three
different ways.

1.3 Content of the Paper

After the detailed discussion of the Conjecture 1.2.1 let us briefly explain other
topics which we discuss in the paper.

Sections 2 and 3 are devoted to the concept of wall-crossing structure and
examples. We introduce several useful notions like e.g. support of WCS (this
concept is related to the Support Property from [30] which in turn controls the
support of DT-invariants). We introduce the notion of attractor flow (the latter goes
back to supergravity, see [9-11]) and define initial data in terms of trees with edges
which are trajectories of the attractor flow. The initial data can be thought of as a
space of “boundary values” which are assigned to “free ends” of attractor trees.

We start Sect. 4 with a brief discussion of complex integrable systems from the
point of view of Hodge theory. In fact we consider not only polarized integrable
systems but semipolarized as well. In the latter case fibers are semiabelian varieties
with polarized quotients. In the case of Hitchin the semipolarized integrable systems
appears when the Higgs field has singularities. Then we introduce the notion of a
complex integrable system with the central charge. We also explain the construction
of WCS and initial data for complex integrable systems with central charge. The
initial data are related to the behavior of the integrable system at the discriminant
set.

The approach to DT-invariants via wheels of projective lines is the subject of
Sect. 5. The idea which we have already discussed above is that DT-invariants can
be interpreted as “coordinates” on the moduli space of deformations of the formal
neighborhood of a wheel of projective lines in a Poisson toric variety.

The relationship of WCS and SYZ picture of Mirror Symmetry is discussed in
Sect. 6. Among other things we argue that the mirror dual to the total space of
an integrable system with central charge is an affine scheme of finite type over
Z. We also stress the role of canonical B-field, which is a 2-torsion. We explain
how the set up of Sect.5 appears in this framework. Roughly speaking the mirror
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dual is a log Calabi—Yau whose skeleton is isomorphic to the base of the integrable
system. Wheel of lines is related to a choice of central charge.

Deformation theory of non-compact Calabi—Yau threefolds is the subject of
Sect.7. We discuss there not only the smoothness of the moduli space but also
some plausible assumptions under which the Fukaya category and Donaldson—
Thomas invariants are well-defined. Moduli spaces of such deformations serve
as bases of the corresponding integrable systems. This gives a generalization of
the work [12] where the case of local Calabi—Yau threefolds associated with
ALE spaces was considered. We should also mention the papers [13, 14] which
initiated mathematical works on the relationship between Calabi—Yau threefolds
and complex integrable systems. In that case the authors considered compact
Calabi—Yau threefolds, differently from [12]. The corresponding complex integrable
systems and their relationship to WCS are discussed in Sect. 9.

Section 8 is essentially devoted to GL(r) Hitchin integrable systems with
possibly irregular singularities (although it also contains other interesting topics like
deformation theory of complex Lagrangian manifolds in Sect. 8.2). In the case of
Hitchin integrable systems many structures discussed earlier for general complex
integrable systems admit non-trivial interpretations in terms of (irregular) spectral
curves. Our approach to the notion of irregular spectral curve is non-standard (in
particular it is quite different from the one in [4]). Roughly speaking, the spectral
curve is defined as an effective divisor in the Poisson surface obtained from the
compactified cotangent bundle of the initial curve by a series of blow-ups. The
existence of the smooth locus in the base of complex integrable system formed
by such spectral curves is related to the existence of a solution to additive Deligne—
Simpson problem (see Sect. 8.3). In that case the general machinery of Sect.4 can
be applied.

We remark that Sect. 8.6 contains several interesting conjectures about the mirror
dual to the total space of GL(r) Hitchin integrable system which are related to
different topics which we do not discuss here. In particular, the conjectures about
extension of the (twistor) family over C* of mirror duals to the whole line C relate
those mirror duals to WKB asymptotics of flat section of connections with a small
parameter and to the corresponding theory of resurgent functions. This relationship
has a flavor of “non-linear Hodge theory of infinite rank™ and deserves further study.

In Sect. 9 we discuss WCS, attractor flow and DT-invariants in the framework of
compact Calabi—Yau threefolds. As we have already mentioned, the corresponding
complex integrable systems were studied by Donagi and Markman. They are
nonpolarized. In this framework one still expects the WCS but the initial data are
determined by the values of DT-invariants not only at conifold points (i.e. B*"§
in the above notation) but also by their values at the so-called attractor points.
The value of DT-invariants at a generic conifold point should be equal to 1. This
restriction is not completely clear from first principles. The values of DT-invariants
at the attractor points are arbitrary integers.

Section 10 is devoted to a version of WCS for the Lie algebra of volume-
preserving vector fields on an algebraic torus. This WCS arises naturally in Mirror
Symmetry, in the study of SYZ picture of mirror dual families of collapsing
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Calabi—Yau manifolds (see [24, 25, 31]). The formalism of WCS in this case is
a bit more complicated than the one developed in the main body of the paper.
Nevertheless, there are several surprising similarities between them. It is natural
to suggest that certain (not yet discovered) unified structure is hidden behind.

In the appendix we describe a cocycle with coefficients in Z/2Z associated with a
skew-symmetric form. It is used in the definition of the canonical B-field in Sect. 6.

Finally, we should say that the main goal of our paper is to describe the general
picture of the rich geometry of Wall Crossing Structures. We have tried to formulate
(sometimes in the form of conjectures and assumptions) of what should be true. As
aresult, besides of proven theorems the paper contains many ideas and new projects.
On the other hand, many aspects of the story are not discussed (or just touched) in
this paper, in particular quantum versions of the results or the relation to canonical
bases in cluster algebras, etc.

2  Wall-Crossing Structures

Wall-crossing formulas presented in [30] are identities in certain pronilpotent groups
of automorphisms. It is convenient to axiomatize the corresponding structure, which
appears in a completely different situations. In particular it generalizes the notion of
stability data on a graded Lie algebra introduced in the loc.cit.

In this section I' denotes a fixed finitely-generated free abelian group, i.e.
I ~ ZF for some k € Z-. The associated real vector space is g := I' @ R.
We will denote by g a fixed I"-graded Lie algebra over Q,

s=Py,.

yer

2.1 Wall-Crossing Structures on a Vector Space

2.1.1 Nilpotent Case

Let us assume that the set

Suppg:={yel'|g, #0}C I

is finite and is contained in an open half-space in Ig. In particular, all elements
of Supp g are non-zero, i.e. go = 0. Under our assumption the Lie algebra g is
nilpotent. Let us denote by G the corresponding nilpotent group. The exponential
map exp : g — G is a bijection of sets.

The finite union of hyperplanes y+ C T r (“wall associated with y”) will be
denoted by Wally. Its complement has a finite number of connected components
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which are open convex domains in I'y. These components are exactly open strata in
the natural stratification of Iy associated with the finite collection of hyperplanes
(yl)y esuppa” Notice that different elements y € Supp(g) can give the same
hyperplane,

vit =y <=l r

Definition 2.1.1. A (global) wall-crossing structure ((global) WCS for short) for g
is an assignment

1,y2) > &€y, €G

for any yi, y, € Iy —Wally which is locally constant in yy, y», satisfies the cocycle
condition

8yiy " &y = &yys VV2.Y2. V3 € FI; — Wallg

and such that in the case when the straight interval connecting y; and y, intersects
only one of hyperplanes y then

log(gy,.y,) € @ 9y -

Yy lly

It follows from the definition that we can associate with any stratum 7 of
codimension 1 (which is an open domain in = for some y € Supp g) a “jump”

8t = 8y

where points y;, y, are such that y;(y) > 0, y2(y) < 0, and the interval connecting
y1 with y, intersects T and no other strata of codimension > 1 (hence this interval
does not intersect other hyperplanes in our collection, except y=~). Obviously, a
WCS is uniquely determined by the collection of jumps (g satisfying the
cocycle condition for each stratum of codimension 2.

)codimr=l’

2.1.2 Description in Terms of Sheaves and Groups

Notice that the complement Iy — Wall, contains two distinguished components
Uy, U_ (which are different iff g # 0) consisting of points y € Iy such that
y(y) > 0 (resp. y(y) < 0) for all y € Supp g. Hence with any global WCS o =
(g),.y,) We can associate an element

g+— =8,y €G, yr €Us.
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We will prove later in this section (see Theorem 2.1.6) that the map 0 — g4 —
provides a bijection between the set of wall-crossing structures and G (considered
as a set).

For any point y € Iy we have a decomposition of g (considered as a vector
space) into the direct sum of three vector spaces

g=gV @) ®g?

corresponding to components g, such that y(y) € R is negative, zero or positive
respectively. Obviously all these subspaces are I"-graded Lie subalgebras of g. We
denote by GV, G(()y ), Gg_y) the corresponding nilpotent subgroups of G. Then it is
easy to see that the multiplication map

GV %G xGY -G L (g-.80,84) > &80 g+

is a bijection. Hence any element g € G can be uniquely decomposed as the product

g=8Yg gy

We denote by 7, : G — Géy ) = GON\G/ Gﬂry) the canonical projection to the

double coset. In the above notation we have r, (g) = g(()y ). We claim that there exists

a sheaf of sets on Iy with the stalk over y € I'y given by G(()y ),
This is a particular case of the following general construction. Suppose we are
given:

(a) atopological space M ;

(b) asetS;

(c) an assignment to any point m € M of a set S,, and a surjection ,, : S — S,
such that for any two elements s1, s, € S the set {m € M |m,,(s1) = 7 (s2)} is
openin M.

Then the above data give rise to a sheaf of sets . on M in the following way.
Its étalé space 7€ consists of pairs {(m, s")jm € M,s’ € S,,}. A base of topology
is given by the sets W,y = {(m, s")|m € U,s’ = m,,(s)}, where s runs through the
set S and U runs through the set of open subsets of M.

One can easily prove the following result.

Lemma 2.1.2. The projection et M, (m,s") = m is a local homeomorphism.

Using the standard equivalence between sheaves of sets and local homeomorphisms
(étale maps), we obtain

Corollary 2.1.3. The above construction gives rise to a sheaf of sets .# such that
the stalk .y, is equal to S, foranym € M.



206 M. Kontsevich and Y. Soibelman

Let us apply this lemma to the case M = FI{, S =G.S§, = Géy),y e M
and the map 7, : G — G(()y) = G(_y)\G/GSry),g > g(()y) given by the canonical
projection to the double coset. It is easy to see that the openness condition from c)
is satisfied.

Definition 2.1.4. The corresponding sheaf of sets is called the sheaf of wall-
crossing structures and is denoted by WCS,.

Sheaf WCS, is constructible with respect to the natural stratification of I given
by the finite arrangement of hyperplanes y+ C I'y, where y € Supp g.

Notice that if y € I'y — Wall then the stalk at y is G(()y ) = {1}. If the point y
belongs to a stratum of codimension one (i.e. y lies on exactly one wall y1) then the
Lie algebra of the corresponding stalk is Géy ) where Lie(Géy e ®,/|y 9y - Finally,
the stalk at y = 0 is the whole group G.

It will be important for the future to study the space of sections of WCS in the
following situation. Let / C Iy be a straight line intersecting Uy and U_. We
endow [ with the direction from U4 to U_ and require that it does not intersect
strata of codimension bigger or equal than 2. Let yy, ..., y, be the ordered along /
set of intersection points with walls. Then the set of sections I"(/, WCSy) is just the

product [T'_, G{". The natural map

n
@g(())’i) —>g

i=1

is a bijection, hence any element g € G can be uniquely decomposed into

the ordered product of elements of G(()y ) We conclude that the set of sections
I'(I, WCSy) can be identified naturally with G.
Let us consider the following three sets:

(@ S1=0G;
(b) S2=TI'(I'x, WCSy);
(c) S3 being the set of all wall-crossing structures on /.

There are three maps S; — S, — S3 — S} given such as follows:

1. the map S; — S, sends g € G to the section s, such that s¢(y) = g(()y);

2. themap S, — Sz sendsasections € I'(Iy ., WCSy) to the unique WCS such that
for any straight interval connecting two points yi, y», intersecting a hyperplane
y at one point y, and not intersecting other hyperplanes, and such that

y(y1) <0, y2(y) >0

the transformation g, ,, coincides with s(yo) € G(()y") c G,
3. the map §3 — §; sends a WCS o to the corresponding element g4 _ :=

g+.—(0).
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It is clear that the maps S} — S and S3 — S are well-defined. It is not obvious
that the map S, — S indeed takes values in the set of wall-crossing structures.

Proposition 2.1.5. The map S, — S5 is well-defined.

Proof. Our description of the map defines jumps g, for all strata of codimension
one. We need to check the cocycle condition in codimension 2. Let p be any stratum
of codimension 2. It lies in a finite collection of k > 2 different hyperplanes
2k open strata we have two distinguished ones containing points y, y, respectively,
where

yiyi) <0, y2(yi) >0 Vi=1,....k.

There are two paths (up to homotopy) connecting y; and y, contained in the union
of 2k open and 2k codimension one strata near t and intersecting each of the
hyperplanes (yl-l)i=1,___,k at one point. We want to prove that the composition of
jumps along one path coincides with the similar composition along another one. It

follows from the definition of the sheaf WCS|; that both compositions coincide with

g(()y ) where y is any point in p. Hence the cocycle condition is satisfied. ll

Theorem 2.1.6. The above three maps are bijections, and their composition is the
identity map.

We see that sets S, S», S3 are canonically identified with each other.
Proof. We split the proof into three lemmas.
Lemma 2.1.7. The map S; — S» is a bijection.

This map is obviously injective, because the s,(0) = g forany g € G. It is
surjective because the point 0 € Iy belongs to the closure of any stratum (which is
a conical set). Therefore any section is uniquely determined by its value at 0. This
proves first lemma.

Lemma 2.1.8. The composition S — S, — S3 — S is the identity map.

Given g € G let us choose a line / C Iy such that it intersects both sets U
and U_ and does not intersect strata of codimension greater or equal than 2. Let us
endow the line with the direction from Uy to U_. Let us denote by yy, ..., y, the
ordered points of intersection of / with walls. Then g coincides with the ordered

product of g(()y ") and hence g = g+—. This proves the second lemma.

Lemma 2.1.9. The map S3; — S is injective.

Observe that for any point y € Iy which belongs to the stratum of codimension
1 (which is open in a wall) there exists a line / as in the previous lemma and such that
y € [. Because of our choice of the line, there exists a unique iy, 1 < iy < m that

¥y = yi,. We know that the element g4 _ determines uniquely all elements g(()y i), in
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particular g(()yi") = géy ). We conclude that all jumps are determined uniquely by the

element g4 —. This means that the corresponding WCS is also determined uniquely.
This proves the third lemma. Combined together, the three lemmas give the proof
of the theorem. H.

Remark 2.1.10. The set of sections of the sheaf WCS, on any open U C I'y can be
described as the set of locally constant maps from the set of connected components
of intersections of codimension one strata with U to corresponding subgroups of G,
which satisfy the cocycle condition near points of strata of codimension two. Also,
let U C I'g be an open convex subset. We define cones C+(U) C IR as cones
generated by y € I" such that £y(y) > 0 forall y € U. We denote by G+ (U) =
exp(®yecy (v)9y) the corresponding nilpotent Lie groups. Then I'(U, WCS,) ~
G_(U)\G/G(U). There is also a description of the set I"(U, WCS) similar to
the Definition 2.1.1. Namely, in the Definition 2.1.1 we consider pairs y, y, €
U — Wall,.

2.1.3 Pronilpotent Case

Let g = ®,erg, be a graded Lie algebra. We do not impose any restrictions on
Supp(g). In particular we do not assume that the support belongs to a half-space in
IR (cf. Sect. 2.1.1).

Let C C Ik := I' ® R be a convex cone. We assume that C is strict, which
means that the closure of C does not contain a line, or, equivalently, C is contained
in the positive octant (in some coordinates on IR). Yet another equivalent condition:
there exists ¢ € 'y such that the restriction of ¢ to the cone C is a proper map to
R>o.

In this case we define a pronilpotent Lie algebra g¢ as an infinite product

gc ‘= 1_[ gy

yecnr—{o}

and denote by G¢ the corresponding pronilpotent group. The exponential map
identifies g¢ and G¢.
Lie algebra g¢ is the projective limit of nilpotent Lie algebras

k
ey = B o =ac/mf).
yeCNIr—{0},¢(y)<k

where

’”g = EB 9y

yeECNIp(y)>k

is the Lie ideal in gc, and ¢ € Iy is the above function.
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Denote by Gc > = exp(g(ck’;) the corresponding nilpotent group and by prg?p
Ge — Gc, ¢ the natural epimorphism of groups.

Then the sheaf of sets WCS. is defined as the projective limit of the sheaves
wCs (k) It follows from the end of the Remark 2.1.10 that for any open convex

subset U € IR the set of sections WCSg,. (U) admits the following description:

(a) Forany yi, y> € U which do not belong to (Uyecnr—on ¥ 1)YNU we are given
an element g,, ,, € G¢ satisfying the cocycle condition.

(b) The projections of these elements to G(C ¢(U ) satisfy the condition from
Definition 2.1.1.

The latter condition informally means that the “jump” at the generic point of
the hyperplane H = y+ C I{¥, where y € C — {0} belongs to the subgroup
Gen = exp(ny’eCﬂﬂ(y’)J—=H 8y').

In the next definition we extend this picture to the case when the cone C is not
fixed in advance and can depend on a point of Iy

Definition 2.1.11. Letg = ®,<rg, be the graded Lie algebra, as before. We define
the sheaf WCS, on 'y such as follows: for any open subset U the set of sections
I'(U,WCS,) consists of a family of elements g(y,y) € g, suchthat y € U,y €
I' — {0} and y(y) = O satisfying the following condition:

For any y € U there exists a neighborhood U, C U and strict convex cone
Cyu, C Ik such that for any y; € U, the element g(y;,y) # 0iff y # 0 and
Y € Cy,Uy-

Furthermore, let us fix ¢ € I'y such that its restriction to the closure Ty} isa
proper map to Rx. Then we require that for any & > 0 the map

e pre), (exp(Z gL, y)). yi €U,

is an element of the set of sections I"(Uy, WCSg(k) ).
C» Uy ¢
Notice that if Supp(g) is finite and contained in an open half-space in Iy then the
above definition agrees with the one given in Sect. 2.1.2 We also have the following
pronilpotent analog of the Theorem 2.1.6.

Proposition 2.1.12. Assume that Supp(g) C C — {0}, where C is the cone
described at the beginning of this subsection. Then the set of global sections
o = (g(y,v)) of WCSy is in the natural one-to-one correspondence with elements

of g € Ge.
Proof. Follows from the nilpotent case. B

Having a section s € I'(U, WCS) for an open U C Iy we define its support
Supp(s) C U x I'r as a minimal closed, conic in the direction of I'r set which

contains the set of pairs (y, y),y € I'g.y € I suchthat y(y) = 0 and log(g(”)y €
—10}.
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2.2 Wall-Crossing Structure on a Topological Space

Let us consider the following data:

1. A Hausdorff locally connected topological space M (then we will speak about
WCS on M).

2. A local system of finitely-generated free abelian groups of finite rank
n: I —- M.

3. Alocal system of I"-graded Lie algebras g = @VGLE), — M over the field Q.

4. A homomorphism of sheaves of abelian groups Y : I" — Cont,,, where Cont,,
is the sheaf of real-valued continuous functions on M .

Equivalently we can interpret Y locally as a continuous map from a domain in
M to I'y'. Then we define the pull-back sheaf WCSy y := Y *(WCS,), where WCS,
is the sheaf of sets on /'y constructed in the previous subsection.

Definition 2.2.1. A (global) wall-crossing structure on M is a global section of
WCS, y. The support of WCS o is a closed subset of tot({” ® R) whose fiber over
any point m € M is described such as follows: it is a strict convex closed cone
Supp,, , C I',, ® R which is equal to the support of the germ of WCSy ,, at the
point Y(m) € I'};, ® R associated with the section o.

This definition makes obvious the functoriality of the notion of WCS with respect
to pullbacks.

2.3 Examples of Wall-Crossing Structures

(1) Let us fix a free abelian group of finite rank I" together with a I"-graded Lie
algebra ¢ = ®,erg, and a homomorphism of abelian groups Z : I' — C
(central charge). Then we take M = R/2nZ, and define on M constant local
systems with fibers I and g. We set Y5(y) = Im(e "% Z(y)), where 6 € R.
Then a WCS associated with this choice is the same as stability data on g in the
sense of [30]. Family of stability data from [30] parametrized by the topological
space M is the same as WCS on R/27Z x Hom(I", C) with constant local
systems I, g and the above map Y.

(2) Let us fix I',g,Z € Hom([I,C) as in Example (1). Let M = R/2nZ x
Hom(I",C). We endow M with constant local systems with fibers I" and g
respectively.

The subset My = R/2nZ x {Z} C M is isomorphic to the one from
the previous example. Then interpreting WCS on M7 as the pullback sheaf
(Ym,)* (WCS ) we conclude that this WCS can be extended to a neighborhood
of Z.

Thus we have a WCS for nearby central charges. Using compactness of the
circle R/2nZ we conclude that for any stability data on g with the central
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3)

“)

(&)

(6)

charge Z there exists a germ of universal family of stability data with central
charges in a neighborhood of Z. The above construction gives an alternative to
[30] way to define the notion of continuous family of stability data on a graded
Lie algebra. As a byproduct we can interpret wall-crossing formulas from [30]
in terms of WCS.

Assume that in the Example (1) we have an involution 7 : g — g which maps
gy, — g—y. Let us choose a local system on M = R/2nZ obtained from the
trivial local systems from Example (1) by identification 8 +— 6 + 7 on R,
y > —yon I" and x — 7n(x) on g. The corresponding WCS can be identified
with symmetric stability data on g from [30].

Assume that I” is endowed with an integer skew-symmetric form (e, ®). Let us
fix central charge Z and set g = ®,erQ - e, where

ey, €] = (=D)Y720 (p1 ey 4y

We will call it the torus Lie algebra. All previous examples can be specified to
this case.

In this case one can encode the WCS as a collection of numbers §2(y) which
are called DT-invariants for the torus Lie algebras and the central charge Z. The
relation with Definition 2.1.11 is as follows:

) 2/ k
gt =y 20,

klyk=1

where Z(y) € e’?R.g
The quantum version of the previous example deals with the Lie algebra g =
®yerQ(q'/?) - &, where

q(Vlﬁyz)/Z _ q—(Vth)/2 .

[é é ] = €yi+y,-
Yo =y2 1/2 —1/2 Yity2
q'*—q7"
équam‘
Here ¢, = ———; are the normalized generators of the quantum torus
y q2—q—172
squant squant __ - _(yy y,)/2 squant . . .
ey €, =4¢(q €y +y,- We will call it the guantum torus Lie algebra.

Remark 2.3.1. In the previous two examples each group Gy contains a sub-
group G;‘/d’” of admissible [or quantum admissible in the Example (4)] series
(see [34] for the definition). Then in the definition of WCS we can require
that g, m,u € G;‘Jd’”. This leads to the integrality of the corresponding
DT-invariants.

Let ¥ be an ind-constructible 3CY category with the class map cl : Ko(€) —
I" (see [30] for the terminology and notation). Let G C Aut(%¢,cl) be a
subgroup which preserves a connected component Staby (%, cl) C Stab(€, cl)
of the set of constructible stability conditions on %’. In particular G acts on I".
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We require that G acts on Staby (%, cl) freely and properly discontinuously, and
also that G contains the group Z generated by the shift functor [1]. Consider
M := Staby(%, cl). Notice that there exists a WCS on M with the constant
local systems I" and g given in the Examples (4), (5) and Y = Im(e™'?Z).
Then this WCS descends to M/ G. In practice G is a stabilizer of Staby(€, cl)
in Aut(%, cl).

Mirror Symmetry predicts that the moduli space of Calabi—Yau threefolds

endowed with a square of a holomorphic volume form carries a local system of
3CY categories (Fukaya categories) endowed with stability condition. Thus we
expect that there exists the corresponding WCS on an appropriate topological
space (see Sects.7.3 and 9.1 about that). The group G in this case is the
fundamental group of the above moduli space.
Let (Q, W) be a quiver with polynomial potential (more generally, we can
consider a smooth algebra with potential). Then we constructed in [34] an
invertible series A (called quantum DT-series) in the quantum torus with
generators e,y € 14T ® R >~ C := RL, where Iy ~ Z” is the cone of
dimension vectors. By the Theorem 2.1.6 it defines a WCS on I

Let Z : I't — C be a central charge. We assume that Y = Im(Z) is positive

on C —{0}. Consider the straight line / C I'§ givenby ¢t — Re(Z) +tIm(Z) €
I'y . Intersections of this line with the walls (i.e. points ¢ € R for which there
exists y € I’y — {0} such that Re(Z(y)) + tIm(Z(y)) = 0) correspond to rays
« in the upper-half plane with vertex in the origin. The clockwise factorization
formula A = ]_[a_) Ay (see [30, 34]) can be interpreted as the previously
discussed product formula for the element g — € Gc¢.
In many examples it is natural to consider I"-graded Lie algebras where I' is
a finitely generated abelian group, possibly with torsion. For example, for the
Fukaya category .% (X) of a Calabi—Yau threefold X one should take I" =
H3(X,Z), which can have a non-zero torsion.

In such cases the considerations of the previous and this sections still work, if
replace I" by '/ which is the quotient of I" by the torsion subgroup I"’.

Then having the I'-graded Lie algebra g we define the graded Lie algebra gpfe. =
Dper ‘reeg’;f“ where QZ“ = DBy mod rors=pgy-

3

De
be

Initial Data and Attractor Flow

finitions and construction of this section, which might look a bit unmotivated, will
used below in Sects. 4.5 and 9.3 when we will discuss the set of “initial values”

which determine DT-invariants associated with complex integrable systems.
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3.1 Initial Data

Let I" be a free abelian group of finite rank endowed with a skew-symmetric integer
form (e, @) : /\2 I' > Z.Letg := yr = ®,erg, be a I'-graded Lie algebra over
a commutative ring of characteristic zero satisfying the condition [g,,, g,,] = 0 as
soon as (y1,y2) = 0. E.g. the Lie algebras from examples 4), 5) in the previous
subsection satisfy this condition. We denote by I the kernel of (e, ®). Then one has
a decompositiong = gr, @gr-r,, where g, = @®,¢r, 9, is a central subalgebra and
9r—n, = ®yer—n,gy is its complement. The skew-symmetric form (e, ®) gives rise
to a homomorphism of abelian groups ¢ : I' — I'Y. Then Iy = Ker . Since a WCS
in the abelian case of g is something very simple (just a collection of elements of
g, with support in a strict cone, we are going to discuss only the “non-trivial” part
which is the induced WCS for gr_r,. In what follows we assume that if y € I
then g, = 0.

Let us consider the “global” version of the above situation. Namely, assume we
are given a WCS, say, o, on a smooth manifold B° such that the corresponding
local systems I, g satisfy the same properties as I, g above. More precisely, I is
endowed with an integer skew-symmetric pairing (e, @) such that if for 5 € B° we
have (y;,y2) = 0,y; € I', then for the corresponding components of g, we have
(0691, 9b.y»] = 0. Let Iy C I" be the kernel of (e, ). Then assume thatif y € I,
then g,, = 0,b € B°.

Now we will make an additional assumption on B® which will be justified later
in the case of complex integrable systems (strange notation for B is also borrowed
from there). Namely, we assume that the homomorphism of sheaves Y interpreted
locally as a continuous map from B to a real vector space, is a smooth submersion.
Moreover, we assume that B° is endowed with a foliation such that locally near
b € B° the leaf M := M, containing b is identified via Y with an affine space over
the vector space (g ;).

For each leaf M let us define a smooth manifold M, as the set of pairs
(m,y),m € M,y € I', which satisfy the condition that y € I",, — I"j,,, and
such that Y (m)(y) = 0. Notice that dim M, = dimM — 1.

We define a bigger set M’ D M as the set of pairs

\m

{(m,v) & tor(Lg)[Y (m)(v) = 0}.

Clearly dimM’ = dimM + rk I’ — 1.

Definition 3.1.1. The attractor flow on M is defined by the vector field v = 0, 71 =
t(v),v € L', g. It preserves the manifold M; and hence induces the “integer”
attractor flow on it.

By our assumptions the vector field does not vanish on M.
Similarly we define (B®)’ and (BO)/Z as the union of above-defined sets over all
leaves M . The attractor flow extends to the both bigger manifolds.
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Assume that we are given a WCS o on B°. Therefore we have a piecewise
constant map a : (BO)’Z — tot(”) which assigns to a point (b, y) the element
ap(y) € 9, which is the y-component of the corresponding section of WCS y

(we identify naturally the latter with the logarithm of the corresponding element of
the pronilpotent group, see Proposition 2.1.12).

The discontinuity set W, of the map a (this set is an analog of “walls of first
kind” from [30]) belongs to the set of pairs (b, y) € Supp, Ntot(L") —tot(I")) such
that y = y; + y», with (y1, y2) # 0 (this condition implies that all vectors y, y1, y2
do notbelong to I, ,, while (b, y;) € Supp,,i = 1,2). Clearly the discontinuity set
of the map a is a locally-finite hypersurface in (B®)/, which is locally a pull-back of
a ZPL hypersurface in I’} ® R.

The set Supp,, can be very complicated. For example in the case of SL, Hitchin
integrable system considered in [19] the fibers of Supp, should coincide with cones
of invariant measures for singular foliations on surfaces given by real parts of certain
quadratic differentials.

We believe that in general the support of WCS has a “fractal” structure similar
to the following one. Let us consider the set of points (x, y) € R? such that either
xe€R-Q,y=0o0rx = g €Q,(p,g) =1and0 < y < é.Thisisaclosed
subset in R?, and fibers of the projection (x, y) +> x are compact convex sets.

Although Supp, could be complicated, it is natural to expect that one can find an
“upper bound” on it, which is a closed subset C* C (B®)’ C tot(I"g) satisfying the
following properties:

(a) Fibers of C* under the natural projection tot(I'g) — B are strict convex
cones;

(b) The set C* is preserved by the “inverse attractor flow” v = 0,b = —t(v),v €
Lyg.t >0

Suppose we know Ct by some a priori (e.g. geometric) reasons. Then it gives
us an “upper bound” for the discontinuity set W,. More precisely, let us define
Wallt C C7 as the set of pairs (b, y) such that y = y; + y, where y;,y, €
C™* N (B;, such that (y1, y2) # 0 (in particular it follows that y; and y, are non-
parallel vectors). Thus if Supp, C C* then W, C Wall ™.

Proposition 3.1.2. The attractor flow is transversal to Wallt at the interior of the
latter set.

Proof. 1t suffices to check the statement on a fixed leaf M. We can work locally
and assume that M is an affine space, I' is a fixed lattice endowed with an
integer skew-symmetric form. Let fix y € I’ and consider the attractor flow
y >y +ti(y),t > 0. On the discontinuity variety we have y = y; + y» and
(y + te(y))(ym) = 0,m = 1,2. Then at the intersection point of the attractor flow
with the discontinuity subvariety we have y(y;) + #{y, y1) = 0 for some (maybe
many) ¢t > 0. Since (y,y1) = —(y1,72) # 0 we conclude that ¢ is determined
uniquely. This implies the transversality and finishes the proof. B
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Notice that for each point (b,y) € (B®)’ there exists maximal possible #,,4, :=
tmax(b,y) € (0,400] such that the trajectory y = const,b +— b + 1(y)t,t €
[0, t,nax) does exist. The above trajectory considered for ¢ € [0, ,,.,) Will be called
the maximal positive trajectory of the point (b, y).

Let us define an open subset 9(30)2 C (BO)’Z called the fail set consisting of
points (b, y) € C such that their maximal positive trajectories with respect to the
attractor flow do not intersect the set Wall™, belong to C *, and moreover the same
properties hold for all nearby points (b’,y’) € (B°)’. There is a local system 90
over 9(3")2 with the fiber g, over (b,y) € ZB%. a

Tail Assumption. For any open U C (B°) the subset of points (b,y) € U such
that their maximal positive trajectories intersect the tail set 7 BOY,» IS densein U.

Remark 3.1.3. Typically 90 is trivial of rank one. E.g. in Example (4) from the
previous subsection the fiber is Q, while in Example (5) it is Q(g'/?).

Definition 3.1.4. The initial data of a WCS bounded by C ™ is the restriction of the
map a to Jpoy, .

As we will explain below, under some additional conditions the initial data
uniquely determine its WCS. Moreover, in some cases one can reconstruct WCS
just from the knowledge of initial data. This explains the meaning of this notion.

3.2 Attractor Trees

In what follows we are going to consider metrized rooted trees with finitely many
edges oriented toward tails. Here “metrized tree” understood as a length metric
space. Internal vertices have outcoming valency at least 2, internal edges have finite
length, while tail edges can be infinite. Our convention is that the root vertex has
valency 1.

Let us assume the notation of the previous subsection.

Definition 3.2.1. An attractor tree is a metrized rooted tree 7 endowed with a
continuousmap f : T — M toaleaf M C B andalift /' : T—{Vertices} — M.
We assume that /' maps edges of T to trajectories of the attractor flow, and the
metric on each edge of T is given by |dt|, where ¢ is the time parameter for attractor
flow on its lifting. We assume that all tail edges are maximal positive trajectories
of the corresponding internal vertices of 7. We assume the balancing condition
Mooy = y™ is satisfied at each internal vertex v. Here y™ is the speed of the
S/-lift of the only edge incoming from v, and y" are speeds of the f”-lifts of all
outcoming edges. We assume that all y?* are pairwise distinct and there exist i1, i»

such that (y/", y2"') # 0.

To an attractor tree 7 with a root b and root edge y we can assign its
combinatorial type in the following way. Namely, let us consider an abstract rooted
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tree .7 corresponding to T and a collection of velocities of all its edges, including
tails. The velocities can be treated as elements of I", via the parallel transport
along edges of T. Then the combinatorial type of T at (b, y) consists of the above
abstract tree and the above subset of velocities in I”,. Varying (b, y) we conclude
that combinatorial types form a local system over (B°)}, with countable fibers.

It is easy to see that for any combinatorial type at (b, y) an attractor tree with
this combinatorial type is uniquely determined by the collection {/,} of lengths of
its inner edges e. Moreover the lengths /, and the vector Y(b) € I'jy satisfy a
system of linear equations with integer coefficients arising from the following two
conditions:

(@ Y(f0)(f'(w) = 0, where v is a vertex of T and u is a point on an edge
adjacent to v and sufficiently close to v;

(b) For any inner edge e connecting vertices v; and v, we have Y(f(v2)) —
Y(f(v1)) = ¢«(f'(w))l., where u is any point of e.

For a fixed attractor tree T with the root b and root edge y let us consider the
set of attractor trees with sufficiently close roots, combinatorial types and lengths.
This set (which can be thought of as a germ of the universal deformation of T)
can be identified with an open domain in the vector subspace of the vector space
T @ Riimmer edgest defined by the above system of linear equations. In particular,
for any vertex v of T the point Y( f(v)) runs through an open domain in a vector
subspace H, C '}y defined over Q. In particular, we see that the set of roots of
attractor trees which are close to 7 and have the same combinatorial type is locally
an open domain in a vector subspace of I} ».

Definition 3.2.2. We say that attractor tree 7 is locally planar (this property will
depend on its combinatorial type only) if for each internal vertex v of T the
corresponding vectors y span a two-dimensional vector subspace in I”, ® R.

4
Proposition 3.2.3. For an attractor tree T with the root b and the root edge y the
set of roots of all sufficiently close attractor trees of the same combinatorial type
has codimension > 1 if T is locally planar and has codimension > 2 otherwise
(this codimension is the same as codim(Hy) in the above notation). Moreover in the
former case any sufficiently close attractor tree is uniquely determined by its root.

Proof. Let us call a vertex v of 7' non-planar if the vector y* outcoming from

v span a vector space of dimension > 3. Let us prove the second part of the
Proposition. For that let us assume that 7' contains a non-planar vertex vo. Then
the set Y(f(vo)) belongs to a vector subspace H,, C I'jy of codimension > 3
defined over Q because of the conditions Y ( f(vo))(y") = 0. Consider the shortest
path vo < v; <« .... < v, = b of vertices of T joined by edges. We will
prove by induction that for all 0 < i < n — 1 we have codim(H,;) > 3. Then
codim(Hp) = codim(H,,) > 2.

The induction step is given by the following lemma.
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Lemma 3.2.4. Consider a germ of the universal deformation of a given attractor
tree T. For any edge e : wy — w| connecting two internal vertices of a variable
tree Ty we have the following: if codim(H,,) > 3 then codim(H,,) > 3.

Proof of the Lemma. Lety = f'(u) € I, denote the velocity of the edge e. Then
Y(f(w2)) = Y(f(w1))—1.t(y), where [, is the length of e. It follows that Y ( f(w,))
belongs to a vector subspace of H,, + R - t(y). If the latter subspace has codim
> 3 we are done. Assume that it has codimension 2. Then there exist two linearly
independent vector 11, (o € I';, such that this vector subspace is equal to ,ull N uj-.
Let us denote by {yj’?”' } the set of velocities of edges outgoing from w,. Obviously y
belongs to this set. The covector Y ( f(w,)) is orthogonal to all vectors i1, (42, {y;-”“ .
If the vector subspace in I", g generated by the latter set has dimension > 3 the we

are done. Hence we can assume that it has dimension 2. Then y and all y¢* are linear

J
combinations of j; and ;. Since Y(f(w;)) € Wallt we know that there exist

yil vi! such that (y§", y9") # 0. It follows that (u1, 12) # 0. Thus we have a
two-dimensional vector space generated by linearly independent vectors (1, i, and
the vector y in this vector space such that (i;,y) = 0,i = 1,2 (the latter follows
from the fact that u; (¢t(y)) = 0,i = 1,2). We conclude that y = 0. This proves the
Lemma and the second part of the Proposition.

In order to prove first part we assume that all vertices are locally planar. And then
we again proceed by induction by the number of vertices. The statement is obvious
for the tree which has only one vertex (root vertex) and one edge (the root edge
which coincides with the tail edge). Assume that 7 is planar and contains at least
one internal vertex. Let us choose a vertex v such that the only edges outcoming
from v are tails edges. Let us denote by y™, (y?*) the velocities of edges attached
to v. Let us denote by 7’ the tree obtained from T by deleting the vertex v and
all outcoming tail edges, and extending the incoming edge by maximal positive
trajectory e of the attractor flow with velocity y™. In this way we obtain a map from
the germ of the universal deformation of T to the one of T’. We claim that this is
a local homeomorphism. Indeed, the vertex Y (f(v)) belongs to the codimension 2
vector subspace of 'y’ given by N; ()/i"”’)J-. Hence the point Y ( f(v)) — l1(y™) (here
[ is the length of the incoming edge) varies in the open domain of the hyperplane
(y™)L. Therefore the point Y( f(v)) is (locally) uniquely determined by the tree 7"
as the intersection point of the trajectory Y(f(e)) C (y™)+ with n; (y?*)+.

Notice that 7’ has one less vertex than 7. Continuing by induction we reduce the
problem to the case of one root vertex and one edge. This completes the proof of
Proposition. l

From now on we assume that we are given an upper bound C * as in the previous
subsection.

Definition 3.2.5. We say that the attractor tree is bound by C T if the image of f’
belongs to C T (then one can easily see that for any internal vertex v the f’-lift of
the only outcoming edge starts on Wall™).
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It follows from the properties of C T that the attractor tree is bound by C T if an
only if its tail edges are bound by C .

Every attractor tree T has finitely many tail edges which are invariant with
respect to the (positive) attractor flow. Let us denote by T the tree obtained by
deleting all tail edges. Every edge of such a tree joins two vertices.

Compactness Assumption.

There exists an open dense subset (BO)% C (BO)’Z with the following property:
for every (b,y) € (BO)% there exists a compact subset K, C (B°) and an open
neighborhood U of (b, y) such that for every attractor tree T with the root and root
edge in U the corresponding tree T° belongs to K.

Mass Function Assumption.

There exists a morphism of sheaves X : I" — Cont poy such that the pull-back
of X to (B®) considered as a continuous function in (b,v) € tot(L'g) decreases
(non-strictly) along the attractor flow v = const, b = i(v) as long as (b,v) € C*
and is strictly positive on the set Ct — tot(I', g) and strictly decreasing along the
Sflow on this set. '

Imposing the above three assumptions (Tail, Compactness and Mass), let us
consider the graph G := G(b, y) obtained as the union of all attractor trees with
the root at a fixed (b,y) € (BO)’Z/. Then there are finitely many attractor trees
which form the graph and that the obtained graph is acyclic. Assume that the
root b runs through the set of generic points satisfying the condition Y(b) € y+.
The Proposition 3.2.3 implies that G(b, y) is locally planar (with the obvious
generalization of the Definition 3.2.2 to graphs). The genericity here means that
Y (b) belongs to the complement of the locally finite union of codimension > 2
subspaces of Iy

Proposition 3.2.6. WCS with fixed g and the support belonging to CZJr =Ctn
(BO)’Z is uniquely determined by its initial data.

Proof. Fix a generic point (b,y) € CZ+ . Let us consider the maximal acyclic
graph G described above. All its tails belong to .7 BYY, (otherwise we can enlarge
the graph). Then we reconstruct the value a(b, y) by induction, starting with the
restriction of the function a to .7 BYY, (initial data) and moving toward the point
(b, y) along the edges of G. Since G is acyclic, for any internal vertex (b, y’) we
can uniquely compute a(b’, y’) from the axioms of WCS in two-dimensional case.
Finally we compute a (b, y) by induction. The Proposition is proved. Bl

Remark 3.2.7. Since the function a is locally-constant we can reconstruct WCS
from the knowledge of a on a dense open subset of (BO)’Z. We do not claim that
the procedure given in the proof of Proposition 3.2.6 produces the data a(m, y)
which correspond to a WCS. The reason for that is that the procedure in the proof
ensures that the cocycle condition is satisfied for some (but possibly not all) strata
of codimension 2 (see the end of Sect.2.1.1). We need more geometric conditions
in order to be sure that all strata of codimension 2 are taken into account.
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3.3 Initial Data for WCS in a Vector Space

We assume the set up and the notation of the beginning of the previous subsection,
i.e. we have a fixed lattice I" with a fixed integer skew-symmetric form (e, e}, a
fixed I"-graded Lie algebra g, etc. We also fix a closed strict convex cone C C IR.
We define B® = I'y and Y = id. We use the Poisson structure on I'y induced by
(o,0). Weset CT = {(b,v) € (B°Y|b e B’ veC,b(v) =0}

Then the Tail Assumption is satisfied. Indeed for any y € C N (I" — Ip) there
are only finitely many y;,y, € C N (I" — Ip) such that y = y; + y2, (y1,y2) # 0.
Then the set of points{h|(b, y) € Wall™} is a finite union of (rk I" — 2)-dimensional
hyperplanes in y=, such that all of them are transversal to the flow b= ().

Therefore for sufficiently large times the attractor flow does not intersect Wall ™.
This implies the following

Corollary 3.3.1. NO(ZBo)gL) ~{yeCn{ -1y}

In other words for any y € I' — Iy we have a unique connected component of
the (integer) tail set, which contains “sufficiently large” parts of rays in the direction
of y.

The Compactness Assumption follows from the finiteness of the set of combina-
torial types of attractor trees with given (b, y) and such that velocities of all edges
belong to C.

The Mass Function Assumption is more tricky. In order to construct “mass
function” X let us choose coordinates yy,..., ya,,11,...,t, in I'r such that (y;)
are symplectic coordinates and (¢;) are coordinates on the center I g. Let us denote
by x1,..., X2, 81, - - ., S the dual coordinates on Fli". Let us also choose a bounded
strictly increasing smooth function f : R — R (e.g. f(x) = arctan(x)).

Then we define

X(b.y) =) fxi)yno™? + L(y).

i1,i2

Here b = (x1,..., X281, ..., Sm), Y = (V1,.... Yo, ti, ..., tw) and L € TR is
a covector independent on b, (@ ) is the symplectic form on ™",

The condition X (b, y) > 0 if b= t(y) is satisfied for y € I' — Iy and arbitrary
L. Indeed, b is given X;, = Z,z Y12, 5; = 0. It follows that X(b,y)is strictly
positive. Moreover for sufficiently large L € CY we will have X (b, y) > 0 for any
y € C —{0}.

In the Remark 3.2.7 we warned the reader that for any initial data there exists
at most one corresponding WCS, but its existence is not guaranteed in general.
It follows from the Proposition 3.3.2 below that in the case of WCS in a vector
space there is no problem with the existence.

From the decomposition g = gr, & gr—r, we obtain a similar decomposition
gc = ®yecnrdy = Or.c D 9r-ryc- As we know a WCS on B’ = Iy
with the support in C*t is the same as an element of the pronilpotent group
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Gr-n.c = exp(gr—r,.c)- The initial data is given by the restriction of the map
a to the tail set, which defines an embedding  : Gr—_p,.c — nyecm(r—ro) gy

Proposition 3.3.2. v is a bijection of sets.

Proof. Let us choose an additive map n : I" — Z such that n(C — {0}) C
R.o. Then Gr_pc = limk Gck, where each nilpotent group Gi = Gcy is
defined similarly to G¢ r—p, by taking the exponent of the Lie algebra which is
the quotient by the ideal generated by g, with n(y) > k,y € (I' —Iy) N C.
Then we have a sequence of (compatible with respect to the index k) maps ¥ :
Gr — [l,ecnr—ry) )<k 8y- We will prove that ¥ is a bijection by induction
in k. For k = O there is nothing to prove. Assume that y¥;_; is a bijection.
Notice that the fiber of the natural projection Gy — Gi—; is a torsor over the
abelian Lie group exp([[,ecn(r—ry).q)=k 8y)- Similarly the fiber of the natural
projection [ [,ecnr—ry)ao<k 9 = [l,ecnir—ry)np)<k—1 9y 1s a torsor over the
Q-vector space [ [,ecn(r—ry) ()=« 9y- For a fixed point g1 € Gi—1 we have an
isomorphism of torsors. This implies that v is a bijection. l

Remark 3.3.3. Last part of the proof of the above proposition is very transparent
in the language of the factorization G = G G(()y ) Gi;v) from the previous section:
multiplication of the left factor by an element from Centr(G(()y ) ) is equivalent to the
multiplication of the factor from G(()y ) by this element.

The above considerations imply the following alternative description of the initial
data for WCS in a vector space. For a y € I' — I consider the Lie subalgebra g¥ =
@, ecnr—ry).{y'.y)=08y’. Then we have a homomorphism of Lie algebras pr from
g” onto the abelian Lie algebra g7, = ®,/ecnr—n),|y9y - The restriction a(y)

of a(y,y) to the tail set is given by the y-component of the element log( g(()l(y)) ).

Indeed the element g(()y ) stabilizes for sufficiently large 7 as long as we follow the
attractor flow y > y + ti(y).

In the framework of Sect. 2.3, Example (4) let us fix an isomorphism I" ~ Z/.
Then consider the initial data given by: a@;,i;(y) = 0,y ¢ Z>e; and a;,i;(ke;) = k—lz
otherwise. Here (¢;);<; is the standard basis in Z'. By the above Proposition 3.2.6
we have a unique WCS with these initial data and support in the cone C = RL.

Recall that for a lattice with a basis and an integer skew-symmetric form we can
construct a quiver Q with the set of vertices / and the number of arrows i — j
equal to {e;, e;). Let us choose a generic potential W for this quiver.

Conjecture 3.3.4. The group element g = 14-. .. corresponding to the above WCS
coincides with the DT-series from [30].

L. . 1/2_—1/2 )
Similarly, if we replace above % by W and take the Lie algebra

from Example (5) (quantum torus) then conjecturally we obtain the quantum DT-
series from [30], Sect. 8 (up to multiplication by a central series in the generators
éy,y € C NIy — {0}, see [30] for the notation). Recall that it is related to the
theory of (quantum) cluster varieties. Finally, we remark that the canonical group
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element g corresponding to the WCS derived from a 3CY category in the formal way
by means of the transformation between positive and negative chambers does not
have to coincide with the motivic DT-series of that category (but the latter defines
some WCS and the corresponding canonical group element). The comparison is
sometimes possible in case if the category has a “good” set of generators (e.g. three-
dimensional spherical generators) which can serve as “initial data” in the categorical
framework.

4 Geometry of Complex Integrable Systems

Complex integrable system is usually understood as a holomorphic generically
surjective map 7 : (X,®*") — B of a complex analytic symplectic manifold of
dimension 2n to a complex analytic manifold of dimension n such that generic
fibers are holomorphic Lagrangian submanifolds. A generic fiber is acted locally
transitively by an abelian Lie algebra of dimension n. In many interesting situations
generic fibers are Zariski open subsets in complex abelian varieties. We can
compactify these fibers, and obtain a fibration by abelian varieties over an open
dense subset B C B. This will be the situation discussed in Sect.4.1.1. In
Sect.4.1.2 we will generalize the story to semiabelian case. The behavior of an
integrable system near the discriminant locus B*"¢ = B — B is more complicated,
although in the generic point of the discriminant one can find an explicit local
model (see Sect.4.6). Our philosophy is that all the information necessary for the
construction of a wall-crossing structure (which is our principal goal) is already
encoded in the geometry of B° (see e.g. Completeness Assumption in Sect. 4.4).
Hence in what follows we will use a slightly nonstandard terminology. Complex
integrable systems in the usual sense recalled above we will call full complex
integrable systems. Hence a full integrable system can have e.g. singular fibers.
Complex integrable systems in our sense has semiabelian fibers such that the first
integer homology of fibers form a local system of lattices.

4.1 Integrable Systems and Variations of Hodge Structure

4.1.1 Case of Pure Hodge Structure

Let (X% ®*°) be a complex analytic symplectic manifold of complex dimension
2n." Assume we are given an holomorphic map 7 : X° — B° such that for any
b € B° the fiber 77! (b) is a complex Lagrangian submanifold of X°, which is in

'Many of the results below can be generalized to the case of smooth algebraic varieties.
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fact a torsor over an abelian variety endowed with a covariantly constant integer
polarization. We will call such data a (polarized) complex integrable system.

Let I” be a local system of free abelian groups over B with a fiber I’y :=
H\(77'(b),Z),b € B°. Polarization gives rise to a covariantly constant skew-
symmetric bilinear form (e, o) : /\2 I — Z 3o which induces a covariantly constant
symplectic form on I” ® Q. In this case we will speak about local system of
symplectic lattices.

Then map y +— fy w*? gives rise to a morphism of sheaves of abelian groups

R 2,0 . 1,cl
o= /a) I — 'QB",hol’

where Q;’g'fhol denotes the sheaf of holomorphic closed 1-forms on B°.

Let U C B°be asimply connected domain. Let us choose a basis (y1, .. . , y2,) of
I"(U). Then the homomorphism « gives rise to a collection of holomorphic closed
1-forms o; = f %01 <i < 2n which canbe writtenon U aso; = dz;,1 <i <
2n,z; € O(U). The collection of functions (z1,...,20n) defines a holomorphic map
Z :U — C¥. Letw; = (yi,y;) and (0¥); ; € Mat(2n, Q) be the matrix inverse
to (wj); ;- It is easy to see that:

() Y, w¥dz Adzy =3, 0¥y Ay = 0.

(2) the (1,1)-form v—13, ; oldy Ndz; = V-1 i oYa; A @ is positive
(hence it defines a Kéhler metric on U).

It follows from (2) that Z is an immersion. It follows from (1) that Z(U) is a
Lagrangian submanifold.

Recall the well-known fact that near each point b € B the structure of polarized
integrable system is determined by the triple (I, (e, ®), ) satisfying (1) and (2).

Indeed, suppose we are given a symplectic lattice (I, (e, ®)) and a holomorphic
Lagrangian embedding of a neighborhood U of b to I'Y ® C defined up to a shift,
such that for any b; € U and non-zerov € Tj, B® we have Im{(dZ,, (v), dZ, (v)) > 0.

Then the polarized integrable system 7 : (7~ (U), w*°) — U is isomorphic (as
a polarized integrable system) to the “canonical local model” which is the polarized
integrable system with the fiber over b € U given by I'\(I" ® C)/(Tz(b)Z(U))J'
endowed with an obvious symplectic form and polarization (we are going discuss
the symplectic form in a more general case below in Sect. 4.1.2).

Alternatively the local model is given by the quotient of 7*U by the action of I
givenby (b,v) = (b,v+ap(y)).beUyeveT;U.

Remark 4.1.1. Locally, on the total space of the polarized integrable system one has
an action of a real compact torus I"\ (I" ® R) by holomorphic symplectomorphisms
preserving fibers, and each fiber is a torsor over this torus.

Notice that the local model for a polarized integrable system is endowed with
a holomorphic Lagrangian section (zero section). The isomorphism between our
integrable system and the local model is not unique. It is determined by a choice of
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holomorphic Lagrangian section over U. Gluing together local models we obtain a
new polarized integrable system 7’ : X’ — B with a Lagrangian section B® —
X', which is canonically associated with the triple (I, (e, ®), ) satisfying (1) and
(2). For any b € B° the fiber (n/)""(b) has a structure of abelian group (zero
is given by the Lagrangian section). The fiber 7~!(b) is a torsor over (')~ (b).
Isomorphism classes of polarized integrable systems with fixed (I, (e, ®), ) are in
one-to-one correspondence with elements of the group H ' (B°, [2]135 ! Ja(l)).

The data (I, (e, ), ) satisfying the conditions (1), (2) are equivalent to the
following data:

(a) A variation of polarized pure Hodge structure on B° of weight —1 given by
(R'74Zy0)" . The Hodge filtration is given by

0=F2CF'~(R'7(0y))* C F' =T Q Opo.

(b) An isomorphism of vector bundles ¥ : Tz — (FO/F~H)* ~ F~1
This isomorphism satisfies certain conditions which can be derived from the
conditions (1), (2).

Remark 4.1.2. We can consider complex integrable systems with fibers which
are compact complex tori without polarization. In this case the local model is
determined by a submanifold Z(U) C I'¥ ® C such that dimU = %rk]" and
forany b € U we have Tz, Z(U) N I'y = 0, where I is a lattice of even rank
without skew-symmetric integer form.

4.1.2 Case of Mixed Hodge Structure

Definition 4.1.3. A semipolarized complex integrable system is given by a holo-
morphic fibration of a complex analytic symplectic manifold 7 : X° — B® where
fibers are Lagrangian submanifolds which are semiabelian varieties with polarized
abelian quotients.

Our considerations in polarized case can be generalized to the semipolarized one.

Namely we have a local system of lattices I” — B° which is endowed with an
integer skew-symmetric bilinear form (e, e) : /\2 I" — Zgo, possibly degenerate.
Similarly to the pure case it is given by I” = (R' 7w Zy0)".

This gives rise to an exact short sequence of local systems

0—>ITy—> L —>IT"""—-0,

where I, is the kernel of the skew-symmetric bilinear form (e, @) and 1" is the
symplectic quotient.

The local model is now given by a lattice I" endowed with a skew-symmetric
form (e, @) : /\2 I' — Zpgo and alocal embedding Z : U — I'V ® C, where U is
a small neighborhood of a point » € B°.
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Thus we have a local embedding Z : U — I'¥ ® C such that the composition

U % v ® C — I, ® C is surjection for any b € U and fibers of the
corresponding submersion U — I, ® C are complex Lagrangian submanifolds
of the symplectic leaves in the Poisson manifold IV ® C (they are affine symplectic
spaces parallel to the fibers of the natural map I'Y ® C — I;” ® C). Then Z(U)
is a family of Lagrangian submanifolds over a domain in ;Y ® C. The positivity
condition is also satisfied: the restriction of the pseudo-hermitian form i (v, 7).
to (dZy)(T,U) N (I'P)Y @ C,b € U is positive. Thus for any Zy € Iy ® C
we have the corresponding Lagrangian submanifold U)z, which is endowed with a
local system 17 — Uz, of symplectic lattices satisfying the positivity property.
In other words, locally we have a family of (polarized) complex integrable systems
parametrized by I’ ® C.

The same double coset formula as in the polarized case describes fibers of the
canonical local model of a semipolarized integrable system. The symplectic form
on Upey (b} x (I'\I" ® C/(Tz()Z(U))* is described such as follows. Its pull-back
to U x (I' ® C) is the restriction of the canonical 2-form on (I'Y ® C) x (I" ® C)
obtained by the skew-symmetrization of the canonical pairing between I" and I" V.

Alternatively, we observe that T*U is a I"-covering of the local model, hence
the canonical symplectic structure on 7*U descends to the local model giving the
above symplectic structure.

Similarly to the pure case we have locally a natural action of the connected
abelian Lie group I'\Ker(I' ® C — ' ® /—IR) (which is a product of a
real torus and real vector space) by holomorphic symplectomorphisms, such that
fibers of the integrable system are torsors over this group.

Semipolarized integrable system gives rise to the following data:

(1) Alocal system I" — B of free abelian groups endowed with a skew-symmetric
pairing (e, e) : /\2£ — Zpo. We denote by I" the kernel of this pairing.
(2) A weight filtration W,

W_3:OCW_22£OCW_1:£

(notice that W, is canonically determined by the pair (I, (e, o))).
(3) A Hodge filtration

F2=0CF'cF'=IQ® 0.
(4) An isomorphism of holomorphic vector bundles ¥ : Tpo ~ (F°/F~)* C
(FO)*.
The data (1)—(4) are required to satisfy the following properties:

@) ngVE (I") is a variation of pure Hodge structure of weight —2 concentrated in
bidegree (—1,—1).
(ii) ngVI (I") is concentrated in bidegrees (—1, 0) and (0, —1).
(iii) The pairing (e, @) induces a polarization on grE/I ().
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(iv) Locally and isomorphism ¥ can be written as ¥ = dZ, where Z is a local
embedding of B® to I'V ® C as in the pure case.

Conversely, the data (1)—(4) satisfying the properties (i)—(iv) define a semipolar-
ized integrable system X’ — B° endowed with a holomorphic Lagrangian section
B — X’. An integrable system without Lagrangian section is determined by
the associated integrable system with Lagrangian section (see Sect.4.1.1) and a
cohomology class in H'(B°, .Qll;’gl/oz(D).

Let now X° — B° be a fibration obtained from the initial semipolarized
integrable system X° — B by the fiberwise quotient by the natural action of
the torus Iy ® C* ~ (C*)°,rg = rkIy. Then X is a Poisson manifold. Its
symplectic leaves are total spaces of polarized integrable systems with bases which
are submanifolds of B® obtained by fixing (locally) the value Z I, (e.g. in the case
of Hitchin systems with regular singularities we fix residues of the Higgs field at
singularities).

In other words we obtain a family of polarized integrable systems (with canonical
Kihler metrics on the base) which is parametrized (locally) by a domain in an affine
space parallel to Y ® C.

Remark 4.1.4. Traditionally people speak about integrable systems as Poisson
manifolds with symplectic leaves fibered by Lagrangian abelian varieties. The
notion of semipolarized integrable system gives rise to such a structure (if we forget
about polarization). But in a sense it is more precise. Namely, we have a variation
of mixed Hodge structure (not visible in the traditional approach). Furthermore, the
space of symplectic leaves carries locally a structure of an affine vector space. In
practice the holonomy of the local system I, is finite (see Lemma 4.4.1 below).
Also, under some mild assumptions (which are usually satisfied in practice) an
integrable system in the traditional sense gives an integrable system in our sense
by means of a simple topological construction, see Sect. 4.2 below.

4.2 Integrable Systems with Central Charge

We are going to consider semipolarized integrable systems. Recall that the map Z
is defined locally up to a shift.

Definition 4.2.1. A central charge for a semipolarized integrable system 7 : X° —
B is a holomorphic section Z € I'(B°, 'Y ® O0) such that the local isomorphism
W i Tgo — (F°/F~")* composed with the natural embedding (F°/F~1)* —
(F)* = I'(B°, I'Y ® Opgo) coincides with dZ (cf. (iv) in (4) in the previous
subsection).

In other words Z is a homomorphism I” — &'go. Clearly dZ defines the only
non-trivial F~!-term of the Hodge filtration. For an integrable system with central
charge we can locally embed B° as a submanifold in a vector space (not just an
affine space as before). Not every integrable system has a central charge.
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Theorem 4.2.2. Ifa semipolarized integrable system with holomorphic Lagrangian
section has central charge then [w*°] = 0.

Proof. We keep the notation of Sect.4.1. Locally we can identify (in C*° sense)
the total space 7~ '(U) with the product of U and Ty := Ker(I’ ® C —
'™ @ /—1R)/I". Then the holomorphic symplectic form w?? is T r-invariant
and its restriction to the tangent space at any point (b, 0) of the Lagrangian section
is described such as follows. We have: T(p0) (7~ '(U)) =~ Lie(Tr) & T,U C
(I' ® C) ® (I'Y ® C). The canonical skew-symmetric form on the latter space
gives > after restriction to 70y (7~ (U)). Using the central charge Z we define
a complex-valued C*® 1-form B on 7' (U) as the T-invariant 1-form, whose
restriction to 75,0y (! (U)) is the restriction of the 1-form on (I" ® C) & (I'Y ® C)
given by the pairing with (0, Z(b)). The direct calculation shows that df = w?*.
|

The above Theorem gives an obstruction to the existence of central charge.

We remark that the condition in the above Theorem that the integrable system has
Lagrangian section can be relaxed. Namely, let us recall that an integrable system
without Lagrangian section is determined by the associated system with Lagrangian
section and the “twist”, which is the cohomology class in H'(B°, .Qll;}f ! Ja()).
There is a morphism of sheaves of abelian groups Tr — £2 ]13'3'1 Ja(I') over B? (here

Tr =Ker(I ® C— (I ® +v/—1R)/I")) given by

0—Tr - (L ®C)/L - 25 fa(D).
Then one can easily generalize the above proof of the Theorem 4.2.2 to the case
when the above twist belongs to the image of an element from H'!(B°, Tr). This
generalization is useful for Hitchin integrable systems (see Sect. 8).
Let us now discuss the condition [w?>] = 0 in several examples.

4.2.1 K3 Surfaces

Let 7 : X — P! be an elliptic fibration of a K3 surface, and let X — B°
be the polarized integrable system obtained by throwing away singular fibers of
7. Then [a)i’g ] # 0, hence the integrable system does not have a central charge.
More generally complex integrable systems with the total space being a compact
hyperkihler manifold do not have central charge.

4.2.2 Integrable Systems from Dimer Models

In [22] the authors defined a class of integrable systems X° — B for which X°
is birationally symplectomorphic to the torus (C*)*" endowed with the constant
symplectic form } j w'dlogz; A dlogz;. Then [a);’(? ] # 0, hence such integrable
systems do not have central charge.
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4.2.3 Systems Birationally Equivalent to Those on Cotangent Spaces

Let 7 : X° — B be a semipolarized integrable system such X° is birationally
symplectomorphic to a cotangent space T*M for some complex manifold M (e.g.
this is the case for Hitchin systems). We expect that under some mild conditions the
central charge does exist. More precisely we can pull-back from 7* M the Liouville
form pdg, thus obtaining a meromorphic 1-form A on X°, such that dA = w??.
The restriction of A to a semiabelian fiber 7~!(b) is closed at generic points. In
particular we can define residues of A, -1 at smooth components of the divisor of
poles of A. One can easily show that the residues are locally constant with respect
to b € B°. Hence we obtain a finite collection of residues. If all of them are equal to

zero then we can define the central charge Z : y' fy, A, where y’ is any loop in

7! (b) which sits in the complement to the divisor of poles and represents a class
y € Hi(w~'(b),Z). Since all residues are zero, the integral does not depend on
the choice of representative y’. This class of integrable systems contains so-called
Seiberg—Witten integrable systems (see [13]).

4.2.4 Hitchin Integrable Systems

We will discuss this class of examples at length later in the paper. Let us just mention
now that for a large class of GL(n) Hitchin integrable systems with singularities
(possibly irregular) one can define central charge. Hopefully it can be done for
Hitchin systems associated with any reductive group.

This example can be put in the framework of log-families of Lagrangian
submanifolds in non-compact Calabi—Yau threefolds (in the particular case of
Hitchin systems we have log-families of spectral curves). We are going to discuss
this class of examples later in Sects. 7, 8.

4.3 Families of Integrable Systems Without Central Charge

Suppose we are given an analytic family of full complex integrable systems m; :
(X, a),z’o) — B;, where t € U and U is a complex analytic manifold. We assume
that there exist open dense subsets X? C X, and BY C B, such that the restriction
of 7; to X? gives rise to a polarized integrable system 7, : (X2, wf’o) — BY. We
assume that U;cy X; forms a locally trivial bundle over U in the topological sense
(we do not assume that UteUXtO forms a locally trivial bundle over U). We also
assume that for every ¢ € U we have: H'(X;,Q) = 0.

Let B = U,epy B, and B C B be the open dense subset UteUBtO. We define a
local system of lattices I” — B with fibers ", = Hy(X;, 7, '(b),Z),b € B?. The
long exact sequence of the pair (X,, 7,1 (b)) gives rise to a short exact sequence

O—>£0,b—>£b—>£“;)ymp—>0,
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where I'y , = Ha(X;. Z)/Im(H, (7" (b). Z)) and ;""" = Ker(H, (7, (b), Z) —
H(X;,Z)) is a sublattice of finite index in a symplectic lattice H,(x;'(b),Z),
hence itself symplectic. The we see that I" carries a covariantly constant integer
skew-symmetric pairing with the kernel I",. Local system I, is constant along
fibers of the projection B® — U.

Integration of a),2 0 gives a linear functional Z : I" — C. The restriction of Z to
I, is constant along BtO for any t € U. Hence it defines (locally near t € U) a map

x0:U = Iy, ® C = Ker(H*(X;,C) > H(x;' (6).C)). 1+ [o”]

for an arbitrary b € B?. We assume that it is in fact a local open embedding.
Thus U can be thought of as base of the universal family of integrable systems.
This can be compared with Moser theorem which says that the universal family of
real symplectic structures on a symplectic manifold (X, w) which are close to w is
parametrized by an open neighborhood of [w] € H?(X,R).

The assumption that y, is a locally open embedding implies that (B°, I", (e, e), Z)
defines a semipolarized integrable system with the base B°. We warn the reader that
the total space of this integrable system is bigger (it has even a bigger dimensions if
dim(U) > 0) than U,ep X, where X? = 7,71 (BY).

4.4 Finiteness of the Monodromy

Finally we discuss the monodromy of the local system I',,, which is the kernel
of the skew-symmetric form. We assume that the integrable system has central
charge denoted by Z. Then we obtain a locally well-defined map Z : B° —
Iy ® C.Z — Z,, where I is a fiber of I" ). We will assume that our integrable
system 7 : X° — BYis algebraic, i.e. in the definition of complex integrable system
we have: X is a smooth algebraic symplectic variety, B’ is a smooth algebraic
variety and 7 is a regular map.

Lemma 4.4.1. For an algebraic semipolarized integrable system the monodromy
of the local system I is finite.

Proof. As we discussed in the previous subsection the local system I',, gives rise
to a variation of pure Hodge structure of weight —2. Hence it admits a polarization.
The monodromy preserves positive quadratic form (polarization) and is given by
integer transformations. Hence its elements have finite order. H

It follows from lemma that we have a map pgo : B® — (I'Y ® C)/G, where G
is a finite group. Fibers of ppo are smooth algebraic varieties endowed with Kahler
metric.
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4.5 Local Model Near the Discriminant

We assume that our semipolarized integrable system X° — B has central charge
Z, and it is an open dense in a full complex integrable system X — B.
Let us make the following

A1-Singularity Assumption.

We will assume that D = B — B is an analytic divisor. We will also assume
that there exists an analytic divisor D! C D such that dim D' < dim B® — 2, the
complement D° := D — D' is smooth, and such that our VMHS together with the
central charge Z (see Definition 4.2.1) has the following local model near D°:

1) There exist local coordinates (21, .., Zn, W1, - - . , W) Rear a point ofDO such that
21 is small and D° = {z; = O}.

2) The map Z : B — C¥*" ~ I'V' ® C is a multi-valued map given in
coordinates by

(Zla"'aznawla"'awm)'_) (Zlﬁ"‘aznaalF()?”'53}1F09W19~”7Wm)9

where 0; = 0/0z;, and Fy is given by the formula

2

I z
FO = __llogZI + G(le s s Wiy e et 7Wm)s
2mwi 2
and G is a holomorphic function. The Poisson structure on C¥'" in the
standard coordinates (X1, ..., X2u4+m) is given by the bivector )", _; _, 9/0x; A
9/ 0X; .

3) The function Fy (called prepotential) satisfies also a positivity condition coming
from the condition i (dZ,dZ) > 0, which is satisfied for the restriction of dZ to
symplectic leaves S¢, ¢, = {(@1s - 20, Wi, ..., W) Wi = ¢i}.

4) The monodromy of the local system I about D° has the form u — i+ (i, y)y,
where y is such that the pairing (y, ®) € I'V is a primitive covector.

The map Z is defined up to a linear change of coordinates

@1y s 2 Tt ls o s 220 Whs oo s Wiy)

= (2o Zns Znt 1l F 2 220 o 220 W e e, Win),

where z,,4; = 0; Fy, 1 <i < n. This can be interpreted as a local system of complex
vector spaces endowed with a skew-symmetric form and a section. A choice of
branch of Fj allows us to identify the fibers of this local system with the standard
(C?+my* endowed the skew-symmetric form which is the product of the standard
symplectic form in (C?")* with the trivial form in (C™)*.

Remark 4.5.1. The A,-Singularity Assumption allows only the simplest possible
singularity at the discriminant D. There are other possibilities for such singularities.
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They are related to simply-laced Dynkin diagrams (Kodaira classification). We do
not discuss more complicated singularities in this paper for two reasons:

i) in many examples (e.g. GL(r) Hitchin systems discussed later) they do not
appear;
ii) we do not understand fully the local geometry of other singularities.

4.6 WCS for Integrable Systems with Central Charge

We expect that for a large class of semipolarized integrable systems with central
charge (including all algebraic ones) there exists a canonical WCS.

More precisely, suppose we are given a semipolarized integrable system I —
B with the central charge Z. The local system I” gives rise to a canonical local
system of torus (or quantum torus) Lie algebras g [see Sect.2.3, Examples (4)
and (5)]. B

We will assume that the monodromy of I, — B is a finite group G (as we
have seen this is true in the case when B is algebraic). Central charge Z defines a
submersion pgo : B® — (IY ® C)/G. Fix a non-singular point Z of the orbifold
(I;y®C)/G andlet M = B%O = p;ol (Zy). The restriction of the local system I,
to M is trivial. Let us also fix 8 € R. Set Y = Im(e™'?Z). Then Y defines a local
embedding of every fiber M of ppo into I'y as an affine symplectic leaf which is
parallel to (I'g"")*.

In order to construct WCS we would like to use the approach of Sect. 3. Recall
that in Sect.3 we gave a definition of the attractor tree bound by a family of
cones C . Finiteness of the number of attractor trees was guaranteed by several
assumptions, including the Mass Function Assumption. In this subsection we are
going to reverse the logic. More precisely, in the hypothetic WCS we have an a
priori idea of what are the relevant attractor trees.

Definition 4.6.1. We call attractor tree good if it is a locally planar attractor tree
in a fiber M of pgo such that its tail edges hit transversally the discriminant D at
the locus D, and the velocity of any tail edge is proportional to the corresponding
vector y (see part 4 of the A;-Singularity Assumption, Sect.4.5).

Then one defines the family of convex cones Cr;;n as the minimal closed subset of
(B°)" whose fibers under the natural projection to B® are closed convex cones and
such that Cr;;n contains all velocities of the above-described good attractor trees. It
is not a priori clear that those conic fibers are strict cones.

We claim that the function X = Re(e "% Z) plays the role of the mass function
(see Sect.3.3) and simultaneously gives a restriction on the velocities of good

attractor trees.

Lemma 4.6.2. Let us restrict X to a fiber M and identify the latter locally with a
symplectic leaf in I'y'. Let us also fixv € I'x — Ty r. Then
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d
—  X(m4u®.v) = - <o,
dt|r=0

where 1 I'rR — I'g was defined in Sect. 3.1 and we understand the non-zero vector
t(v) as an element of T,, M (recall that M carries natural Kdhler metric).

Proof. Follows from definitions. ll

Corollary 4.6.3. The function X strictly decreases along the attractor flow. More-
over X(m,v) > 0 at all inner points of a tail edge of a good attractor tree.

Proof. 1t suffices to show that X (m,v) approaches 0 along a tail edge of a good
attractor tree. l

Corollary 4.6.4. The function X is positive on edges of good attractor trees.

Proof. By previous Corollary the result holds for tail edges. For other edges it
follows by induction using the balancing conditions > ; y? = y™". R

Consider now all functions X (b,v) where (b,v) € (B°,Y(b)(v) = 0 which
satisfy the properties:

(a) X (b, v) is linear in v and strictly decreases along the attractor flow.
(b) X (b,v) is strictly positive at inner points of tail edges of good attractor trees.

Every such function defines a closed subset in (B 0)/ which is conic and convex in
the direction of I'r. Namely, we take C; = {(b,v)|X (b,v) > 0}. We define C* :=

Ng C ;, where the intersection is taken over all such functions. The Corollaries 4.6.3
and 4.6.4 hold for the functions X (b,v). Therefore C.. < C*.

min
Conjecture 4.6.5. C7 is a strict convex cone in the direction of I'g.

One can check that conjecture holds if I, = 0. We will discuss a motivation of
a similar conjecture in the framework of Mirror Symmetry in Sect. 10.3.

Definition 4.6.6. Canonical initial data associate with the tail of a good attractor
tree with the velocity ky (k > 1 and y is primitive), the element kl—zeky of the torus
Lie algebra.

The canonical initial data are motivated by interpretation of WCS via DT-
invariants (see Example (4), Sect. 2.3 and end of Sect. 3.3).

Conjecture 4.6.7. Assuming Conjecture 4.6.5, Compactness Assumption, Tail
Assumption and Mass Assumption, there is a unique WCS on R/7Z x B° with the
support in C* and the canonical initial data.

In terms of DT-invariants for that WCS we have £2;,(y) = §2,(—y) for all generic
b € B°.

In practical terms this means that starting with DT-invariants equal to 1 which
we assign to the smooth locus of the discriminant divisor B — B® we can assign
by induction DT-invariants £2,(y) € Z for any pair (b, ) which does not belong
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to a wall and any y € I, such that 6 = Arg(Z,(y)). The collection (£2,(y))
satisfy the wall-crossing formulas from [30]. Algorithm for the construction follows
from general considerations of Sects. 3.2. Namely, for a fixed (b, y) we determine
6 = Arg(Z,(y)). Then we consider all good attractor trees on R/ Z x B® such that
their root vertex is (b, 0) and the root edge is y.

Our assumptions imply that for generic b there are finitely many such trees. They
form a graph without oriented cycles (because X = Re(e "% Z;) is monotone along
attractor trajectories). Hence we can order edges of the graph is such a way that
the lowest numbering receive vertices in B — B°. Then we move from the lowest
order vertices to the vertex b using the WCF from [30] in order to calculate the DT-
invariant for the outcoming edges of the graph. Using it last time for the root edge
y we obtain §2,(y). Finally, varying 6 and Z, we arrive to the WCS on S g x BO.

4.7 Metric on the Base

Recall the notation and assumptions of Sects. 4.4, and 4.5. We will assume that the
monodromy of the local system I’ is finite. Then we make the following

Completeness Assumption.
The map ppo extends uniquely to a complex analytic map pg : B — (I ®
C)/G. Fibers of pp are metric completions of the fibers of pgo.

Under the Completeness Assumption we can work with non-singular B® and
then extend arising structures to the whole space B uniquely. We expect that the
Completeness Assumption holds in all realistic examples of full complex integrable
systems.

For any Z € (I'y’ ® C)/G let us denote p i (Zo) by By, and pj'(Zo) by Bz,.
The Completeness Assumption means that the Kéhler metric on B%O extends to By,
making it into a length space (the metric is singular on D N By,).

Since By, is a metric completion of BOO, it can be canonically reconstructed from
the latter as a topological space. Furthermore the complex structure on Bz, can be
reconstructed from the one on B%O. Indeed we can extend it to the set Bz,— D! using
the local model described in the previous subsection. Then we extend the complex
structure to the whole space Bz, by the Hartogs principle, taking the direct image
of the sheaf on analytic function ﬁBzo— pt- These considerations explain that the
WCS and the initial data can be canonically reconstructed from our semipolarized
integrable system on B°.

Next, for every Zy € (I,” ® C)/G such that Re(Zy) = 0 (i.e. Zy € (I ®
iR)/G) we define a real 1-form 7z, on B%O by the following formula

az, = Y 'Re(z)d Im(z;).

i.j
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Here, locally on Bgo C B, we define functions z; (b) := Z(y;). In this definition
r,® Q, b e B%O such that V' is complementary to ', , ® Q, and (wif)lfi,jfz,q is
the inverse matrix to the symplectic pairing w;; = (yi, ;).

It is immediate to check that a7, is well-defined and closed.

In general, we expect that the following holds.

Potential Assumption. There is a smooth function Hz, on B%O such that
dHz, = az,. Moreover, the function Hz, extends by continuity to Bz,, and gives a
bounded below and proper map from Bz, to R.

Let us give some motivations for the Potential Assumption under the A;-
Singularity Assumption from the Sect. 4.5.

One can check that the integral of oz, around a small loop around the divisor
D°N B 7o C Bz, vanishes, and that an antiderivative of oz, (defined a priori on
B%O near any point of D° N Bz, ) extends continuously to D° N By, .

It is natural to expect that H'(Bz,,C) = H'(Bz, — D', C) (at least it holds if
B, is nonsingular analytic space because the removing of complex analytic subset
of codimension at least 2 does not change the fundamental group). There are good
reasons to expect that B, itself is simply connected (in fact contractible, see below).
Therefore, we conclude that oz, is exact, i.e. it can be written as az, = dH z, for
some real-valued function Hz, on B%O. This function is strictly convex in the affine
structure given by Im(Z) because its tensor of second derivatives coincides with the
metric tensor of the Riemannian metric g BY, associated with the canonical Kéhler

metric on B%O. By the A;-Singularity Assumption the function Hz, continuously
extends to D° N Bz,.

The boundedness an properness of Hz, can be checked in special cases. For
example, let us consider Seiberg—Witten integrable system, which is a polarized
integrable system with central charge, fibers being the elliptic curves y +1/y —x? =
2u parametrized by u € B%O = B = C — {—1,1}. Then the metric completion
is Bz, = B = C. The function H := Hyz, can be expressed as H = K —2Im(F),
where

K = V=1 Zwiizizj
i.j

is the potential of the Kihler metric on B® and F is a holomorphic function on B°
such that

dF = Za)ijZiZj.
i.j

One can check that dF = const - du.

In this example K is a transcendental function which is non-negative and grows
as u — oo as C|ul - log|u|, where C > 0. We see that the summand K dominates
2Im(F), and hence H is bounded from below and proper. We expect that the general
case is similar to this example.
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Remark 4.7.1. In general, the convexity of the function Hz, on B%O and its
boundedness from below on Bz, supports the idea that it has a unique global
minimum b%" € By, for any Z satisfying the condition Re(Z,) = 0.

Notice that the condition Re(Zy) = 0 implies that the map b +— Re(Z) €
(I'y,/Iy,)" ® Ridentifies locally B%O with an open domain in a symplectic vector
space. Therefore we can define a canonical Euler vector field Euz, on B%O. We
conjecture that the flow associated with Euz, extends to a continuous flow on By,
which contracts as ¢ — —oo the space Bz, to the point b?(’)” In particular this
conjecture implies that By, is contractible.

It b%" € B%O then the arising local geometry is related to the theory of cluster
transformations. We will discuss it elsewhere.

In the example of SL, Hitchin system with regular singularities on a smooth
projective curve C, fixing purely imaginary Z, we obtain a complex integrable
system over the base Bz, which consists of quadratic differentials with fixed
residues at their singularities, which are poles of second order. Then the point b%’[’)”
can be identified with the unique Strebel differential on the curve C.

5 Formal Neighborhood of a Wheel of Projective Lines
and Stability Data

Given a lattice I" endowed with an integer skew-symmetric form (e, e), we can
consider stability data on the graded Lie algebra g = @®,er—r,Q - ¢, where
ley,.e),] = (=1)rr2d(y, Y2)ey, 4y, and Iy = Ker (e, ®). The aim of this section
is to encode these data in terms of formal Poisson varieties endowed with some
additional structures. Small variation of the central charge Z : I' — C corresponds
to an isomorphic Poisson variety.

5.1 Wheels of Lines, Wheels of Cones and Toric Varieties

Let Y be a complex toric variety of dimension n. Then it is stratified by the orbits
of the action of the torus 7' >~ (C*)".

Definition 5.1.1. Wheel of lines in Y is a cyclically ordered collection of one-
dimensional T -orbits F;,i € Z/mZ,m > 3 such that each

a) F; ~ P! foranyi.
b) Ef—l QFi = {p;}, where p; is a point;
C) Fiij:@if|i—j|>l;
Let I’ = Hom(T,C*) be the group of characters. Each intersection point p;
is a zero-dimensional 7 -invariant stratum, hence it defines a closed strict rational
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convex cone C; C I'Y ® R of full dimension with interior points corresponding to
1-parameter subgroups which attract points of the open dense 7T -orbit of Y to points
pi. Clearly the collection of cones C; forms a wheel of cones in the following sense.

Definition 5.1.2. We will call wheel of cones a cyclically ordered collection of
real closed polyhedral strict convex cones of dimension n, C; C I'Y  R,i €
Z./mZ,m > 3 such that:

a) C; N C;4 is a face of codimension one in C; and C;41,i € Z/mZ.
b) int(C;) Nint(C;) = P if i # j (here int means the interior).

If Y is smooth then all C; are isomorphic to octants, i.e. to RZ, (modulo the
action of GL(n,Z)). Let us denote C; N C;41,i € Z/mZ by C; ;11.

We will call the wheel of cones admissible if it satisfies the following two
assumptions:

Connectedness Assumption.

For any i € Z./mZ the cone C; is the convex hull of C;—_y; U C; ;41 and for
any i, j,|i — j| > 1 the convex hull of the pair C;;y1,C; j4+1 contains all cones
Cit1,...,CjorallconesCjyy,...,C;.

We call it the Connectedness Assumption because it implies the following
property of the wheel of cones:

for any closed half-space o C I'g such that O € da the set of indices i for which
C;.i+1 belongs to «, forms an interval in Z/mZ.

Non-degeneracy Assumption.
N;C;Y = {0}, where C;¥ = {x € I'r|y(x) >0,y € C;} is the dual cone.

One can check that wheel of cones (and hence toric varieties) satisfying the above
two assumptions do exist in any dimension n > 3. Indeed, let us consider a compact
rational polyhedron P C R”~2 which contains the origin in the interior. Let v;,i €
Z7./3Z be three cyclically ordered vectors in R? which generate R? and satisfy the
condition v{ + v, + v3 = 0. Then we define the cone C; as the convex hull of the
set {R>o(v ® p)|p € P,v = v; or v = vi41}. One can check that in this way we
obtain the wheel of cones.

We denote by x” € &(T) the monomial corresponding to the vector y € I'.
Then x"1x72 = x”1 772, We identify the open orbit of 7 with T itself.

For a wheel of lines (F;);ez/mz We denote by Y= }A]Uifi the completion of Y

along U; F;. The following result will be used in the next subsection.
Theorem 5.1.3. For an admissible wheel of cones one has:

a) H'(Y,0;) = C.

b) H'(Y.07) = lyeu,zimnicisn
c) H(Y,0;) =0fori > 2.

)van‘xy.

Proof. We are going to compute cohomology groups using a covering of Y, which
consists of formal neighborhoods U; of F; U{p;} U F;41. Then U; ;41 = U; NU; 4
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is the formal neighborhood of F;; and U; NU; = @ for |i — j| > 1. Notice that the
schemes F; and F; U {p;} U F;4,,i € Z/mZ are open affine subschemes of U; F .
The Cech cochain complex associated with this covering has the form

P o> P oW

i€Z/mZ i€Z/mZ

This makes (c) clear, since there are no non-trivial Cech i-cochains where i > 2.

Next we observe that the algebra of functions on the formal neighborhood of
piis O(U;) ~ l_[}/GCivﬁF C - x7. Similarly we define the completed vector space
ﬁ(U,-,i_H) = nVGCivi+1”F C - x7. We will proceed by replacing the algebras of
functions O'(U;), O (U,-,i +1) by the corresponding completed vector spaces of formal
series. After that we will explain how return to the actual algebras of functions.

In order to compute H® we observe that by the Non-degeneracy Assumption
we see that only monomial x’ = 1 appears in H 0(? , 03), hence (a) holds. More
generally, for any y we can compute the input of x” to H® and H'. For that we draw
a planar polygon with vertices corresponding to p; and edges corresponding to F;.
We are interested in those points p; and lines F; for which the monomial x? appears
in the algebras &'(U;) and &' (U; ; +1) respectively. The union of the relevant vertices
and edges is an open subset of the polygon. Hence it can be one of the following
subsets:

i) empty subset;
ii) full polygon;
iii) an open interval which consists of a chain of 1 < k < m consecutive open
edges and k — 1 vertices;
iv) a disjoint union of at least two open intervals from (iii).

Case (i) is clear since x” does not appear in the cohomology at all. The case (ii)
by the Non-degeneracy Assumption corresponds to y = 0, which gives the input to
both H® and H'.

In the case (iii) we have trivial input to H° and one-dimensional input of x”
to H'. Case (iv) is impossible by the Connectedness Assumption. Hence we have
proved (b) by replacing the algebras of functions by their completions. In order to
finish the proof it suffices to check that the following complex of vector spaces is
acyclic

@ o)/ 0U;) — @ Ui/ 0 (Urig).
i€Z/mZ i€Z/mZ
It follows from definitions that &' (U;) consists of such series f = Zyec\/m r fyxt e

o (U;) that Supp(f) is finite on rays parallel to the rays in C,” corresponding to
(n — 1)-dimensional faces C;—_;; and C; ;1. Similarly O(U;;+1) C O(U;i+1)
consists of such series g = ZyEC.\/._Hﬂ r 8&yx" that Supp(g) is finite on lines

parallel to Cf; n C Cij 41
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In order to describe quotient spaces in the above complex let us introduce some
notation. Let L be an oriented rational line in [ with a positive primitive generator
l e LNT.LetV C I'r/L be aclosed strict polyhedral cone. We denote by 7 the
natural projection I'g — I'r/ L. We denote by .% (V, I) the vector space which is the
quotient of the vector space of such series /' =3 ¢ —1(y)nr fy X7 that fy—y =0
for sufficiently large n by the subspace of series for which for a given y we have
Jy+n1 = 0 for all sufficiently large n > 0. If we choose a splitting of the projection
I' — I' N L then

FWH={ Y auta, € CIX']/Cl'] = C(x)/Clx', (=)',

we(l/TNL)NV

where x' is the monomial corresponding to the generator /.

Let us return to the proof. Let /; be a generator of C,.f; 11 N I' = Z which is
positive as a functional on C;. Let V; be the image of Cif 41 under the projection
Ir — IR/R-I;. Then 5’((],-)/0’((],-) ~ F(Vi—y, li—y) ® F(V;,—I;) and similarly
OWU;i+1)/OWUiiv1) ~ F(V;, 1) & F(V;,—I;). From this explicit description it
is easy to see that the differential in the quotient complex is an isomorphism. This
completes the proof. B

5.2 Deformations of Formal Poisson Manifolds

Let us choose an admissible wheel of cones (C;)iez/mz - Suppose that the character
lattice I' is endowed with an integer skew-symmetric form (e, ®) : /\2 I - 7Z
with the kernel Iy, C I'. Then the toric variety Y and its completion Y defined
in the previous subsection carry 7 -invariant Poisson structures. Both schemes are
stratified (by the closures of 7T -orbits in the case of Y and by their completions in
the case of f’).

Conversely, suppose we have a free abelian group I endowed with a skew-
symmetric integer form (e, ®) and a wheel of cones satisfying the Connectedness
and Non-degeneracy Assumptions. Recall that a toric variety is given by a T -torsor
together with a choice of fan. In what follows we are going to use the canonical
T-torsor Zoan := Fean(T, (e, ®)) which is the spectrum of the algebra with C-
linear basis e,,y € I' and the multiplication rule e,e, = (—1)()’*“)@),4_“ (the
choice of this torsor is motivated by applications to the theory of DT-invariants).
Let us choose the fan which consists of cones C; and their faces. We will denote the
corresponding toric variety by Y.4,. Its completion along Fean = U,-f,-,am will be
called canonical local toric model associated with the wheel of cones (C;)iez/mz
(or simply local toric model) and denoted by Yan- Notice that all one-dimensional
T-orbits F; .qn C ?C,m are endowed with distinguished coordinates given by e,,,
where y; € Civ N I' is a primitive vector such that C; ; +; C yiJ'.



238 M. Kontsevich and Y. Soibelman

In case of the local toric model we have a distinguished collection of rational
functions which are central with respect to the Poisson bracket and which are
parametrized by Ip. Namely, denote by Dy C Y the canonical toric divisor (i.e.
the complement to the open T-orbit), and by Dy C Y its completion along F.
Let O3 (% Dy ) be the sheaf of rational functions having poles at Dy. An element
ey, y € I defines a section s, of this sheaf. In particular the map ¢ : Iy —
r (IA’, O3 (xDy)*),y + s, defines a homomorphism of I7 to the abelian group of
invertible functions having poles at D ;. The image of ¢ (equivalently the collection
(8y)yery) is by definition our distinguished collection.

Next we would like to describe stratified formal Poisson varieties which are
locally isomorphic to the above local toric model and endowed with additional data
called decoration. We need some preparations for that.

Definition 5.2.1. A pair (£, D) consisting of a (possibly formal) normal scheme
% with a reduced divisor D such that all singularities of 2 are contained in D is
called a local formal toric pair if the following condition is satisfied: for any closed
point x € D the pair (2%, D,) obtained by the completion at x is isomorphic to
a similar pair (2, D'"), where 2" is a toric variety and D" is the canonical
toric divisor (i.e. the complement to the open orbit).

For any local formal toric pair the divisor D is canonically stratified, where
the stratification is induced by the canonical stratification of the corresponding
canonical toric divisors D’”". All open strata are smooth.

With a zero-dimensional stratum {x} C D we associate a lattice I, and a torsor
T, over the torus Hom(I'y, C*). Namely, 'y is the lattice of characters of the torus of
the corresponding local formal toric model. The torsor 7% is defined such as follows.
Choose an isomorphism ¢, : (2, ﬁx) ~ (Zlr, 15;‘”). It induces an isomorphism
of completed local algebras

Op ~ [] C¥" =04,

y€lyNCy

where C, C I'y ® Riis a strict rational polyhedral cone.
Notice that there exists a natural homomorphism of groups

Gy 1= Aut(O o, J o) — Hom(I'y, C*),

where J 5 = [T e nimcc,) C - X" is the ideal of D",
It is easy to describe the above homomorphism at the level of Lie algebras.
Namely,

Lie@Gy) = [ (Y e -,

y€lcNCx
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where we interpret elements of I"Y ® C as toric vector fields. Then the homomor-
phism is defined by taking the x’-component of the vector field. It follows that
Hom(I'y,C*) ~ G, /|G, G] (quotient of the topological group G, by the closure
of its commutant). The torsor .7 is the Hom(I',, C*)-torsor associated with the
natural G,-torsor consisting of isomorphisms ¢, .

Similarly, for any one-dimensional closed stratum F ~ CP! of D which contains
exactly two 0O-dimensional strata xo, X one can define a lattice I’z and a torsor
P over Hom(I'r, C*). It is easy to see that there is a canonical isomorphism
(g, F7) ~ (I'x, Jy) where x = Xp Or X = Xoo.

Definition 5.2.2. Suppose we are given a lattice I" endowed with a skew-
symmetric form (e, @) : A\>I" — Z.
A decorated formal scheme is defined by the following data:

i) A formal Poisson scheme X of pure dimension n = rk I", endowed with a
normal Poisson divisor Dy C X such that the pair ()2 , D) is alocal formal
toric pair.

ii) The reduced (non-formal) scheme associated with X is a wheel of parametrized
projective lines F = Ukez/mzik (P') where each i, is an embedding of the
projective line such that py = ix(c0) = ix+;(0) is the only intersection point
of Fi = ix(P") and Fy41 = ix4+1(P'). Moreover all points p; and lines Fy
are strata of the canonical stratification of D ;.

iii) A homomorphismcy : Iy — 1“()2, O¢(xDg)™).

iv) For any k € Z/mZ isomorphisms I",, >~ I" and ), ~ Fn.

We require that the data (i)—(iv) satisfy the following conditions:

a) for any k € Z/mZ there exists an isomorphism ¢ of the pair (ka, DAf’pk)
(completions at the point py) with the completions at the corresponding point of
the corresponding local formal toric pair (see Definition 5.2.1), which identifies
the Poisson structures and compatible with the homomorphism ¢ .

b) for any k € Z/mZ the composition of the isomorphisms
(Fpes o) = (I Tean) = Ly s Tpgr)
coincides with the composition of the isomorphisms
(Fpes Ty) = (I'r,.» yﬂ) >~ (Fpyrs Tppyr)-

Remark 5.2.3. The local toric model f’mn carries a natural structure of decorated
formal Poisson scheme.

Next we would like to describe the deformation theory of decorated formal
Poisson schemes. For that we need to study local symmetries of the local toric model
preserving the structure of a decorated formal Poisson scheme. A toy-model of the
result can be illustrated by the following Proposition.
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Proposition 5.2.4. Let (I, (e, ®)) be a lattice endowed with an integer skew-
symmetric form, C C Ir be a closed rational strict convex cone such that
intC # 0.

Let Yc = Spec(®yecnrQ - e,), where eje,, = (—1)<V”‘>()/,u)ey+ﬂ be the
corresponding toric variety, and let Yo be its completion at 0 € C, i.e. Yo =
Spf(l_[yecnr Q - ey). Consider the group of such automorphisms of Y that:

1) they preserve the completion of the toric stratification;

2) they preserve the Poisson structure induced by (e, ®);

3) they preserve all elements e,,y € Iy = Ker(e,e®) considered as rational
functions on f’c ;

4) they are equal to id on the torsor ,,, where yq is the only zero-dimensional
toric stratum.

Then this group is a pronilpotent proalgebraic with the Lie algebra isomorphic
to l_[yGCﬁ(F—R)) Q- ey, which acts via {e,, e}.

We are not going to prove the Proposition, since we are not going to use it. Let
us explain informally its meaning. An automorphism of an affine Poisson variety or
its completion can act non-trivially on the Poisson center. Inner Poisson derivations
act trivially on the center. This explains the condition (3). The condition (4) allows
us to exclude infinitesimal symmetries identical on the center but not inner which
are given by {loge,, e}.

In a similar way we conclude that the sheaf of Lie algebras of infinitesimal

symmetries of the local model I?wn is naturally isomorphic to g.., = ﬁfmn / ﬁ;"’”’”

endowed with obvious Poisson bracket {e, o}. Here ﬁ;"’”’” = Ker {e, o}.

can

Theorem 5.2.5. We have:

]) Ho(fcanv gcan) =0.
2) Hl(Ycanv gcan) x~ l_[yGU,- CI_X_HQ([*_FO) Q c€y.
3) sz(f]cana gcan) =0.

Proof. Analogous to the proof of Theorem 5.1.3. The only difference is that
elements e, y € I are now excluded from considerations. ll

The sheaf of pronilpotent Lie algebras g.,, defines the deformation functor
Def ;. from the category of commutative (not necessarily Arin) unital algebras
over Q to the category of groupoids: Def ; (R) is the groupoid of exp(gean®R)-
torsors over ?C,m. Notice that such torsors can be identified with decorated formal
Poisson schemes X . The above theorem implies the following result.

Proposition 5.2.6. The deformation functor Def ;  is representable by an affine
scheme M = %F,(','),(Ci)ieymz (with the trivial stacky structure) which is
(non-canonically) isomorphic to the infinite-dimensional affine space over A® =
lim AN over Q.

<—N
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There is an alternative description of ./ . Namely, let G; denotes the proalgebraic
group of automorphisms of the formal neighborhood U; and G; ;4 be a similar
group for U; ;4 [we always assume that automorphisms are compatible with
identifications (i)—(iv)]. We have a chain of embeddings:

(—’G1L>G1'2(—’G2L>G2’3(—’G3(—>....

Then the product group G = G2 X G253 X G34 X ... is endowed (as a scheme)
with the free action of the group H = G| x G2 X G3 X ... C G x G (namely the
factors of G; x Gi4; act on G; ;4 by left and right multiplication respectively). By
the above considerations with Lie algebras we conclude that the following holds.

Proposition 5.2.7. The scheme . is the scheme of orbits of the above action of H
on G. It is also isomorphic to the double coset M >~ G4iqg\(G x G)/H.

Remark 5.2.8. Suppose (C/)iez/mz be another admissible wheel of cones such
that for any j there exists i such that C J’ C C;. Then there is natural embedding

A1 (08 (Cliczmz = T (0.0).(C)); ez, - Furthermore if under this embedding X is

mapped into X' then X' is obtained from X in the following way:

a) first we make a finite sequence of blow-ups of X with centers at some strata (such
blow-ups will be automatically stratified);

b) then in the resulting formal scheme we choose a wheel of lines each of which is
a one-dimensional stratum, and take the completion along the wheel.

Notice that this procedure depends on purely combinatorial data.

5.3 Relation to Stability Data

Let (I, (e, ®)) be a lattice endowed with an integer skew-symmetric form (e, e).
Stability data on the torus Lie algebra ¢ = gr_p, are given by a central charge
Z : I' — C and a collection of numerical DT-invariants £2(y) € Q,y € I'—1I (see
[30] or Sect. 2.3, Example (1)). The Support Property ensures that U, eg,pp2)R - ¥y N
(Ker Zg — {0}) = 0, where Zg : I'x — C is the R-linear extension of Z. We will
assume in this subsection that rk Zg = 2. In this case Z§((R*)*) C I} is an
oriented two-dimensional vector space.

Definition 5.3.1. An admissible wheel of cones (C;);ez/mz is compatible with the
central charge Z : I’ — C,rkZg = 2 if

a) for any i € Z/mZ the intersection /; = (C; ;41 — dC;;+1) N Z;{((RZ)*) is an
open ray;

b) rays l;,i € Z/mZ go in the clockwise order with respect to the orientation in
ZR((R?)).
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Proposition 5.3.2. In the above notation there exists an admissible wheel of cones
Ci,i € Z/mZ compatible with Z and such that Supp(2) C U;C;;,, — {0} C
FR — Ker ZR.

Proof. Let us choose an isomorphism /g ~ R" = R?> @ R"? in such a way
that Zg becomes a projection (xi, ..., Xx,) — X1 + ix,. Recall the example of the
admissible wheel of cones from Sect. 5.1. In that example U, C;% , | — {0} contains
an open neighborhood of R> — {0} in I'g and is disjoint from R"™2 = Ker Zg.
It follows from the Support Property that for sufficiently large ¢+ > O the set
8:(U; C;Y, 1) contains Supp(£2), where 8, (x1,x2,...,X,) = (X1, X2,1X3,...,1X,).
Then the cones (§)~1(C;),i € Z/mZ obtained by application of the map which is
inverse of conjugate to 6, form an admissible wheel of (non-rational) cones. Then
taking a small perturbation we obtain an admissible wheel of rational cones. This
completes the proof. B

We will need a stronger statement proof of which is analogous but lengthy and
hence omitted.

Proposition 5.3.3. For stability data on gr—r, as above there exist an admissible
wheel of cones (Ci)iez/mz as in the Proposition 5.3.2 as well as the following
data:

1) a cyclic decomposition R? = ViaUu...UVi UV U UV, UL UV, U
oo UVik,-m = 3, ki > 1, where V; ; are closed strict sectors such that two
consecutive sectors have a common edge, Z ' (3V; ; —{0)) N I" = ;

2) a cyclically ordered collection of closed strict convex cones C(V; ;) C Ir
compatible with Z and such that Z(C(V; ;)) C V; j, the set Supp(§2) belongs to
Ui ;C(Vi)), and for any i, j the set C(V; ;) — {0} belongs to int(C,Y; , ).

Let us make a choice of sectors and cones as in the Proposition. Then our stability
data on gr_p, give rise to the collection of elements

gi.j € exp( l_[ Q-¢) C Gy,
yeC(V; ;)N —Tp)

where the latter group was defined in the end of the previous subsection. Let us
associate with our stability data a point of .# represented by the coset of the element

(811812 -81k1- 821 -+ - 82dkzs--->8m.1 - - mkm)-

Theorem 5.3.4. For given I', (e, 0), Z : I' — C with rk Zgr = 2 the above map
provides a bijection from the set of stability data on gr_r, with fixed central charge
Z to the set h_r)n %F,(','),(Ci)ieymz’ where the inductive limit is taken with respect to
subdivision maps described in the Remark 5.2.8 over all admissible wheel of cones
(Cy) compatible with Z.

Sketch of the proof. In what follows all chains of cones (C;) will be compatible with
the central charge Z. The proof will consist of several steps.
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Step 1. The moduli space T (e 0).(C;)icz/mz ‘= “#(c;) can be defined for admis-
sible wheels of non-rational cones via the double coset construction.

Step 2. For a special choice of cones C; we can identify the space of stability data
on the Lie algebra gr—r, with the central charge Z and Supp(2) C U;C}%
with .#(c;). It can be done along the lines of the example with polyhedron in
Sect. 5.1. More precisely, let us fix a convex polygon in R? which contains the
origin in the interior and has cyclically ordered vertices vy, va, ..., v,. Let us fix
a convex bounded closed polyhedron P C R"~2 which contains the origin in the
interior. Let us define a decomposition (R?)* — {0} = U;ez /mz Vi into the union
of semiclosed strict sectors defined by the condition V; = {u € (R?)*|u(v;) >
u(vi—1), u(v;) = u(vi+1)}. We define strict convex cones C(V;) C (v; @ P)Y as
{u®wlueV;,we P}. Then

U,‘(V,‘ (&) P)v — {0} = U,C(Vl)

For such a choice we have C; ;11 = R>¢(v; @ P) and C; is the convex hull of
Ci-1.i,Ciit1.

Below we will define a bijection between the space of stability data on the Lie
algebra gr—r, with the central charge Z and Supp(§2) C U; C\Y,, | with .#(c,).

First, let us introduce a collection of pronilpotent groups Gl-(l) C G; such that
Lie(Gi(l)) = Hyec(mﬂ(r_n)) Q - ¢,. Then following [30] we parametrize our

stability data by the collection of elements Ay, C Gi(l) ,i € Z/mZ. Namely,
we set Ay, = HI—éV, A;, where the product is taken in the clockwise order over
the set of rays in V; with vertex at 0, each factor is given by the formula A; =
yecqmnir—ryzmey T -and Ty < ey = (1= )00,

Then in the double coset description of .#(c;) we take the orbit of the element
(idg, Av,, Av,, ..., Ay,) € G x G. It is easy to see that this gives the desired
bijection (cf. Proposition 5.2.5). In fact we have

[16:" ~ Guiw\(G x G)/H ~ ..

Step 3. Let us introduce a partial order on the set of wheels ¥ = (C;) compatible
with Z. Namely we say that ¢ = (C}) < ¢ = (C;) if for any i there exists j
such that C ! i+1 C Ciit1 (equlvalently, for any j there exists i such that C ]’
C;). The partlal order < gives rise to the category with objects 4 = (C;) such
that int(C;) NR? is non-empty, and morphisms defined by the partial order (poset
category). Then we observe that if ¥” < % then we have a natural embedding
M) = //Z(C/) (notice that we do not need cones to be rational for all that).

Step4. Assume that ' < &, and for any i there exists j such that C j’ j41 =

Ci,i+1 and also we have U; CJ’» = U;C;. Then the embedding from Step 3 is an

isomorphism of affine schemes.
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Step 5. For an admissible wheel of cones ¢ = (C;) there exist €' < ¥ and

&' > € such that the conditions from Step 4 hold and € is a wheel of cones
from Step 2.
Let us comment on Step 5. In order to find ¢” one chooses the vertices v;, 1 <
i < m of the polygon in Step 2 in such a way that v; ¢ C;,;+; N R?. Then one
replaces the polyhedron P from Step 2 by ¢P, where ¢ is a sufficiently small
positive number.

Step 6. By previous steps an element from .#« gives an element from .#4»,
hence the stability data on gr_r, by Step 2. This concludes the sketch of the
proof. B

Assume we are given I, (e, ®). Consider a continuous family of central charges
Z.,x € X, where X is a Hausdorff topological space and such that vk Z, = 2 for
all x € X. Consider a family o,,x € X (non-necessarily continuous) of stability
data on gr—p, with central charges Z,. Then we have the following result proof of
which is omitted.

Proposition 5.3.5. The family o,,x € X is continuous if and only if there exists
an open covering X = UyU,, collection of admissible wheels of cones 6, =
(Cy.i) and points my € M, such that for any x € U, the stability condition
corresponding to my and having central charge Z . is identified by Theorem 5.3.4
with .

Remark 5.3.6. In the case rk Zgr = 1 one can develop a similar theory by replacing
the formal neighborhood of a wheel of lines by the one for chains of lines (in some
interesting cases just one projective line is enough).

5.4 Toric-Like Compactifications

Let ./ be a smooth algebraic variety over a field k of characteristic zero, and .4}
be a normal scheme over k which contains .4” as an open subscheme.

Definition 5.4.1. We say that .47 is a toric-like compactification of .4 if the pair
(A, D), where D = A4 — 4 is areduced divisor, is a local formal toric pair.

In what follows we assume that k = C, although this assumption can be relaxed.
Notice that .#] does not have to be proper. It follows from the definition that D is
stratified and its stratification is compatible with the local toric picture.

With each zero-dimensional stratum (point) x € D we can associate a free
abelian group (lattice), which in the obvious notation can be written as [, =
HY ((x — M)AV — M)Z._y) where Z_4 is the constant sheaf and the
arrows are natural embeddings. In the case k = C and analytic topology Iy =
HY(B, NN, Z) ~ 7" where B, is a small ball with the center in x.

Let F be a closed one-dimensional stratum whose complement to the union of
zero-dimensional strata is isomorphic to C*. Then one has a similarly defined lattice
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Iz ~ Z4™Y In the complex analytic case one can define ['y = H YUpN A, Z),
where U7 is a tubular neighborhood of F'. If x € F then by topological reasons we
have a canonical isomorphism I, >~ [%.

Definition 5.4.2. A chain of lines Fy, Fy # Fiy1.1 < k < m is given by a
sequence of one-dimensional strata with parametrization iy : P! ~ F; such that
ix+1(0) = i;(00),0 < k <m — 1, and i, (0), ix (c0) are the only zero-dimensional
strata of F.

We will use the notation py = iy (0),k = 1,...,m, pp+1 = im(0).

The above considerations give us a chain of canonical isomorphisms of lattices
Iy ~1TF ~1T)p ~TIF ~...~ I =~ I, . Wedenote the identified
lattices by I". We assume that I” is endowed with a skew-symmetric pairing (e, ®) :
/\2 I' — Z. We denote the kernel of this form by I%.

Suppose that we are given an automorphism 7" : .4~ — 4. Suppose furthermore
that there exist open subsets .4 C U; C A and A C U, 41 C A such that p; €
Ui, pm+1 € Up4+1 and such that T extends to an isomorphism T:U — Un+1.
Then T induces an isomorphism 7' 41 : Iy, =~ I, ;.

Next we would like to formulate a list of assumptions under which we will
construct a point of the moduli space of decorated formal Poisson schemes. Namely
we assume that:

(a) A is endowed with a Poisson structure.

(b) Automorphism T preserves the Poisson structure.

(c) The isomorphism T ,,+; coincides with the one obtained from the chain of
isomorphisms of lattices.

(d) We are given a homomorphism of abelian groups ¢ : Iy — O(A4)* whose
image belongs to the Poisson center. .

(e) Forany 1 <i < m + 1 there exists an isomorphism ¢; of the pair (4] ,,, D )
(completions at p;) with the corresponding pair in the local formal toric model.
This is an isomorphism of formal Poisson schemes, where the local formal toric
model is endowed with the Poisson structure given by the skew-symmetric form
(o, 0); : /\2 I'y, — Z obtained from the skew-symmetric form (e, ) via the
canonical isomorphism I, >~ I'.

(f) Forany 1 <i < m + 1 we are given an isomorphism g,, : 7, =~ 4, such
that for any one-dimensional closed stratum F ~ CP! containing exactly two
0-dimensional strata {xo}, {Xc} the following two compositions coincide:

id.gxy) (id g7,

( )
(FX()v '7).(()) x~ (Fs f%an) i (Fxoov '7).(00)
and

(o Ta)2(I'ps Tp) 2Tk s Troo)-
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(g) Forany 1 <i < m + 1 there exists ¢; (see e)) such that the pull-back ¢ (c(y))
is a function of weight y on the open toric stratum.

(h) LetC; Cc I’ p\f ® R,1 < i < m be closed strict rational convex cones arising
from the toric-like stratification. Then (after identification 7 ,, : C; >~ C,,) we
obtain an admissible wheel of cones.

(i) The composition

—1
&p1 ng+l

I = Tean = T

Pm+1

coincides with the Poisson isomorphism induced by 7.

Under the above qssumptions (a)-(@) let us consider the disjoint union of
completions LI} <; <y} F and then identify the formal neighborhood of co; € F;
with the one of 0,4 € 7i+1 for 1 <i < m — 1 using the embeddings to .4, and
finally the formal neighborhood of oo, € F,, with the one of 0, € F, using the
isomorphism T'| 1. In this way we obtain an admissible wheel of cones endowed
with additional data giving us a point in the moduli space .Z (e o) (c;

N=i=m+1°

6 WCS and Mirror Symmetry

Considerations in this section will be mostly heuristic. We are going to explain how
the ideas of Mirror Symmetry in Strominger—Yau—Zaslow (SYZ for short) torus
fibration picture can be combined with previous considerations of this paper. This
will give us a WCS which conjecturally should coincide with the one constructed in
Sect. 4.

6.1 Reminder on Fukaya Categories

Let (X, ) be a compact smooth symplectic manifold of dimension 27 and B €
H*(X,R/27Z) ~ Hom(H>(X,Z),R/27Z) be the B-field. It is expected that for
a sufficiently large A > 0 the triple (X, Aw, B) gives rise to a Z/2Z-graded Aco-
category .7 (X, Aw,B) called the Fukaya category. Some objects of the Fukaya
category are pairs (L, E) where L C X is an oriented Lagrangian submanifold
endowed with a spin structure such that Bj;, = 0, and E is a U(1)-local system on
L. Space of morphisms Hom((L1, E1), (L2, E,)) is labeled by intersection points
of L; and L,. In order to define the Ao-structure one needs to choose an almost
complex structure on X. Then higher composition maps are given by a properly
defined count of pseudo-holomorphic discs D “weighted* by e~ Ip(2o+iB) Nt
every Lagrangian submanifold L can support an object of the Fukaya category. A
sufficient condition for that is the absence of pseudo-holomorphic discs of Maslov
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index 2 such that dD C L. More advanced picture which handles this problem was
developed in [16]. Convergence of series which defines higher composition maps
is another big issue, which is not proved by this time. Typically people avoid this
problem by working over Novikov ring of series in the above-mentioned weight. In
this case the approach can be made rigorous (see [16]). Furthermore, in the presence
of a top degree almost complex form one can define a Z-graded version of the
Fukaya category. In what follows we will assume that for “sufficiently large ©” we
can define the Fukaya category .7 (X, w, B) over the field of complex numbers. In
some sense this category depends holomorphically on [w]+iB € H?*(X,C/2miZ).

Under appropriate conditions one can define a version of .7 (X, w,B) called
wrapped Fukaya category in case when X is non-compact and endowed with a
proper map H : X — [0, 400) (see [1]). In that case Lagrangian submanifolds
supporting objects are non-compact, having “good” behavior “at infinity”. The
space Hom((L1, E1), (L2, E;)) is defined by means of intersection points L; N
exp(toy)(L,), where oy = {H, e} is the Hamiltonian vector field corresponding
to H.

6.2 SYZ Picture and Integrable Systems

Now suppose that we have a real integrable system 7= : (X,w) — B with a
Lagrangian section s : B — X. Then over an open dense subset B® of a smooth
n-dimensional manifold B we have a Lagrangian torus fibration with marked zero
points in the fibers. If X is non-compact then we assume that X is endowed with
a proper function H : X — [0, +00) mentioned in the previous subsection, and
that the function is a pull-back of a similar function on B. We will impose the
condition ¢;(Ty) = 0 € H?(X,Z), although it is not necessary for some of our
considerations.

The open submanifold B carries a Z-affine structure with local affine coor-
dinates x;,1 < i < n in a neighborhood of b € B° which are determined
(up to a shift) by the condition dx; = f)’i ®, where {y;}i<i<n iS a basis in
I, = H{(n~"(b),Z). The vector fields d/dx; generate a covariantly constant lattice
Tz C TB°. We will assume that B carries a metric gz which is complete and which
is Riemannian on B°. Then it gives rise to an isomorphism 7*B° ~ TB° of the
tangent and cotangent bundles. In particular we have a lattice 7,/ C T* B°. Notice
that 77! (BY) is canonically symplectomorphic to the total space of the Lagrangian
torus fibration (7*B°/ T}, wr+ o s7;)- The latter is in turn symplectomorphic to
the total space of the “rescaled” torus bundle (7*B°/eT}, e_la)T*Bo/TZ*). Using

the metric we endow 7' (B®) with an almost complex structure J, compatible
with the rescaled symplectic form ¢~ ' and the pull-back of the metric gg. The
structure J, is singular on X — ' (B°). We can replace it by a non-singular almost
complex structure T, compatible with ¢ 'w, and such that J, = J. outside of a
small § = §(e)- neighborhood of X — 7' (B°) such that lim.—,,8(¢) = 0.
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Then as ¢ — 0 the J .-holomorphic curves converge to singular surfaces whose
m-images are graphs in B with edges which are gp-gradient lines of affine functions
(see a discussion of this result of Fukaya and Oh in [35]). At a vertex v of the
gradient graph the balancing condition is satisfied: >, y/ = 0, where y! denote
adjacent to v edges which are identified with the corresponding integer affine
functions.

In what follows we will assume that dimg(B — B®) > 2 (cf. [35]). This
condition is closely related to the condition ¢;(Tx) = 0. Then for a generic
point b € BY there is no gradient tree as above with the root at » and external
vertices at B — B°. Such trees correspond to limits of J,-holomorphic discs with
boundaries on 7~!(b). Indeed, the union of roots of such trees is a union of
countably many hypersurfaces in B. We can call them “walls”. The reader should
not mix them with walls in WCS for complex integrable systems (see Sect. 10
for discussion of these walls). Informally we can think that B® locally looks as
a locally finite union of convex polyhedral domains separated by walls and each
polyhedral domain P gives a family of objects in the Fukaya category parametrized
by the tube domain Log~!(P) C (C*)", where Log : (C*)" — R” is the tropical
map (z1,...,z,) — (loglzil, ..., log|z,|). Then Arg(z;) correspond to U(1)-local
systems on fibers of . According to the Mirror Symmetry philosophy there is
a complex variety XV (mirror dual to X) containing all parametrized families of
objects of the Fukaya category as open subsets. Crossing a wall which separates
polyhedral domains corresponds to a change of coordinates on X V. If gp is locally
given in affine coordinates by the Hessian matrix (0 H/dx;dx;) for some convex
function H, then edges of gradient graphs will be Z-affine segments in the dual
affine structure on B°.

6.3 The Case of Complex Integrable Systems

First, let us assume that we are given a polarized (full) integrable system 7 :
(X,0>%) — B endowed with a holomorphic Lagrangian section s : B — X.
Notice that codimg(B — B®) > 2 automatically. Let us fix { € C* and take
wr = Re({7'w*P) as the real symplectic form on X. As the B-field we take
B: = Im({™'w*°) + B, where Bey, € H*(X,7Z/27Z) ~ H*(X,Z/2Z) is
a “canonical” B-field defined in the Appendix.

Remark 6.3.1. Our choice of B, is motivated by the appearance of the factor
(=1){ in the theory of DT-invariants.

Recall (see Sect.4.7) that under some natural assumptions there exists a proper
continuous function Hy : B® — [0, 4+00) which gives the metric on the base.

Tube domains for mirror duals X ;Y in coordinate-free language belong to
Hom(I,,C*),b € B°. I, = H\(x'(b),Z). Hence they are endowed with a
symplectic structure associated with the polarization. The above-discussed changes



Wall-Crossing Structures in Donaldson—Thomas Invariants, Integrable Systems. . . 249

of coordinates preserve the symplectic structure. Hence each X ZV , € C*isa
holomorphic symplectic manifold. One can explain the symplectic structure in
a different way. Indeed the polarization on fibers of X — B gives rise to a
canonical holomorphic line bundle . on X whose restriction on fibers X — B
is ample (more precisely it is defined outside of the preimage of the discriminant
locus, but we expect that it extends to the whole space). The cohomology class
c1(&) € H*(X,Z) can be interpreted as an element of the second Hochschild
cohomology of the above wrapped Fukaya category .7 (X, w¢, B¢). Equivalently it is
a second Hochschild cohomology class of the derived category of coherent sheaves
on the mirror dual X g’ . One can argue that this cohomology class is represented by
a non-degenerate holomorphic Poisson bivector field. Its inverse is our holomorphic
symplectic form.

Now we are ready to consider the semipolarized case. To simplify the exposition
we fix { = 1 and omit the B-field B from the notation.

Namely, let 77 : (X, »>?) — B be a semipolarized integrable system with central
charge Z and holomorphic Lagrangian section. We assume that the monodromy
of the local system 'y, — B is trivial so all its fibers can be identified with
the fixed lattice I} (this can always be achieved by taking a finite cover, see
Lemma 4.4.1). Then we obtain a holomorphic family of complex integrable systems
(X Zo,wi'go) — Bz, parametrized by Z, € Hom(Ip,C). Our discussion of
the Fukaya categories make plausible the proposal that the holomorphic family
of the Fukaya categories gives rise to a holomorphic family of mirror duals
X7, = Xz, Re(wf(’go ))" parametrized by Hom(Iy, C). We argue that X carry a
holomorphic symplectic form.

The total space of this family will be denoted by XV.

In fact it is a pull-back via the map exp : Hom(Iy, C) — Hom([p, C*) of an
algebraic family of smooth complex symplectic varieties X V¢ — Hom(I}, C*).

Here is an informal argument in favor of that. For each Zy = Z we have
the corresponding polarized integrable system (X z,, a)i’g[) — Byz, as discussed
before. Consider the real affine space ax, C Hom(Ip, C) defined by the condition
Re(Zy) = Xp. This gives rise to a family of smooth symplectic manifolds
(X Z(),Re(a)ff’go)), where Zy € ay,. The cohomology class [Re(wi’go)] is locally
constant along ay,. Then by a Moser-type theorem (suitably adopted to non-
compact case) we conclude that all symplectic manifolds (X ZO,Re(a))z('go)) can
be (non-canonically) identified up to symplectic isotopy. Notice that the B-field
depends on Im(Z,). Therefore the corresponding Fukaya categories (and therefore
their mirror duals) depend only on Z modulo Hom([y, 2wiZ). The corresponding
Fukaya categories (and hence their mirror duals) are periodic, with respect to
the shifts, hence form a holomorphic family over the torus Hom (I, C*). The
algebraicity of this family is a conjecture, which we will discuss in a separate
subsection below in Sect. 6.5. A priori the dual variety is just a complex manifold
without an algebraic structure. The latter comes from additional considerations
related to the wrapped Fukaya category.
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From the above discussion we conclude that the total space of the family of
mirror duals is a complex Poisson variety X V-#$ (which we will call the mirror dual
to our complex integrable system) endowed with a Poisson map to Hom([p, C*)
(hence fibers of this map are symplectic leaves). We will use the term “mirror dual”
being applied to the holomorphic family Xv — Hom(I}, C).

There is an alternative approach to the construction of X V%¢ which we are going
to explain below. Let Bg C B be the closure of the set {b € B°|Re (Z;)r, = 0}.
Let Xg = m~'(Br) C X. Then Xy is a coisotropic submanifold. Therefore it
carries a foliation with symplectic quotient which we will denote by Xg. We have
the corresponding real integrable system ((Xg. wy;) — Br. The fiber over b €

Blg := Br N B is isomorphic to the compact real torus (I, ® R)/TI}. Notice that
the cohomology class [wXﬁ] = 0 (i.e. our real integrable system is exact). We can

define the Fukaya category 7 (Xy. wy;.By,,), where B, € H 2(Xg, wZ/2nZ)
is the canonical B-field associated with the integer skew-symmetric form on I75.
Since (Xg, ® X]Q) is an exact symplectic manifold and the pairing of exp(B., ) with
the class of any pseudo-holomorphic curve belongs to exp(7iZ) = {—1,+1} C Q,
we conclude that # (Xl/{, Wy} B/m) is defined over Q (again, we ignore here the
convergence problem). The torus (I'y ® R)/ I acts on X}, in the Hamiltonian way
preserving Lagrangian torus fibers of the projection to Br. By Mirror Symmetry

this corresponds to the holomorphic map (Xg)¥ — Hom(Ip, C*).

Conjecture 6.3.2. The complex Poisson manifold (Xg)" is algebraic and endowed
with the map to Hom([l, C*). It is canonically isomorphic to the complex algebraic
Poisson variety X V*#¢ with its map to Hom(I, C*).

So far we have been discussing semipolarized integrable systems with fixed
holomorphic symplectic form. Let us consider the C*-family of holomorphic
symplectic forms w?’o = w*"/¢ on X. Then the corresponding mirror dual Poisson

varieties X {V 8 ¢ e C* form a local system of quasi-affine algebraic varieties over
C* (we will discuss it in Sect. 6.5). More precisely, recall that mirror duals were
constructed first by fixing Zo = Z|; and then by looking at the result as a family
over either Hom(Ip, C) (this gives us a holomorphic family) or Hom([ly, C*) (this
gives us an algebraic family). After the rescaling the symplectic form to w?>°/¢, the
central charge Z gets replaced by Z /¢, hence Zy = Z|, gets replaced by Zy/¢.
Hence in the construction of mirror duals we fix Zy/¢. Taking the union of mirror
duals (for fixed ¢) we obtain the mirror dual Poisson variety X I8 Tn fact they form
a holomorphic local system of algebraic varieties over C*. This can be proved by
using of the Moser-type arguments (in case when we deal with polarized integrable
systems having central charge one can identify the fibers directly). In a similar way
we obtain a holomorphic family over C* of complex Poisson manifolds X ZV each of
which is endowed with a holomorphic Poisson morphism to Hom([lp, C). Clearly
the total space X of the latter family is the universal cover of the total space of the
former family X V.
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Taking the fiber X, := X §V=’allg we obtain a Poisson variety endowed with a
Poisson automorphism 7" : X 1\/ s, x lv alg , which is equal to id on the algebra of

central functions (the latter is isomorphic to &' (Hom(Ij, C*))) (cf. with Sect. 5.4).

Finally, let us remark that if the monodromy of the local system I'y — B is a
finite group G then the above considerations still work and give us the mirror dual
Poisson variety X V¥ together with a Poisson morphism to Hom(Iy, C*)/G (here
Iy can be thought of as a fiber of the pull-back of I', to the universal cover).

6.4 Wall-Crossing Structure from the Point of View
of Mirror Symmetry

Recall gp-gradient trees from Sect.6.2. In the case of semipolarized integrable
systems with central charge and holomorphic Lagrangian section we have Kihler
metrics on the bases of the corresponding polarized integrable systems, hence
edges of the gradient trees are straight segments in the dual Z-affine structure (see
Sect. 6.2). In terms of the central charge, the dual affine structure for the symplectic
form Re(w?°/¢), |¢| = 1is given by Yy := Im(e~'? Z) with fixed restriction of Y
to Iy, where ¢ = e'? € C*. As we briefly recalled in Sect. 6.2, the SYZ approach to
Mirror Symmetry (see more on that in [35]) gives rise to an inductive procedure of
constructing walls and changes of coordinates, starting with certain data assigned to
generic points of the discriminant B — B°. Namely, for a point » € B sufficiently
close to a generic point of the discriminant, one counts limiting pseudo-holomorphic
discs whose w-image on the base is a short gradient segment connecting the point b
with a point of B — B,

The inductive procedure is a priori different from the one discussed above in
Sect. 4. Nevertheless in this case one can prove by induction (moving along the
oriented gradient tree from the discriminant to a given point) that the walls and the
changes of coordinates in Mirror Symmetry story of Sect. 6.2 coincide with those
in Sect. 4. In particular, the changes of coordinates preserve the Poisson structure
on X%’O, Zy € Hom(Iy, C) and depend algebraically on the point of Hom([lp, C*).
They can be interpreted as Poisson transformations of XV identical on the Poisson
center.

The above discussion gives an alternative approach to WCS constructed in
Sect. 4. The initial data for which £2(y) = 1 (see Sect.4) for A;-singularities
correspond to the count of pseudo-holomorphic discs in the standard A,-singularity
model (see e.g. [7,31]).
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6.5 Algebraicity of the Mirror Dual

For simplicity we are going to discuss the case of polarized integrable systems. We
hope that our arguments can be extended to the semipolarized case. In particular,
the basis described below should be a basis in the algebra over &' (Hom(Ip, C*)).
One can speculate that it coincides with the canonical bases expected in the theory
of cluster varieties (see [17]).

As we discussed before, the mirror dual XV to an exact real integrable system
7 : (X,w) — B endowed with Lagrangian section s : B — X and the B-field
which is a 2-torsion, is an algebraic variety defined over Q. More precisely, we
expect that XV is a quasi-affine (maybe formal) scheme of finite type over Z. In case
if there exists a proper continuous function H : B — [0, +00) which is (strictly)
convex with respect to the Z-affine structure on B® and has “good” behavior at the
discriminant B — B°, we expect that XV will be a Zariski open in the spectrum of a
finitely generated algebra R, which can be described such as follows.

Forany t € Rlet L, = exp(tou(s(B))) C X be a Lagrangian submanifold
obtained from the zero section s(B) by the Hamiltonian shift along the vector field
on = {H,e}. Morally all L,,t € R should correspond to isomorphic objects
in the wrapped Fukaya category. More precisely, for #; < t, let us consider the
basis of the Floer complex CF(L;,, L;,) given by intersection points L;, N L;,. We
will assume that this intersection belongs to 7! (B°). Convexity of H implies that
Maslov indices of all intersection points are zero. Hence the Floer differential is
trivial. The composition

mtl,tz,m : CF(L[I 5 Ll‘z) ® CF(LZ‘27 Lt}) — CF(L[I 5 Lt3)

sends the tensor product of two basis elements to a finite Z-linear combination of
basis elements (this follows from the “energy considerations” with the function H').
Hence we obtain a directed Z-linear non-unital A..-precategory (see [35]) with
objects L;,t € R and Hom(L,,, L,,) well-defined for #; < t, only.

Assume now that H has a unique global minimum b,,;,, € B 0Tt gives a common
intersection point of all L,,¢ € R, hence a canonical element i;, ;, € Hom(L,,, L;,)
which satisfies the property iy, ,is, 1, = i7,1;- In this way we identify all objects L; of
our precategory. Then we define the algebra R as the algebra of the endomorphisms
of any of them. The fact that R is finitely generated is not entirely obvious. One can
hope that it follows from more careful considerations with filtrations on R coming
from the function H.

By Mirror Symmetry the zero section s(B) corresponds to the sheaf &xv (or
maybe a line bundle on XV) because Hom((s(B),C), (=~ (), p)) ~ C for any
b € BY and any U(1)-local system p on 7' (b).

We conclude that R >~ &(X "), and parameterizations of open subsets of X ¥ by
the tube domains give rise to embeddings of R into the algebras of Laurent series
obtained by completions of &'(Hom(I}, C*)) with respect to closed strict convex
cones. In the case if our real integrable system comes from a complex polarized one
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with the central charge, the algebraic symplectomorphism 7" : X" := XV — XV
corresponds to an automorphism of R. Being the mirror dual, the variety XV C
Spec(R) carries an algebraic volume element £2xv. We expect that there is a ZPL
map of BY to the skeleton Sk(XV, 2xv), where the skeleton is defined for the class
of logarithmic Calabi—Yau manifolds in a way slightly more general than in [31].

Definition 6.5.1 (cf. [23]). By a logarithmic Calabi—Yau manifold (log CY mani-
fold for short) we will understand a complex non-compact algebraic manifold %°
endowed with a nowhere vanishing algebraic top degree form 2,0 which admits a
compactification % by a simple normal-crossing divisor D such that £2,0 has poles
of order at most 1 on D = U; D; (i.e. £240 is a log-form) and there exists a point
in % — % and local coordinates (z1, . .., z,) such that 2450 = A, ‘% where
n = dime%°.

Having a log CY manifold #° one can assign to it a ZPL topological space
Sk(#%°) of dimension n with linear structure called the skeleton of #°. The
construction basically copies the one from [35]. Namely, for any compactification
% as in the above definition we define Sk(%°, %) as the complement to {0} of
the set of such > . A;D;,A; € Ry that if A; > 0 then £240 has pole at D;
and N;y,~0D; # ©}. Different choices of % give rise to ZPL-isomorphisms of
Sk(%°, %). Hence we can use the notation Sk(%?), and call it the skeleton of Z°.
Integer points of Sk(%°) correspond to certain divisorial valuations on the algebra
of rational functions on .

The notion of log CY manifold is analogous to the notion of maximally
degenerate proper Calabi—Yau manifold over a non-archimedean field (see [31,35]).
More precisely, for a proper Calabi—Yau manifold over a non-archimedean field we
defined in [31], Sect. 6.6 the notion of its skeleton. It is a compact ZPL topological
space of dimension less or equal then the dimension of the Calabi—Yau manifold.
The dimensions are equal if and only if the Calabi—Yau manifold is maximally
degenerate.

Definition 6.5.2. A log CY #° of complex dimension n is called good if its
skeleton Sk(#°) coincides with the closure of the set of points of Sk(%°) each
of which has a neighborhood homeomorphic to a real n-dimensional ball.

In the language of compactifications by simple normal crossing divisors (s.n.c.
divisors for short) this means that for a subset of divisors D;,,..., D,k <n —1
of the compactifying divisor D such that 2,0 has poles of degree 1 at each of them
and such that D;, N D;, N...N D;, # @, there is another subset D ..., D, of
divisors such that D;; C D and §240 has poles of degree 1 at each of them, which
altogether satisfy the property D;, N D;, N... N D, = {pt}.

Also, if in the above notation k = n — 1 the intersection D;, N D;, N...N D;,_,
is isomorphic to CP' and the iterated residue of §240 at the intersection coincides
with the form dz/z in the chosen coordinate z on CP'. This implies that Sk(#°) is
an oriented topological pseudomanifold of dimension n with possible singularities
in codimension > 2.
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We remark that typically a log CY is good except of rather pathological
examples.

Definition 6.5.3. For a given good log CY %V its s.n.c. compactification % is very
good if each intersection D;, N D;, N ... N D; _, as above contains exactly two
0-dimensional strata (points z = 0, 00 € CP).

Then we claim that any very good compactification ¢ defines a natural Z-
linear structure on Sk(#°) with singularities in codim > 2. For this we use the
isomorphisms of Iy ~ I'5, where x € {0,000} C F ~ CP! (see Sect.5.2). These
isomorphisms allow us to identify canonical Z-linear structures on n-dimensional
octants corresponding to the strata 0 and co. The definition of very good s.n.c.
compactification and the construction of the corresponding Z-linear structure on
Sk(#°) can be generalized in a straightforward way to the case of toric-like
compactifications.

Assume that we are given a proper toric-like compactification %" of a good
log CY % such that the form 2,0 has poles of degree 1 at all components of
the divisor % — %°. This compactification is very good in the above sense. One
can describe the corresponding singular Z-linear structure using the language of
non-archimedean analytic geometry as in [35]. Namely, let us extend scalars and
consider #/° as an algebraic variety over the non-archimedean field C((¢)). Then
we have a continuous map from the Berkovich spectrum of the C((¢))-analytic
space ()" to Sk(#°). It is a non-archimedean n-dimensional torus fibration in
the sense of [31], Sect.4 (see also [35]) outside of the codimension > 2 subset
of Sk(#°). Hence it defines a Z-affine structure outside of this subset (see [31],
Sects. 4.1, 6.6 for more details). Since our variety was in fact defined over C (i.e.
the corresponding family is constant with respect to the parameter ¢), we see that
the Z-affine structure is in fact linear (i.e. it is a vector structure).

Let us return to our integrable system. Now for a point 5 € B° which does
not belong to walls we define a valuation v, on R by taking the pull-back of the
valuation on Laurent series on the completed algebra of functions on the torus
given by the formula val(Zy cyey) = min{Yy(y)lc, # 0}. We expect that the
corresponding map v : B® — {walls} — Sk(XV, 2xv) extends to walls giving the
desired ZPL map of B to the skeleton. We keep the same notation v for the extended
map. One can hope that it is a homeomorphism.

6.6 Relation to Chains of Lines

Suppose we have a polarized complex integrable systems with central charge
and a holomorphic Lagrangian section. Adding the parameter { € C* to the
considerations of the previous subsection we obtain a local system X g’ of symplectic
algebraic quasi-affine varieties endowed with algebraic volume forms 2 XY (notice

that since Iy = {0} there is no difference between X g/ and X g/ alg ). By functoriality
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of the skeleton we obtain a local system of skeleta Sk(X ZV ) = Sk(X, 2 X;V)' The
symplectomorphism T : XY — X,/ gives rise to a ZPL map T : Sk(X,") —
Sk(X)).

For any point b € B® we have a map ¥, : R? — {0} = C* — Sk(X)) — {0}
such that the deck transformation log ¢ — log ¢ + 27i of the universal covering C*
goes to the automorphism 7". Namely, v, (log ¢) is defined as the image of the point
b € B° under the above-defined map v for the polarized complex integrable system
(X, %) — B (we identify Sk(X g’ ) with Sk(X,") using the holonomy of the local
system of skeleta over C*).

This map is piecewise linear with respect to the natural affine structure on

R? — {0}. Let us assume we have chosen a very good compactification of X ). Then
it defines a Z-linear structure on Sk(X,”) with conical singularities in codimension
> 2. It follows that for generic b € B° the image of v, is disjoint from the locus of
singularities of the Z-linear structure. We will assume that this is the case. Moreover
we are going to assume that the point ¥, (0) = v (log 1) does not belong to the
locus of nonlinearity of the ZPL map T : Sk(X,') — Sk(X)') in the above Z-
linear structure (it suffices to assume that v, (0) does not belong to any rational
hyperplane).

Consider the image under the map ¥, of the set {log {|0 < |Imlog¢| < 2m}.
This is the fundamental domain for the natural Z-action on the universal covering
C*. We will make the following assumption.

Monodromy Assumption. Let f(¢),t € [0,1] be a path t +— log¢ = 2mit.
Then the holonomy of the Z-linear structure from f(0) to f(1) coincides with the
map on the tangent spaces induced by T.

Notice that the tangent map dv, can be thought of as an R-linear map C —

Z QR =T w\; (Uogt) @ R in the obvious notation. Dualizing we obtain

b (log £).Sk(Xy') S
an R-linear map Zy, (og¢) : I'yy0gey — C. The Monodromy Assumption implies

that after the identification I'y, ) = Iy,@xi) induced by the holonomy of the Z-
linear structure, the transformation 7" identifies the “central charges” Zy, ) and
Zyyni):

The image of the restriction of ¥, to the fundamental domain is compact
modulo the natural global action of the group R.( on Sk(X,") — {0}. Hence we
can cover an open neighborhood of the image by a chain of rational convex
polyhedral cones, which are disjoint from the locus of singularities of the Z-
linear structure. Furthermore, we can shrink the cones and sequence of cones
Ci,...,Cu+1,Cpt1 = T(Cy) such that after the identification of C; and C,, 41 by
T we obtain an admissible wheel of cones (cf. Sect. 5.4, condition (h)). Arguments
here are similar to those in the proof of Proposition 5.3.2. This change of the
collection of cones can be interpreted in terms of a sequence of blow-ups and
blow-downs at toric strata of a toric-like compactification of X\". Hence in a certain
toric-like compactification of X,” we obtain a chain of lines as in Sect. 5.4. We also
expect that in our situation there is a natural choice of the additional data needed for
obtaining a decorated formal Poisson scheme (see Definition 5.2.2).
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The above considerations can be generalized to the semipolarized case.

Recall that construction of Sect. 5.4 gives rise to certain stability data of algebro-
geometric origin on the graded Lie algebra gr—p,. The above considerations relate
that construction to Mirror Symmetry.

6.7 Extensionto§ =0

Suppose we are given a polarized complex integrable system 7 : (X, w?°) — B
endowed with a holomorphic Lagrangian section s : B — X.Let ' — B° be
the corresponding local system of lattices over the complement to the discriminant.
Suppose we are given a class B € H'(B°, 'Y ® (R/2nZ)) which comes from
the class By € H?(X,R/2nZ) which vanishes on s(B) and on fibers of 7. Let us
consider the holomorphic family of the Fukaya categories .7 (X, Re(w*°/¢),B =
Im(w?>°/¢) + Bx). Then mirror duals XZV, ¢ € C* form a holomorphic family of
symplectic algebraic varieties over C. We denote the holomorphic symplectic form
on X’ by Wy -

Definition 6.7.1. Dual integrable system is a complex integrable system ¥ — B
such that its restriction to B is obtained by:

a) taking dual abelian varieties to fibers of ;
b) replacing (a) by the torsor corresponding to .

Notice that the definition of the dual integrable system does not depend on a
choice of polarization. The dual to a polarized integrable system is not polarized in
the proper sense. It is “fractionally polarized”, i.e. the corresponding cohomology
class is rational, and its positive integer multiple gives a polarization. The above
definition is not quite satisfactory since we ignore the discriminant locus B — B°.

Notice that there is a holomorphic Lagrangian section B — Y of the dual
integrable system. Let us assume that it extends to the section B — Y.

Conjecture 6.7.2. The above family X, of mirror duals endowed with holomorphic
symplectic forms ¢ Wy extends to ¢ = 0 holomorphically in such a way that the

fiber at { = 0 is holomorphically symplectomorphic to the total space of the dual
integrable system.

In a similar way we can consider the case of semipolarized integrable system
m : X — B with central charge, holomorphic Lagrangian section (in order to relate
our considerations to DT-invariants we can take § = B,4,). In that case we start with
mirror duals to the integrable systems X z,/; — Bz,/;, where Zy/{ € Hom(I, C)
is fixed, and then combine them into a local system of complex Poisson manifolds
X ZV endowed with holomorphic Poisson maps to Hom([ly, C). Recall that by
Conjecture 6.3.2 the manifolds X,” are expected to be pull-backs via the exponential
map Hom(Iy, C) — Hom(Ip, C*) of Poisson algebraic varieties defined over Z and
fibered over Hom(I, C*). Then the above conjecture is formulated such as follows.
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Conjecture 6.7.3. The local system of Poisson manifolds X" over C* extends
holomorphically (after rescaling the Poisson structure by 1/¢) to ¢ = 0. This
extension is compatible with the Poisson morphism to Hom([I}, C). Furthermore,
the fiber at { = O is the total space of a (fractionally) semipolarized integrable
system X9 — B whose restriction to B® has semiabelian Lagrangian fibers
with abelian quotients which are dual abelian varieties to the corresponding abelian
quotients of fibers of .

This conjecture gives in particular a mathematical interpretation of the picture of
twistor family for the total space of the Hitchin system proposed in [19].

Two conjectures below are formulated for simplicity in the polarized case. There
are versions of them in the case of semipolarized integrable systems with central
charge and holomorphic Lagrangian section.

Conjecture 6.7.4. Let us fix a point b € B in the base of a complex integrable
system 7 : X° — B with abelian fibers endowed with a complex Lagrangian
section B — XO. Let us fix a point e’ € S! such that the pair (e’?, b) does not
belong to the wallin M = S'x B°. Then the constant family of complex symplectic
manifolds X [\:m over an open ray [y = R.oe’? can be extended to a C > family over
the closed ray Rsoe’? in such a way that the fiber at # = 0 is a real integrable system
over Sky. Here Sky is the skeleton of (X 0)2'/=ei9'

Conjecture 6.7.5. For any e'® € S! the corresponding Sk is ZPL-manifold
isomorphic to B which is endowed with the affine structure derived from the
symplectic form Re(e "% w?>?) on X°.

Let us discuss their relationship of the Conjectures 6.7.4, and 6.7.5 with the
Conjecture 6.7.3 which predicts holomorphic extension at { = 0 of the local system
of holomorphic Poisson manifolds X,’. Assuming such an extension let us consider
a holomorphic section ¢ — f(¢) of the extended family over a small disc |¢| < e.
Let us assume that £(0) € 7~ '(B°). Then the restriction of f to ls gives rise
to a real analytic path fy(¢) in Xe‘{(,. Recall that there is an analytic cover map

X ZV - X ZV alg , where the latter is (again conjecturally) a quasi-affine algebraic
variety over Q.

Conjecture 6.7.6. For generic 6 the analytic path fy define a valuation valg on the
algebra O'(X ;fé“lg ). This valuation depends only on the projection of £(0) to B® and
defines a point in Sky. After a continuous extension to B we obtain in this way a
homeomorphism B =~ Sky for any 6.

The monodromy of the local system of skeleta Sky around S' is given by the
ZPL-automorphism 7" discussed before in Sect. 6.6. In terms of chains of lines this
means that there is a finite decomposition Uj<x<m+1Vik = S 'in the union of strict
semiclosed sectors such that two consecutive ones have a common ray, and such that
the limiting points at ¢ = 0 of the above analytic paths fy(¢) are the same as long
as e'? € V. Furthermore, on the intersection V; N Vin+1 we have an identification
of the corresponding skeleta given by the automorphism T | ;1.
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7 Wall-Crossing Structures and DT-Invariants
for Non-compact Calabi—Yau Threefolds

There is a class of non-compact Calabi—Yau threefolds which gives rise to complex
integrable systems with central charge (and hence to the corresponding wall-
crossing structures). Such Calabi—Yau manifolds admit compactifications by a
normal crossing divisor where the holomorphic volume form has poles of degree
at least one (such a variety is not a log CY since we allow poles of order strictly
bigger than one). This class of “good” Calabi—Yau threefolds include those of the
type {uv + P(x,y) = 0} where P(x,y) is a polynomial such that the equation
P(x,y) = 0 defines a smooth affine curve. Presumably this class includes non-
compact Calabi—Yau threefolds associated with Hitchin systems (possibly with
irregular singularities) for all gauge groups generalizing [12].

7.1 Deformation Theory of Non-compact Calabi-Yau
Threefolds

Let X be a complex projective variety of complex dimension 3, and D = U; D; C
X be a normal crossing divisor such that algebraic variety X := X — D has
a nowhere vanishing top degree form .Q;(’O which extends to X with poles of
order n; > 1 on D;. We will also fix an ample line bundle £ on X which
defines a projective embedding of X. In this subsection we are going to discuss
the deformation theories related to the pair (X, D) or the triple (X, D, .%) (later we
will see that these deformation theories are equivalent, see Proposition 7.1.3). We
impose the following assumptions which will later guarantee that the global moduli
stack .# ¥ p o of deformations will be a smooth orbifold :

Al H>'(X) =0.
A2 There exists a component D;, such that ord Dy, .Q;’(’O > 2 and such that the
restriction homomorphism H'(X,Z) — H'(D;,,Z) is an isomorphism.

Loosely speaking we are going to consider deformations of X which preserve the
isomorphism class of the restriction of the ample line bundle .Z]p, (see Assumption
A?2) as well as some “decoration” of D, which consists of jets of order n; — 1 at each
D; for which n; = ordp, .Q;(’O > 1 (we skip a more precise formulation of the latter
condition).

We will see that the Assumption A2 implies that the deformed varieties carry
(3,0)-forms with same orders of poles at the deformed smooth components D;.
The condition Ky = — ), n; D; is preserved under deformations.

Let us now describe precisely the corresponding moduli problems. We will work

in analytic topology. Let Ty , := Ty |, 230 be the sheaf of holomorphic vector fields

on X satisfying the property that the contraction of such a vector field with .Q;(’O has
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poles of order 1 on each D; (i.e. the contraction is a logarithmic form). Then T% ,
is a sheaf of Lie subalgebras of the sheaf of graded Lie algebras of polyvector fields
Ax p (here k vector fields are placed in degree 1 —k fork = 0, 1, 2, 3) which satisfy

the property that their contractions with .Q;(’O are logarithmic forms. Recall that a
sheaf of L ,-algebras over a field of characteristic zero (e.g. Lie algebras or DGLAs)
gives rise to the corresponding formal deformation theory (see e.g. [29,37]). We will
denote the formal moduli space associated with an L ,-algebra g by .#.

Let us consider the following deformation theories:

(a) The one associated with the DGLA gy = RI'(X, T% p). These are deforma-
tions of the pair (X, D) preserving certain decoration on D.

(b) The one associated with the differential graded Lie algebra (DGLA for short)
g1 = RI'(X, AY,D’diV,Q;O)’ where div 1= divgi.o is the divergence operator
associated with the holomorphic volume form .Q;’O. This deformation theory
does not have a straightforward geometric interpretation.

(c) The one associated with the DGLA subalgebra

div
030

g = RF(Y, TY,D —X> ﬁY,D)'

These are deformations of the pair (X, D) preserving the same decorations as in
a), but also this time preserving the section (.(2)3(’0)_l of the anticanonical bundle
—K5.

Here O p, is the sheaf of functions on X such that being multiplied by .Q;(’O they
have pole of order at most one at D (i.e. they are degree zero polyvector fields from
Az p)-

Proposition 7.1.1. The moduli space .#g, is naturally isomorphic to a formal
submanifold of the formal neighborhood of 0 € H*(X, C). The moduli space Mg,
is a formal submanifold of M, .

Proof. DGLA g, maps quasi-isomorphically to a DGLA
o} := RI(X, (i)« (Sym* (Ty [1D[=1], divg0))
~ RI(X, (Sym® (Tx [1D[=1], div g30))-
This follows form the classical result of Grothendieck that the complex of dif-
ferential log-forms on X endowed with de Rham differential embeds quasi-
isomorphically to (i y_, %)« ($2% . d4r). Similarly the homomorphism of DGLAs

RI(X, (Sym* (T [D[=1], divg0)) = RE(Xan, (Sym® (T, [1DE=1], div o)

relating Zariski and analytic topologies, is a quasi-isomorphism. The embedding
of the abelian DGLA Cy[2] to the sheaf of DGLAs(Sym®(Tx,,[1])[—1],div430)
X
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which maps 1y to (SZ;’(’O)_l is also a quasi-isomorphism. This implies that the
corresponding moduli space is a formal neighborhood of a point in the affine space
H3(X,C).

There is an obvious embedding of the complex of sheaves corresponding
to g, into the one corresponding to g;. We need to check that it induces an
embedding at the level of hypercohomology. Contracting both complexes with 9)3(’0
we convert polyvector fields into logarithmic forms. Then g, is quasi-isomorphic
to H*(22(log D) — $23(log D), d). By Hodge theory this is embedded into the
hypercohomology H*(§24(log D). d). Since g, is quasi-isomorphic to an abelian
DGLA, the same is true for g,, and moreover .4y, is a formal submanifold of .#,
(see e.g. [27], Proposition 4.11(ii)). ®

Consider the natural L..-morphism g, — go.

Proposition 7.1.2. Under the Assumption A2 this morphism induces an isomor-
phism of the moduli space My, — My,

Proof. Hodge theory implies that the morphism g, — go induces an epimorphism
on cohomology. Then it is easy to show that g is quasi-isomorphic to an abelian
DGLA (see e.g. [27], Proposition 4.11(iii)). Thus we have a surjection .Z;, —
My, which is a smooth fibration. The tangent space to a fiber is isomorphic to
H(X, O%.p)- By Assumption A2 it is trivial. This proves the Proposition. Bl

Now we would like to discuss the formal deformation theory which takes into
account the ample line bundle .Z.

Let A7(.Z) denotes the sheaf of Lie algebras of infinitesimal symmetries of the
pair (X, %) (Atiyah algebra of .%). It fits into an exact short sequence

0— Oy - At(Z) —» T — 0.

Let us denote by At;,(.£) the subsheaf of A#(.Z) of infinitesimal symmetries
vanishing at the divisor D;, from the Assumption A2. Then we have a short exact
sequence

0— ﬁy(_Dio) - Ati() (g) - TYqu() — 0,
where T, C T is a sheaf of vector fields vanishing identically on Dj,. One can
check that TQX p 18 a subsheaf of T 5, . Let us define a sheaf of DGLAs g3 as the
fiber product of the morphisms
At (Z) = Txp, < Txp

over Ty Dy Then we have an exact sequence of sheaves

00— ﬁy(—D,o) — g3 —> TY,D — 0.
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The sheaf of DGLAs g3 controls the deformation theory of X (together with
decorations on D) endowed with a line bundle such that the restriction of the line
bundle to Dj, is identified with Zp, .

Proposition 7.1.3. The natural map My, — My, is an isomorphism.

Proof. There are natural maps to the tangent sheaf 75 of both A#(.¢’) and Tx .
The fiber product of these two maps is a sheaf of Lie algebras which we will denote
by Aty p(Z). Let g4 = RI’ (Y,Aty, p(Z)) be the corresponding DGLA. The
moduli space .#, is smooth because ./, is smooth and there is a formal bundle
q : My, — My, with fibers which are smooth with tangent spaces isomorphic to
H'(X, 05) (for that we need the condition h>°(X) = 0 which is the Assumption
A1). Restricting Aty ,(£) to D;, we obtain the map p : .#y, — i’m & Which
is the formal neighborhood of .Z in the Picard group thought of as the moduli space
of line bundles. This is an epimorphism at the level of tangent spaces since the
map H'(X,0x) — H'(Dj,.Op,) is an isomorphism by Assumption A2. The

morphisms p and g give rise to an isomorphism .4, >~ .4y, x m . Notice
that the fiber of the map p over .2 D,, 18 isomorphic to the moduli space My, . This
proves the desired isomorphism .#y, >~ .#,,. &

The above propositions imply that there are three canonically isomorphic formal
moduli spaces: .#y, — My, >~ My,. The deformation theory associated with g3 is
convenient for the construction below of the global moduli space.

Assume .Z is an ample bundle. Let us choose N > 1 such .Z®" gives a
projective embedding of X. Then we can consider non-formal deformation theory
corresponding to the above formal deformation theory associated with gs;. More
precisely, consider the scheme .#’ which parametrizes the following data:

(1) Smooth projective subvarieties X cP'm=rkH O(X, 2®N) such that
rk H'(X', 0(k)) = rk H*(X, £® ) for all sufficiently large k > 0. We also
assume that 7/ satisfy A1, A2.

(2) Normal crossing divisors D’ = U; D] C X together with a bijection between
the set of irreducible components of D’ and D.

(3) A chosen holomorphic volume element 9)3(9 on X’ := X — D’ such that n; =
ordDi/.Q)S(’? =n;.

(4) For components D; with n; > 2 chosen isomorphisms D; ~ D! preserving
stratifications by other divisors as well as an isomorphism Uy, >2D; =~ U, /5, D]
which is required to induce the above isomorphisms of individual divisors.

(5) Chosen isomorphisms &'(1)p, =~ Z%’g.

(6) Forany i such thatn; > 2 and any x € D; a chosen isomorphism of the formal
neighborhood of x with the formal neighborhood of the corresponding (see (4))
x' € Dj, preserving stratifications by other divisors as well as holomorphic
volume elements, and defined up to the action of the formal completion of the

Lie subalgebra T;"‘b C Ty p of vector fields with zero divergence. Moreover,

we require that the above formal isomorphisms can be chosen in such a way

that they depend locally algebraically in Zariski topology on x € U,;>2D;.
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Remark 7.1.4. The last condition can be formulated in terms of jet spaces.

The scheme .7’ is smooth by the above-discussed formal deformation theory.
The group GL(m) acts on .#" with finite stabilizers because I'(X', Ty ;) = 0.
Hence the quotient of .#’ by this action is a smooth Deligne-Mumford stack
(orbifold). Let us denote it by .#. This will be the base of our complex integrable
system.

Remark 7.1.5. Locally in analytic topology a neighborhood of a point m € .#
corresponding to (Y’, D’) is embedded as a maximal isotropic submanifold in the
Poisson manifold H3(X’) by taking the cohomology class [9;9] (the period map).
The Poisson structure on the third cohomology comes from the observation that
it is dual to Hom(I"’, C), where I'’ = H;(X',Z)/tors carries an integer skew-
symmetric intersection form.

Also we remark that one can generalize the above considerations by allowing
[2)3(’0 to extend to some components D; without zeros and poles.

7.2  WCS and Integrable Systems Associated
with the Moduli Space

By Remark 7.1.5 we see that .# carries a local system I” with the fiber over u € .#
given by H3(X',Z)/tors, where X’ is the corresponding non-compact Calabi—Yau
threefold. The intersection form endows I" with an integer skew-symmetric form
(e, @) while the period map can be interpreted as a central charge Z : y fy .Q;O.
It gives rise to a holomorphic family of homomorphisms Z, : I}, - C,u € 4,
so we have a local embedding of .# into I, ® C such that the image of Z is a
family of Lagrangian submanifolds in symplectic leaves of the Poisson structure
on I,/ ® C dual to the 2-form (e, ®). As we discussed previously, this family of
Lagrangian manifolds is parametrized by the kernel of (e, @) and each Lagrangian
manifold is the base of a complex integrable system.

Proposition 7.2.1. The mixed Hodge structure on H3(X, C) can have non-trivial
components in H'2, H*', H*? only.

Proof. Since X is smooth we have W3 H3(X) = H3(X). Hence it suffices to show
that F3H3(X) = 0. Recall that the latter space can be defined as H3(RI'(X,0 —
0 — 0 — 23 (log D)) which is equal to H°(X, 23 (log D)) ~ H(X, 0% ) = 0
since n;, > 1 by Assumption A2. &

After twisting by the Tate motive Z(1) we obtain a variation of mixed Hodge
structure. It satisfies all the conditions from Sect.4.1.2 except of (possibly) the
condition (3) (iii). By general reasons explained there it gives us a complex
integrable system with fibers being semiabelian varieties, a central charge and
holomorphic Lagrangian section. If the positivity condition (3) (iii) is satisfied, then
our complex integrable system is semipolarized.
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Let us now discuss the positivity condition more precisely. The tangent space to
the base of each of the integrable systems is isomorphic to the image of H' (X, .Q%)

in H'(X, .Q%(log D)). Then we need positivity of the restriction of the pseudo-
hermitian form on the latter space to the image of the former one. It is convenient
to dualize the above embedding. The dual space can be identified with the image of
the composition

HX.D) - H’(X) - #°(X. 2% — 21).

where H>(X, D) ~ H3(X)* is the cohomology of pair with complex coefficients
and 3(X, .Q%) = H*(X, .QIY) ~ (H'(X, .927))* since #*%(X) = 0. One
can identify the image of the map H3*(X, D) — H3*(X) with Ker(H*(X) —
®, H*(D;)) using the long exact sequence of the cohomology of pair. Using Hodge
decompositions of H3(X) and H3(D;) we conclude that the positivity condition is
equivalent to the following

Positivity Assumption A3. For any non-zero differential form o representing
an element of Ker (HI(Y, .Q%) — @;H'(D;, .Q%)i)) we have f ana>0.

Remark 7.2.2. Assumption A3 holds e.g. for the compactification of the total space
of Hitchin system on P! or in the case of Hitchin systems related to ALE spaces as
in [12].

We recall that having a Kihler metric we can enlarge B to the “full” base B
defining the latter as the completion of B® with respect to the metric. We do not
know how to define the integrable system with the base B, but this is not necessary
for the construction of attractor trees and WCS.

Let us discuss the Assumption A3. The vector space /\2 H3(X,Q) contains
an element § which is the Kiinneth component of the diagonal. Then the vector

space N*(WsH3(X,Q)) = Im (/\2 H3(X.Q) — N* H3(X, Q)))) contains the

image of 8 which we will denote by 8. Then A3 is essentially equivalent to
the claim that & is non-degenerate and together with the Lagrangian vector
subspace Im (H 21(X) > WsH3*(X,Q) ® C) it defines the hermitian metric with
non-degenerate skew-symmetric part on the ambient vector space

Im (H*(X,C) - H*(X,0)).

Since the latter is the tangent space to the base of our integrable system, we conclude
that it carries the Kéhler metric.

In order to apply the algorithm of construction of WCS from Sect. 4.6 we also
need a family of cones. It is more natural to discuss that piece of data in the
framework of the Support Property for the DT-invariants of the Fukaya category
of X. But the very existence of the Fukaya category and an appropriate stability
condition is a non-trivial question. We are going to discuss it below.
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7.3 Fukaya Categories for Non-compact Calabi-Yau
Threefolds and Stability Conditions

We start with general remarks. Our definition of WCS is motivated by the theory of
Donaldson—-Thomas invariants for the Fukaya category. Namely, for a “good” non-
compact Calabi—Yau threefold X one should have a well-defined Fukaya category
endowed with a stability condition, whose central charge is the period map of the
holomorphic 3-form. As we have already discussed in this section, this should give
us a family of polarized integrable systems whose bases sweep the moduli space of
deformations of X (equivalently, a semipolarized integrable system). The base of
each polarized integrable system is endowed with a Kidhler metric. Furthermore, the
theory of DT-invariants from [30, 34] says that tangent spaces of points of the base
should carry strict convex cones (this is equivalent to the so-called Support Property
from [30]). We propose some sufficient conditions for the above picture to be true.
In particular we impose the Assumptions A1-A3 which give part of the desired
structures. In this subsection we discuss the conditions under which the Fukaya
category and a stability condition do exist. This gives additional to Assumptions
A1-A3 sufficient conditions for X to belong to a “good” class. On the other hand we
expect that for any Calabi—Yau threefold X, compact or non-compact, one should
be able to define collections of integers §2,(y) parametrized by the open subspace in
the moduli space of deformations of X, and which coincide with the DT-invariants
of the Fukaya category of X endowed with an appropriate stability condition in the
case when the latter can be defined.
The content of this subsection is purely motivational.

(1) In order to have a well-defined Fukaya category .% (X) we need to ensure that
holomorphic discs cannot touch the divisor D.

(2) In order to have a stability condition on .% (X) we need to ensure compactness
of the space of special Lagrangian submanifolds (SLAGs) in a fixed homology
class.

Having (1) and (2) we can speak about virtual Euler characteristic of the moduli
spaces of SLAGs, hence to define DT-invariants. They should satisfy the wall-
crossing formulas from [30]. For that we need to ensure the Support Property from
[30].

Suppose we have ensured (2). We claim that the Support Property is satisfied by
the Assumption A2. Indeed we can choose logarithmic forms ¢;, 1 <7 <non X
which are representatives of a basis in H3(X, R). Then for points x € X which are
sufficiently close to D we have

220
[loi ()| < Cleti) m
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forany 1 <i < n. Here ! is a chosen Kihler form on X, and we take any norm

|| ® || of the functional ¢; (x). The inequality follows from the fact that the form
230 has poles of order at least one at any component D; of D, and there exists a
component D;, where it grows faster. Then considerations from Remark 1 of [30]
can be applied in the non-compact case in the same way as in the compact one.
This gives the Support Property and strict convex cones in WCS constructed in the
previous subsection.

Now we turn to a discussion of (1). Let (X, w) be a real symplectic manifold,
possibly non-compact. We fix an almost complex structure J which is integrable
outside of a compact subset and compatible with w. In other words, X is a complex
manifold “at infinity” and w(v, J(v)),v € T, X defines an almost Kéhler form. If
we want the Fukaya category to be Z-graded we ask for a differential form £2x such
that 2y has type (n,0) in the complex structure defined by J and does not have
zeroson X.

In order to ensure that no pseudo-holomorphic discs “go to infinity” one can
impose one of the following sufficient conditions:

(a) There exists smooth proper function f : X — [0, +00) with the property that
for sufficiently large ¢ > 0 the hypersurface f = c¢ is smooth (i.e. it does
not contain critical points of f), and the Levy form of this hypersurface is non-
negative (it suffices to require that 39( ) > 0 outside of a compact). The desired
property of pseudo-holomorphic discs follows from the maximum principle.

(b) There is a compact manifold X containing X and such that outside of a compact
it is an embedding of complex manifolds, and such that D = U; D; := X-X
is a normal crossing divisor which satisfies the following positivity condition:

if a rational curve C C X contains a smooth component belonging to some D;
then its intersection index with D is non-negative.

If this condition is satisfied then a family of pseudo-holomorphic discs S; in X
cannot converge as t — 0o to a degenerate disc S such that S N D # @. Indeed
the intersection index of S; with D is zero. The same should be true for S since
the intersection index is a homological invariant. But S must have a component
intersecting some D; with strictly positive index, and possibly other components
which are rational curves belonging to D. Therefore the intersection index of S and
D is strictly positive. This contradiction shows that S cannot exist.

Condition (b) looks weaker than the condition (a) since it deals with rational
curves only. There is a class of examples where both (a) and (b) are satisfied. For
that class the function f is an extension to X of the function

fx) = Z”ilOg (m) + r(x),

where D = Zi n; D; as a divisor, x + dist(x, Z) is the distance function to a set
Z, and r(x) is a smooth function on X. Then 09(f) = a — > . n;iép,;, where « is
a smooth (1, 1)-form on X which is non-negative outside of D, not equal to zero
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on D, and §p, is the delta-distribution for the component D;. Since the integral of
the LHS is zero for any holomorphic curve in a neighborhood of D, we conclude
that the intersection index of D = Zi n; D; with such a curve is non-negative.
Notice also that such a curve does not have to be rational.

Summarizing, if (a) or (b) are satisfied then one can hope that there exists well-
defined Fukaya category .7 (X, ).

Now we turn to a discussion of the condition (2), which should lead to a well-
defined count of SLAGs. These considerations are purely heuristic. The idea is
to consider a flow on Lagrangian submanifolds of X defined by the differential
one form (L) := dArg(£2x)|,. The direct computation shows that the function
vol(L) = [, (£2x)|. decreases along the flow (it is the gradient flow with respect to
the L2-metric on differential 1-forms). Stable points of the flow are SLAGs. Thus
in order to achieve compactness of the space of SLAG:s it is sufficient to ensure that
there exists a real-valued function H with the following property:

if a compact Lagrangian L belongs to the set H < c where c is sufficiently big,
then the trajectory of L along the above flow also belongs to the same set.

Reason for that: if H has a local maximum at x € L then a small shift of L along
the flow makes the maximum smaller. We discuss below sufficient conditions for H
to be a desired function. We expect that under some conditions on the volume form
there exists H with the desired property.

Since the above condition is local, one can assume that L is a real Lagrangian
manifold in a flat Kihler vector space with coordinates (z;,7;), | <i < n given by
Zi =z + J=1P (z15...,24), where P is a real formal power series which starts
with terms of degree greater or equal than 3.

The top degree form is given by 2 = dzi A. . .Adz,(14+Y, i <, (@i +~—1b;)zi +
0(z?)), where a;, b; € R.

We are looking for a function H which can be written as

H=c+ Z(Hizi + H:Z) + Z(HijZiZj + ﬁijiZ/‘) + ZrljZiZ/‘ + 0(zh),

i ij

where H,:,' = I‘Iji, I‘,:,' = I‘j,’.
. 2 . 1
Local expression for Arg 2, = 5—‘; is 2 bizi — 5 22, 0i(P)z;, where 9y
denotes the partial derivative with respect to z;, z;, 2.

Normal vector field to L (i.e. the vector field of the flow) is given by

n=(H/—1)" Zb,»(a/azi —0/0z;)

3 (Y@ bz; — /%)
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One can check that the partial derivative dH /dn = (dH, n) is non-negative if
> Im(H) +2)  Re(Hy) + Y Re(ry) < 0.

This inequality can be written in a more invariant way. Notice that the function
log(m) is well-define up to a constant. Therefore its Poisson bracket (with
respect to the Poisson structure given by the Kdhler form) is well-defined. Let us
denote by (¢;)1<;<» the (non-negative) spectrum of the quadratic form H ? defined
by the quadratic part of H (with respect to the Hermitian metric given by the Kihler
metric). Let A = Zij d/0z;0/07; be the Laplace operator defined by the Kéhler
metric. Then the sufficient condition looks such as follows:

2
A(H)+Re{log(le/\—/\dZ),H}—ZCi > 0.
n ,
1

Moreover,if the inequality is strict for sufficiently large values of H, then all SLAGs
belong to a compact subset of X . One can check that the strictness of the inequality
is not always achieved. A counter example is given by X = C* and 2 = dz/z.
Then we have infinitely many SLAGs (circles) which “go to infinity” on the
corresponding cylinder. In this case the above inequality becomes an equality. One
can hope that if poles of £2 at D have order greater or equal than 2, then the above
inequality is strict. In that case one can hope to have a stability condition on the
Fukaya category of X and well-defined count of SLAGs (hence the corresponding
DT-invariants in the case when X is a 3CY manifold).

8 Hitchin Integrable Systems for GL(r)

In this section C will denote a connected smooth projective irreducible curve over
C. Although we are going to discuss Hitchin systems with the gauge group GL(r),
we hope that our constructions admit generalizations to arbitrary reductive groups.

8.1 Reminder on Non-singular Case

Let us recall some basics on Hitchin systems with non-singular Higgs fields
assuming that the genus of the curve C is bigger than 1. Recall that GL(r)-Higgs
bundle is a rank r vector bundle over C endowed with amorphism¢ : £ — EQ K¢
(equivalently, a morphism 7c — End(E)) called the Higgs field. Here K¢ = T}
is the canonical sheaf of C. The moduli space .#piq,s(r, d) of stable Higgs bundles
of rank r and degree d on C is the total space of a polarized complex integrable
system. The base B = [],_;., ['(C,K&") carries a structure of vector space.
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The projection map 7 : Apiges(r,d) — B assigns to a pair (£, ¢) a collection
(Tré, Tr¢?,...,Tr¢") € B. This map has the following geometric meaning. Higgs
bundle is the same as a coherent sheaf £ on 7*C, which is pure and supported on a
compact curve S C T*C, called the spectral curve of (E, ¢). The purity means that
E has no non-trivial subsheaves with zero-dimensional support. The direct image
of E; under the canonical projection 7*C — C is isomorphic to E. Generically
S is smooth and E; is the direct image of a line bundle on S. For given x € C
points of the intersection S N 7.FC correspond to eigenvalues of the linear map ¢,
understood as an endomorphism of E associated with a non-zero tangent vector to
C. The point 7 (E, ¢) € B can be thought of as a collection of coefficients of the
characteristic equation p(x, y) := det(¢. — y - idg) = 0 which defines the spectral
curve S.

We denote by B® C B the locus of smooth connected spectral curves. The fiber
71 (b),b € B is a torsor over the Jacobian Jac(S}) of the corresponding spectral
curve Sp. It consists of line bundles on S, of a certain degree. Therefore B can
thought of as a space of smooth connected projective curves S in an open complex
symplectic variety (T*C, wr+¢) with the homology class 7[C] € Ho(T*C,Z). Our
integrable system depends on degree d, but the associated integrable system over
B° with holomorphic Lagrangian section (see Sect.4.1.1) does not depend on d
and has as fibers Jacobians Jac(Sp).

The above construction can be generalized. Namely, instead of 7*C we can
consider an arbitrary complex symplectic surface ¥ and smooth compact curves
S C Y. More generally, one can replace ¥ by a higher-dimensional complex
quasiprojective symplectic manifold (more generally, Kdhler manifold) and con-
sider smooth compact complex Lagrangian submanifolds in it. Then B° is the
analytic space of such Lagrangian submanifolds. One can show that B® is smooth
(see next subsection). The fiber of the integrable system over the Lagrangian
submanifold L € B° is the Albanese variety Pico(L)*. Later we are going to
generalize the above picture to the case of singular (possibly irregular) Higgs
fields ¢.

8.2 Smoothness of the Moduli Space of Deformations
of Complex Lagrangian Submanifolds

The reader can skip this subsection, since its results will not be used in the paper. We
also remark that more general smoothness results in the dg-setting were obtained in
[3]. Nevertheless we present a different approach which has some benefits on its
own.

In order to demonstrate smoothness we need the following result.

Proposition 8.2.1. Let L C X be a compact complex Lagrangian submanifold in
a quasiprojective symplectic manifold X . Then the moduli space of deformations of
L is smooth (i.e. the deformation theory is unobstructed).
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Proof. The proof will consist of several steps.

Step 1. We start with general remarks about deformations in the case of charac-
teristic zero. If we study the formal deformation theory which is controlled by an
L -algebra with (possibly) non-trivial cohomology in strictly positive degrees,
then the corresponding deformation functor from the category of Artin algebras
to sets is represented by a pro-Artin scheme, say, Y.

Let us now fix k > 0 and consider the formal deformation theory with the
deformation functor on Artin algebras given by R +— Hom(Spec(C[t]/(t*) ®
R),Y). The corresponding moduli space is the formal neighborhood of the map
to the basis point in the formal scheme Hom(Spec(C[t]/(t*)), Y). More generally
we can consider any map f € Hom(Spec(Cl[t]/(t¥)),Y) and study its formal
deformation theory, thus getting a formal scheme Y.

Let us now recall the following result due to Z.Ran (see [42]): Y smooth if and
only if for any k, f the tangent space to Y at the point f is a free C[t]/(t%)-
module.

Remark 8.2.2. This tangent space can be identified with space of such maps

Spec(C[t]/(t*) ® C[s]/(s?)) — Y that their restriction to Spec(C[t]/(t¥)
coincides with f. The structure of C[t]/(¢¥)-module on the tangent space
then comes from the natural action of the monoid C[t]/(¢¥) endowed with the
operation of multiplication. More precisely an element a(¢) of the monoid acts
on C[t]/(t*) ® C[s]/(s?) as t > t,s — a(t)s. The proof of Ran’s result in one
direction is straightforward: if Y is smooth then the tangent space to the scheme
Hom(Spec(C[t]/(t¥)), Y) is a free C[t]/(t*)-module for any k > 1.

Step 2. Another general remark is that for any finite-dimensional Artin algebra R
one can speak about smooth projective varieties over Spec(R). The degeneration
of Hodge-to-de Rham spectral sequence holds for such varieties. Indeed the de
Rham cohomology forms a free R-module. Hodge cohomology coincides with
de Rham cohomology at the marked point of Spec(R). Then at the generic point
of Spec(R) Hodge cohomology can only drop. But this is impossible, because
the spectral sequence implies that the rank of the de Rham cohomology must
also drop, but it is constant.

Step 3.

Lemma 8.2.3. Deformation theory of L as a complex Lagrangian submanifold
coincides with its deformation theory as a complex submanifold.

Proof of Lemma.  Suppose R is a finite-dimensional Artin algebra. Consider a
family Ls,s € Spec(R) of complex submanifolds of X. Then the restriction
of the holomorphic symplectic form a)f(’o to each L; is a closed 2-form. Let
us assume that it is non-trivial. Then we have a non-trivial family of de Rham
cohomology classes, which is equal to zero at the marked point of Spec(R). By
Step 2 we arrive to the contradiction, since the family of such cohomology classes
must be constant.
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Step 4. Let us take R = Spec(C[t]/(t*)) and consider a family of complex
Lagrangian submanifolds L; over Spec(R) which coincides with the given L
at the marked point. Let us consider their first order infinitesimal deformations
as submanifolds, forgetting the Lagrangian structures. We are allowed to do that
by Step 3. But the first order deformations of a manifold are given by sections of
the normal bundles. Since L is Lagrangian the normal bundle can be identified
with the space of 1-forms on L. Hence the tangent space can be identified with
the space of (global) 1-forms on L x Spec(C|[t]/(¢¥)). By Step 2 this space does
not jump. This concludes the proof of the Proposition. l

8.3 Hitchin Systems with Irregular Singularities

Typically Hitchin systems on C are studied for at most logarithmic singularities of
the Higgs fields. The irregular case is less developed.

For any point xo € C we denote by K, the field of Laurent series at xo, i.e.
K., =~ C((t)), where ¢ is a coordinate on the formal disc centered at xo. The
algebraic closure K, is the field of Puiseux series: Ky, ~ Uy>C((¢'/")). The
Galois group Gal(K .,/ K,,) is a topologlcal group isomorphic to Z.Its topological
generator acts on Ky, as 1/V > ¢ /N Denote by O Ky C K., the ring of

integers, ﬁKXO ~ Uy C[[tVV]].

Definition 8.3.1. A singular term at the point xy € C is an orbit of the Galois action
of Z on the vector space K,/ 0%

%0

In a local coordinate t = x — Xy one can represent a singular term as a finite
sumc = ) 2€Q.g €1 (x — xo)* considered modulo the action on coefficients of the
finite cyclic group Z/NZ given by ¢, > c3e?™'*, where the number N called the
ramification index of the singular term is defined as the minimal N > 1 such that
all exponents A with ¢; # 0 belong to %Z.

Definition 8.3.2. An irregular data on a smooth projective curve C is given by a
tuple {x;}ier, {Tia}s ANiat, (¢])aeg;» 1) Where:

a) x; € C,i € I is a finite collection of distinct points ;

b) r > 1is an integer number called rank;

c) a finite collection of distinct singular terms ¢, & € Q; at every point x;; to each
term we assign the multiplicity r; o, > 1, and we require that the singular term
has the ramification index N; 4.

We require that for each x; the following identity holds Za FiaNig =7.

Remark 8.3.3. In the case of GL(r)-Hitchin system without singularities we can
add dummy marked points x; and set all ¢} = 0 and r;, = r for all marked
points x;.
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Let us compactify T*C to T*C = T*C U Co, where Coo, ~ C is the divisor
at infinity. The canonical holomorphic symplectic form wr+¢ has pole of order 2
at Coo. Let us consider various smooth projective surfaces W together with regular
maps f : W — T*C which are birational. We also demand that the pull-back
ww = f*(wr=c) has only poles but does not have zeros, and such that the
complement to the set of poles of wy is isomorphic (via the morphism f)to T*C.
Equivalently, such W is obtained by a sequence of blow-ups ... - W, — W —
Wy = T*C, where W; = Bl,,(W;-1), and each point p; € W,_; is either a smooth
point of a divisor in W;_; where the form wyw;_, has pole of order at least 2, or
the point p; is the intersection of two divisors where the form has poles of order
at least 1 (notice that in our case the situation when the orders of both poles are
equal to 1 is impossible). Such surfaces naturally form a projective system. The
set Irr1(f ~1(Cs)) of irreducible components at which the symplectic forms wy
have poles of order 1 forms an inductive system of sets. It is easy to see that the
inductive limit of this system can be identified with the set of singular terms. More
precisely, to a non-zero singular term ¢ represented by a formal germ ¢ at xo € C
we associate a unique divisor D € Irr( f ~'(Cs)) on an appropriate blow-up, such
that the graph of d ¢ intersects the divisor D at smooth point as long as x — xo. If
¢ = 0 the corresponding divisor is the exceptional divisor of the blow-up of T*C
at the point (xp)oo € Coo =~ C corresponding to xo.

Given an irregular data ({x;},{ri«}, {Nia}.{c{'}.7) we consider a minimal
surface W as above such that the divisors corresponding to all singular terms are
contained in W. It is easy to see by induction in the number of blow-ups that
all elements of Irr;(f ~!(Cx)) are disjoint smooth rational curves each of which
contains only one double point of the divisor f~'(Cs). The complement to this
double point is an affine line. Thus to a singular term 0 = (x, ¢) we have associated
an affine line, which we will denote by A' (o).

Lemma 8.3.4. This affine line carries a naturally defined coordinate (i.e. it is
canonically identified with A").

Proof. Consider the 1-form, which is the pull-back of the Liouville 1-form ydx from
T*C. Take any rational curve transversal to A!(o). Then the residue of the 1-form
at the intersection point does not change if we vary the transversal curve. Indeed,
by Stokes theorem the comparison of residues reduces to the computation of the
integral of the symplectic form over a two-dimensional chain. The latter can be made
arbitrarily small. Hence the residue is well-defined and gives the desired coordinate.
|

Definition 8.3.5. An additive refined irregular data on C consist of:

a) an irregular data ({x; }, {ri o}, {Nio}, {c}}. 7);

b) for any pair of indices i, a finite subset X; o C Al(x;,c¥) ~ Al such that
|Ei,a| > 1;

¢) amap A; 4 : iy — {Partitions} —{0} such that 3 o |A;4(2)| = riq, where
for a partition A = (A1, ..., Ax) we use the notation |A| = A; +2A, +3A3+.. ..
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We will often skip the adjective “additive” and will speak simply about refined
irregular data. In Sect. 8.4 we are going introduce multiplicative refined irregular
data.

The pair (X; 4, A; o) can be thought of as a conjugacy class in gl(r; 4, C). More
precisely, X; , corresponds to the set of eigenvalues, and the partition A; 4(z),z €
Y « describes multiplicities of the corresponding Jordan blocks.

In the case of Hitchin system with regular singularities all ¢f = 0, all r; o = r,
and the above conjugacy classes in g/(r, C) can be thought of as the conjugacy
classes of the residues of the Higgs field with has poles of order 1 at the marked
points.

With a refined irregular data we are going to associate a pair consisting of a
complex symplectic surface ¥ which contains T7*C as a Zariski dense open subset
and homology class 8 € H,(Y,Z) (the fundamental class of the spectral curve).

Let us describe the construction. Let W be the above-described smooth projective
surface constructed for a given irregular data. Now we would like to take the
refinement into account. For each pair of indices i,« and any z € X;, C Al :=
Al(x;, c®) C W we will make a sequence of blow-ups of W starting with the blow-
up at z. More precisely, let D;, be the closure of Al. We consider a sequence of
blow-ups such that the center of each blow-up is a point on the strict transform
of D, corresponding to the point z. The number of elements in the sequence of
blow-ups is max{k|(A; «(2))r # 0}, where (1) denotes the k-th component of the
partition A.

We denote by Y the resulting projective surface. The complement to the divisor
of poles of the holomorphic symplectic form is denoted by Y. If the irregular
data is non-empty then Y is strictly bigger than 7*C, since it contains a chain
Eiliwz E2jaz, - .- of rational curves associated with triples (i, «,7),z € X; o. Here
E| ;.. are exceptional divisors of the blow-ups at which the symplectic form is
regular. The numeration is chosen in such a way that E;;, . appears at the first
blow-up in case if at least one ¢{ is non-zero. If all ¢} = 0 and z is the intersection
of the closure of vertical fiber 7. C with an appropriate component of the divisor
W — T*C we add to the chain the closure T* C andcallit Ey ;.

We illustrate the above discussion by the ﬁgure below. Notice that the numbers
0,1,2,3 on the figure refer to the order of poles of the symplectic 2-form. The
figure contains divisors (and their intersection points) obtained at all steps of our
sequence of blow-ups. In order to see the final diagram of them, one should keep
all the divisors on the figure as well as only those intersection points which can be
reached from the “southwest corner” without crossing lines.
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The homology class 8 € H,(Y,Z) is uniquely determined by the following
intersection indices:

@ B-[Ekio:d = (Aia(@)k € L1
(b) for generic x € C we require B - [T*C] = r.

Now, having Y and § we construct the integrable system in the natural way
explained in the end of Sect. 8.1. The base B consists of compact effective divisors
in Y of class 8. We call those divisors irregular spectral curves (cf. [4] in the non-
refined case). We will assume that the subspace B C B of smooth connected
curves is nonempty. This assumption seems to be satisfied almost always, e.g. in
case when the genus g(C) > 0 or in case if g(C) = 0 and Hitchin system with
regular singularities, provided the additive Deligne—Simpson problem (see e.g. [38])
has a solution.

The fiber over b € B is the Jacobian of the spectral curve Sj. The corresponding
complex integrable system is polarized and has a holomorphic Lagrangian section
(zero section). One can also consider a version of this construction, when one takes
as fibers the torsors over the Jacobians parametrizing line bundles of a given degree
d € Z. In this case the corresponding integrable system does not have in general a
Lagrangian section.

In the case when all partitions are of the type (1) (i.e. |A;(z)] = 1 forall i, o,
which is an analog of Hitchin system with regular singularities and semisimple
monodromy) we extend the above integrable system to a semipolarized one by
varying points z € X;,. The projection of any smooth spectral curve to W is a
smooth curve intersecting transversally the divisor of 1-st order poles of wy . The
lattice I" can be identified with the integer first homology of the punctured spectral
curve (punctures are intersection points with the preimage of the curve Co). This
is an example of the integrable system associated with a log-family of Lagrangian
subvarieties (in this case curves) in the cotangent bundle (see [28]). In Sect. 8.4.
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below we are going to describe an analog of the above construction in the case
when the restriction |A; 4(z)| = 1 on the partitions is dropped.

Proposition 8.3.6. The base of the integrable system associated with refined
irregular data is an affine space.

Proof. Consider a unique line bundle . — Y which is trivialized on Cy and
such that ¢, () = B. More precisely we require that P.D.(c1(Z)) = (iy_7)«(B)
where i}, _, v is the natural embedding and P.D. denotes the Poincaré dual. Then the
restriction of .Z to Y — Y is trivial and trivialized. Consider the space of sections
s € I'(Y, %) such that sy—y = 1. This is an affine space. On the other hand it can
be identified with the base B by taking the divisor of zeros of s. This proves that B
is an affine space. l.

Example 8.3.7. In case of GL(r)-Hitchin system with logarithmic singularities
and semisimple monodromy the above construction can be also described such as
follows.

The base of the corresponding polarized integrable system is obtained via the
above-described procedure. We make blow-ups at all (x;)e0 € Coo corresponding
to x; € C ~ Cs. Foreach 1 <i < n we fix r distinct points on the exceptional
divisor D; ~ A! corresponding to the eigenvalues of the residues of the Higgs field
at x;.

Let us consider curves X in Y which satisfy the following properties:

a) X intersects each D; with the multiplicity 1 at each of the chosen r marked
points.

b) X intersects each vertical fiber of T7*C with intersection index r.

¢) X does not intersect the preimage of Co, under the blow-up.

The space of such curves forms an affine space which is the base of our Hitchin
system. The total space of the latter is birational to the twisted cotangent bundle to
the moduli space of vector bundles Bungi () x,....x, on C endowed with a choice of
a full flag at each point x;. The parameters of the twist correspond to eigenvalues of
the residues of Higgs fields at the marked points. We consider only the stable locus
in the moduli space of Higgs bundles with logarithmic singularities.

In case when we do not mark points on D;,1 < i < n (i.e. we do not fix the
eigenvalues) we obtain a log family of spectral curves as in [28] which forms the
base of a semipolarized integrable system.

8.4 The Betti Version

Recall that Zariski open part B C B can be identified with the set of possible
irregular data for which the corresponding spectral curve is smooth. Recall that
an irregular data includes points z € X, representing eigenvalues of the residue
of the Higgs field at marked points x;. Let us vary each point z along the affine
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line where it naturally belongs in such a way that different points do not coincide.
Morally this variation corresponds to adding the local system I', to the picture
(indeed fixing the eigenvalues of the monodromy as well as singular terms at marked
points corresponds to a choice of symplectic leaf). In this subsection we are going
to discuss the Betti version of the story (cf. also [4]).

Let us recall the formal classification of irregular connections over the formal
punctured disc or, equivalently, over the field K := C((¢)). Let E be an r-
dimensional K -vector space endowed with a connection V : E — E ® 2. Then
as a D-module (E, V) admits a canonical decomposition

(Ev V) x~ GBOZ(E(?"s VCO()

over a finite collection of singular terms (c¢*). We denote the ramification index
of ¢* by N,. More precisely the above decomposition can be described such as
follows. For each « let us choose a representative ¢ € C((¢'/")) of the singular
term c®. Then each D-module (E.«, V") is isomorphic to the direct image of the
canonical N,-covering Spec(C((t'/N«))) — Spec(C((t))) of the D-module which
is the tensor product of a vector bundle of rank r, endowed with a connection with
regular singularities and a rank one D-module M., which is also a vector bundle
with a connection V%, such that the generator m, € M. . satisfies the condition
V*(m) =m ® d(c®). We also have r = Y, 7o Ny.

Let C be a smooth projective curve with marked points x;, 1 <i <n and (E, V)
be an algebraic vector bundle with connection on the punctured curve C —{x; }1<; <n.
Let us choose a formal coordinate at each point x;. Then the formal expansions
of (E, V) at the marked points give rise to a collection of singular terms (c{) as
well as to a collection of positive integers 7; o, N; , derived from the above formal
classification. In this way we obtain the canonical irregular data associated with
(E, V) (it is canonical in the sense that it does not depend on the choice of formal
coordinates at the marked points).

Irregular Riemann—Hilbert correspondence gives a topological description
(“Betti side”) of the complex analytic stack of algebraic vector bundles with
connection with prescribed irregular data (“de Rham side”). Namely with the
pair (E, V), rk E = r we associate a local system of rank r (i.e. a locally constant
sheaf in analytic topology) on C — {x;}i<;<, endowed with the so-called Stokes
structure. The local system consists of analytic germs of flat sections of (£, V). We
are going to recall the notion of Stokes structure on C following [27]. It describes
the local picture on a general curve C.

For any marked point x; and a generic ray x; + ge'? for sufficiently small ¢ > 0
we have a filtration of the local system of flat sections by the exponential growth of a
section restricted to the ray. Terms of the filtration can be identified with intersection
points of our ray with the closed real analytic curve

0 +— exp(Re(ci (x; + ge'®))e'?,

i.e. when 0 = ¢.
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Those filtrations are subject to the conditions described in [27]. They are called
a Stokes structure at x;. In particular, normalization of each curve is a circle S| ,
with the winding number about x; equals to N; 4. On the union U, S;i o We have
the associated graded local system. The rank of this local system is r; 4. Collection
of Stokes structures for all points x;, 1 < i < n is called the Stokes structure for
(E,V).

Let us fix an irregular data. Then the result of Malgrange [39] says that there
is a one-to-one correspondence between algebraic connections on C — {X;}1<i<n
producing our irregular data and local systems on C — {X; }1<i <, endowed with the
Stokes structure with the singular terms and discrete parameters 7;, NV; , derived
from the irregular data.

Recall that in Sect. 8.3 we also defined refined irregular data for the moduli space
of Higgs bundles (“Dolbeault side””). Now we would like to introduce a similar
notion on the Betti side.

Definition 8.4.1. Multiplicative refined irregular data are defined exactly in the
same way as additive irregular data with the only change that X;, € C* C C =
AL(C).

A local system endowed with a Stokes structure defines a multiplicative refined
irregular data. Namely, the set X;, is defined as the set of eigenvalues of the
auxiliary local systems on circles leiﬂ and the partitions correspond to the sizes
of Jordan blocks.

Definition 8.4.2. Let us fix a multiplicative refined irregular data ¢ on C. Denote
by Mp.ui(0) the Artin stack over C of local systems of rank r on C — {x;}i<i<n
endowed with Stokes structure and such that the corresponding multiplicative
refined irregular data coincides with ¢ (in particular the rank of the local system
on S| , is equal to the number r; , from o).

We denote by My"(c) the algebraic space over C of isomorphism classes of
objects of Mp,.;;(0) which are simple as objects of the abelian category of local
systems endowed with Stokes structure. Equivalently, the corresponding holonomic
D-module on C — {x;}1<; <, is simple. The space M.’ () is smooth. By analogy
with the case of regular singularities we expect that it carries a symplectic structure.
Moreover we expect that it is a quasi-affine scheme. In order to explain the
latter point it is convenient to consider a larger Artin stack M}, (o) obtained by
weakening of some conditions in the definition of Mp.;(0). Recall that in the
definition of Mg, (0) we required that the monodromies of local systems along
the circles lei  belong to certain conjugacy classes C; o := Cjo(0) C GL(r; 4, C).
In the definition of M}, (o) we relax this condition and say that the monodromies
belong to the closures C, .

Let us denote by M;°4*(o) the affine scheme Spec(0'(My,,(0))).

Betti

Question 8.4.3. TIs M} (o) an open subscheme of M2 (0)?

Positive answer will imply that M, (c) is a quasi-affine scheme.
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Here are some arguments in favor the positive answer to the Question 8.4.3 in
the case of regular singularities. First we observe that there are many functions on
My,..(0) given by traces of holonomies along closed loops. We claim that the sizes
of Jordan blocks of monodromies around points x; can be also detected. Let us
illustrate the claim by an example. Let y € C — {x;}i<i<, be a base point. Then
our local system gives rise to an r-dimensional representation p of the fundamental
group 71 (C — {X;}1<i<n, ). Let us assume for simplicity that for some point x;,
the monodromy p(/;,) is unipotent of order k > 1, where /;, is a based loop which
is freely homotopic to a small loop surrounding x;,. Then (p(l;,) — id)* = 0. Hence
Tr (p(li,) — id)* p(1)) = 0 for any | € 7;(C — {x;}1<i<n, ). This equation gives
identities between traces of monodromies. Similar considerations can be applied to
/\’ p,1 < j < k.1In this way we recover information about sizes of Jordan blocks.
We expect that similar arguments work in general case.

The conclusion is that conjecturally for each multiplicative refined irregular data
o we have a smooth symplectic quasi-affine variety M, " (o). This variety depends
on continuous parameters which are eigenvalues of monodromies on Sy . Let us
allow the eigenvalues to vary in such a way that they do not coincide. The total
space should be a Poisson manifold. We can also enumerate the eigenvalues in the
following way.

Definition 8.4.4. A combinatorially refined irregular data is an irregular data
endowed with a collection of integers s;, > 1 and a collection of maps ¥;, :
{1,..., 814} — {Partitions} — {0} such that 3, _; .. [Wia(J)| = Fig-

For a given combinatorially refined irregular data t we construct a larger moduli

space My""*"(¢) (enumerated version of Mj" (o)) whose set of C-points is the

disjoint union of M ;" (0')(C), over the set pairs (0, f), f = (fi.), Where each f; 4
is a bijection X; 4, ~ {1,..., s;}. Here we assume that the map A;, o i;{l =Y,
where ¥; , are the maps from the definition of the combinatorially refined irregular
data 7. '

It is easy to see that the space M,."""(v) is fibered over the hypersurface

Hpeni(T) in []; ,((C*)*'« — Diag) given by the equation

l_[ 1_[ A;f:’;:(_I)Zi.u(Niu_l)riu'

ha 1<j<siq

This equation comes from the fact that the product of determinants of monodromies
around marked points x; is equal to 1. The appearance of the factor of —1 in the
RHS is due to the presence of coverings in the definition of Stokes structure.

Question 8.4.5. Is My"""(t) a smooth Poisson quasi-affine scheme, with the

space of symplectic leaves identified with J23,;(7)?

We have not discussed above the origin of the symplectic structure on My (o)

hence the Poisson structure on M:"7“"(t)). The case of semisimple monodrom
Betti p Yy

and Laurent series (i.e. no fractional powers appear) was studied in [4].
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One can also define an affine scheme My2n" " (t) D My, (t) endowed with

a surjective map to the complex torus .7 g, (7) which is the closure of 5#z.;(t) in
the ambient torus (in other words it is a shifted subtorus in [ [; ,(C*)*« given by the
above equation).

In order to define My0q"““" () let us consider the moduli stack Mo(7) of
the following structures: local systems on C — {x; }1<; <, endowed with the Stokes
structure and decompositions of the associated local systems on § xliﬂ into the direct
sums labeled by j,1 < j < s; 4. For each direct summand the monodromy has only
one eigenvalue A; , ; € C*. The unipotent part of the monodromy is dominated by
the partition ¥; (). The latter means that the conjugacy class of the unipotent
part of the monodromy belongs to the closure of the unipotent conjugacy class
corresponding to ¥; (/). Finally we define Moo *““" () := Spec(O(Myh(7))).
The main point of this definition is to allow the eigenvalues A; ; to coincide for

different values of j.

Remark 8.4.6. 1) The space My.."““"(7) seems to be an analog of X -variety in the
theory of cluster varieties. Presumably one can also define an analog of A-variety
(see [17)).

2) Rescaling ¢ > ¢{*/¢, ¢ € C* gives rise to non-linear local systems over C* of
all versions of Mp,;. Taking the fiber over { = 1 we see that it is endowed with
an automorphism given by the monodromy. This automorphism corresponds to

the Coxeter automorphism in the theory of cluster algebras.

8.5 Semipolarized Irregular Systems

First we would like to describe an additive analog M;""""(t) of the space

Mg+ (7). Here the notation sm, irred means smooth, irreducible correspondingly
and refers to spectral curves. Let us comment on the notation. Suppose that the
genus g(C) > 1, and we are dealing with regular Hitchin system (i.e. there are no
marked points and the irregular data is empty). Then by Corlette—Simpson result
there is a one-to-one correspondence between simple local systems on C and stable
Higgs bundles of degree zero. Recall that Higgs bundles can be identified with
coherent sheaves on 7*C with pure one-dimensional compact support. Under this
identification line bundles of a certain degree give a Zariski open subset in the
moduli space of stable Higgs bundles of degree zero. This observation motivates
our notation in the general case.

Recall (see Sect.8.3) that with an (additive) refined irregular data ¢ we can
associate a complex integrable system with central charge and zero section. Strictly
speaking we consider only an open part B’(c) of the base consisting of smooth
irreducible spectral curves in the surface associated with o. Fibers are Jacobians
of spectral curves. Part of the refined irregular data consists of sets of points
Yia C Al(x;,c%). In the case of Hitchin systems with regular singularities they
are eigenvalues of the residues of the Higgs field at marked points.
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Let us fix a combinatorially refined irregular data t. Similarly to the case of
M""(¢) we define the moduli space My ""(¢) by allowing enumerated
points z = z;4; € X4 to vary along the corresponding affine lines A'(C) = C in
such a way that they do not collide. The resulting space MJ";""***"(z) is the total
space of a family of polarized integrable systems parametrized by the hypersurface

ol - = Hpei(T) In ]_[i’a (C%ie — Diag) singled out by the equation

Z Z Zi,d,jri,oc,j:o.

Lo 1<j<si«

This equation follows from the condition that sum of the residues of the Liouville
form restricted to the spectral curve vanishes.

Denote by B = BY(z) the total space of the fibration over ./#),; whose fibers
are bases of the above polarized integrable systems. The projection p : B —
Mo is a smooth morphism of smooth algebraic varieties. Fiber p~'(h), h € Stpy
can be identified by the previous considerations with the moduli space of smooth
irreducible spectral curves in the appropriate surface Y = Y (h). We will construct
a local system of lattices I” — B° endowed with a covariantly constant integer
skew-symmetric pairing (e, e) : /\2 I' — Zpgo and a central charge Z : ' —
O in such a way that we obtain a semipolarized integrable system with central
charge. Moreover the local system I”, := Ker (e, o) will be trivial, i.e. 'y >~ 7 ®
Zpo, where I is a fixed lattice. The restriction Zjr will be identified with the
composition B® — %, < Hom(I, C).

Let us explain how to define the dual local system I"V and the central charge.
Recall that an irregular spectral curve S contains pairwise disjoint effective divisors
Diwz,,» Where deg Dio .y, = |Aia(Ziw )| = |Wie(j)]. These divisors are
intersections of S with the chain of rational curves Ey ;¢ .=, ; defined in Sect. 8.2.

Then we define the fiber of "V over S as the abelian group of 1-chains on
S whose boundaries are Z-linear combinations of divisors D, g, ; considered
modulo the boundary of 2-chains. Clearly the abelian groups depend continuously
on parameters and hence define a local system. Also for any b € B° we have a short
exact sequence

0— Hi(Sy.Z) > ') - Iy -0,
where
Iy =Ker(f : @i 2 — Z),
where f 1 (Miaj)i<j<sio Zi’a’j Migjliaj-
Dualizing we obtain local systems I” and its trivial local subsystem I",. The

skew-symmetric pairing on I is the pull-back of the symplectic structure on
H((S,Z).
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Next we are going to describe the central charge. One observes that the fiber over
b € B° of the local system I” can be identified (up to torsion) with the quotient
H\(Sy, — D,Z)/ Py, where D = Ul; 4 D; 4 is the union of the exceptional irreducible
divisors in the surface Y, where the pull-back of the symplectic form wr«c to Y D
T*C does not have poles, and P}, is the subgroup generated by 1-chains y; , sitting
in a small neighborhood in S} of the intersection S, N D; , and such that the linking
number of y; , and D; , is equal to zero. One observes that integrals of the pull-back
of the Liouville form ydx over the elements of H,(S, — D, Z)/ P, are well-defined.
This gives us the central charge Z.

The group of automorphisms of the tuple (B°, I", (e, ®), Z) contains a finite
subgroup [, Symy, . The latter is the product of symmetric groups with each factor
acting on points z; o ; which belong to the same affine line indexed by (i, «) in such a
way that it permutes those points z; o, ; which are endowed with the same partition.
The quotient by the group of automorphisms will be a semipolarized integrable
system with central charge and non-trivial local system of lattices I",.

8.6 Conjectures About Mirror Duals for Hitchin Systems

Fix a combinatorially refined irregular data t. The above considerations give rise to
a family of polarized integrable systems parametrized by a variety #p,;(7) which is
an open dense subset in Hom(Ip, C), as well as a semipolarized integrable system
which we denote by (X°(7),w?*°(r)) — B°(r) (all endowed with holomorphic
Lagrangian sections). For an individual polarized integrable system corresponding
to an irregular data o we have defined the full base B(o) in terms of irregular
spectral curves (see Sect. 8.2), but our integrable systems so far have been defined
over the locus B%(o) of smooth irregular spectral curves.

Conjecture 8.6.1. 1) There exists a full semipolarized complex integrable system
X(7) — B(r) containing X°(t) — B°(z) as an open dense complex integrable
subsystem.

2) The corresponding individual polarized integrable systems X (t)z, — B(t)z, in
the notation of Sect. 4.7 have full bases B(t)z, = B(o) ~ C%"cB©) where o
is determined by 7 and Zy € Hom([, C).

3) The mirror dual X (7)Y “% to the integrable system X(z) — B(z) in the sense of

Sect. 6.3 is an affine scheme which contains M """ () as Zariski open subset.

Remark 8.6.2. Strictly speaking part (3) of the above conjecture should be cor-
rected. Recall that the algebraic mirror dual in Sect.6.3 was fibered over the
algebraic torus Hom(I, C*). The variety M, " (t) is fibered over the #3.4;(7)
which is an open subset in a torsor over Hom(Ip, C*). This discrepancy should be
corrected by some twist. Probably this twist is related to the choice of the canonical

B-field B,,, which is 2-torsion.

Question 8.6.3. Does the mirror dual coincide with the Spec(0' (Mg """ (7)))?
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Now we are going to discuss the family over C* related to the rescaling > >
0*°/¢,¢ € C*. In the case of irregular Hitchin systems this rescaling corresponds
to the rescaling ¢ — c{/{ of the singular terms. Assuming the above conjecture,
we obtain by taking the mirror dual, a holomorphic family of Poisson varieties
X g/ “I8 (1) over C* containing M ;ZZ‘I’;"(I) as open subvarieties. They are locally
constant in analytic topology on C*, hence we get a local system of algebraic
varieties.

Recall from Sect. 6.3 that we also have a complex analytic mirror dual X (7)Y —
Hom(I, C) which is obtained from X (7)V*“% — Hom(Iy, C*) via the exponential

map. Introducing the parameter { we obtain a complex analytic family X¢(7)¥,{ €

C*. It contains the pull-back Mgi’;’g;"(t) of the space Mgi’;’g;"(t) as an open

dense subset. We can also define a larger space Mg;‘:;fg’m(r) - M‘;‘ZZ:Z"(I)
(see Remark 8.6.2).

Recall Conjecture 6.7.3 (extension to ¢ = 0). In our case it says that the analytic
family of Poisson varieties X (7)" admits analytic extension to { = 0 with the fiber
at ¢ = 0 isomorphic to X% (z) (see Conjecture 6.7.3). In our case it is reasonable
to expect that X% (t) ~ X(r) since Jacobians of spectral curves are principally
polarized abelian varieties.

Conjecture 8.6.4. The local system of Poisson varieties Mégg}e’m(t) admits an

analytic extension to { = 0 with the fiber at zero isomorphic to M (7).

The total space of the extended to { = 0 family should be a complex algebraic
variety if we endow fibers Mﬁzzz‘?’m(t) with algebraic structures coming from
the de Rham description of fibers via inverse Riemann—Hilbert correspondence as
algebraic vector bundles endowed with irregular {-connections. Furthermore, the
de Rham description makes the above conjecture almost evident similarly to the
well-known case if Hitchin systems without singularities.

Let us describe explicitly the geometric meaning of a germ of holomorphic
section of the above analytic family at { = 0. Let us fix an additive refined
irregular data o on the curve C. In particular it gives us a positive integer r (the
rank). Consider a holomorphic vector bundle E of rank r over C x D, where
D, = {¢ € C||¢| < &} and ¢ > O is sufficiently small. We will think of it as a
family E; of holomorphic vector bundles. Consider a relative along C meromorphic
connection V such that:

(a) V has finite order poles at the marked points x;, 1 <i < n;
(b) V has the pole of order 1 along C x {{ = 0}.

In particular for all { € C* we have a meromorphic connection V; on the vector
bundle E;.

Using the formal classification of irregular connections we assign to each Vi
irregular data with singular terms at the points x;. We require that they coincide
with the given irregular data after rescaling c¢* — c¢{*/{ of singular terms (here we
forget about the refinement).



282 M. Kontsevich and Y. Soibelman

Let us choose an additive refined irregular data compatible with 7. In other words
we choose points zj 4 ; C Al(xi,cl‘?‘) ~ Csuch that z; 4 j, # Ziaj, fOr j1 # jo.
Moreover we assume that eigenvalues A;, ; of the monodromy of V; along the
circle S|, have the form

Zi,a,j)

¢

Furthermore we assume that for any i,«, j the sizes of the Jordan blocks
with eigenvalues A;, ; as above form the partition ¥;,(j) coming from the
combinatorially refined irregular data 7 as as long as

Zia,jy ;Zi,a,jz ¢ 27t\/—_1Z

for j; # j,. We call the latter condition non-exceptionality condition. It depends
on the formal type of the irregular connection V¢ at x; and does not depend on the
Stokes structure.

Aia,j = exp(

Remark 8.6.5. One can generalize the above story by allowing the curve C and
irregular data to depend analytically on {. Then we will require that

Miay = exp(% +0(1)).

Under the above assumptions the limit lim;{V; does exist and defines a
meromorphic Higgs field ¢ (with poles at the points x;) on the vector bundle
Eo := Ej;=¢. It defines the refined irregular data coinciding with the given one.

The closure S C Y of the non-compact spectral curve S° given by det(¢p — yld) =
0 C T*(C —{x;}1<i<n) C Y is anirregular spectral curve in our sense.

Assume that S := S, is smooth and irreducible (i.e. it corresponds to a point
b € BY). There is a natural line bundle .Z — S° corresponding to (E0)|c—{xi}1<i<n-
Extending it to S (the ambiguity for such an extension is a lattice of finite rank)
we obtain a line bundle .2 — S, hence a point in Jac? (Sy) = Jac® (S) for some
degree d belonging to a fiber of the integrable system at { = 0. Suppose that for our
refined irregular data we have chosen ¢ € C* such that non-exceptionality condition
holds for ¢, {zi« ;}. Then our connection V; defines a point f({) in the covering

M it (7) via taking the Stokes structure of (E, V). The point f(¢) depends

holomorphically on { such that { # 0 and { # (Zie.j, —Ziw.jp)/ 27N =1k, k €
Z — {0}.

Conjecture 8.6.6. 1) Let us assume the Conjecture 8.6.4. Then the map ¢ — f({)
extends to a germ of an analytic curve at { = 0. '

2) Moreover the value f(0) is the point of the space M g’ZZ’”’ed’m(t) corresponding
to the line bundle . — S.
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Our definition of M2%***"(t) is a bit artificial. Probably the following version

of it will behave better. Fix an irregular data n (no refinement is chosen). Consider
an Artin stack Mp,,;(n) parametrizing local systems on C — {x; },<; <, With Stokes
structures compatible with irregular data. We denote by Mg”, .(7) the corresponding
analytic stack. Let us define an analytic stack M si(n) by adding the following
additional data: for each pair i, o a choice of covariantly constant endomorphism
L; o of the associated local system &;, on the circle S;iu such that exp(L; ) is
the monodromy automorphism for & . In the case when all monodromies are
semisimple and have distinct eigenvalues the set of choices of “logarithms” L; 4
for all 7, « is a torsor over the lattice Z'G«.))} This stack can be thought of as a
replacement of M2%***" (t) (the enumeration of eigenvalues is lost). We claim that
there exists another Artin stack Mpg(n) such that the (irregular) Riemann—Hilbert
correspondence gives an isomorphism of analytic stacks ]\;Ig;‘m(n) ~ Mpr(m).
In the example of connections with regular singularities the stack Mpg(n) is the
moduli stack of vector bundles on C endowed with meromorphic connections which
have first order pole at the marked points. Introducing the parameter { € C* as
above by rescaling the singular terms of the irregular data we obtain an algebraic
family Mpg () of Artin stacks. We believe that it can be extended as an algebraic
family of Artin stacks over C with the fiber at { = 0 being the stack Mp,(7)
of semistable generalized Higgs bundles of type n. The latter are roughly certain
coherent sheaves on the Poisson surface Y := Y (1)) (see Sect. 8.3) with pure one-
dimensional support.

Let us discuss the analog of a combinatorial refinement in this setting. Assume
that for each pair i, @ we are given a finite unordered collection of partitions A'*/
(possibly with repetitions) such the sum of weights > j [AP%J]| is equal to the
rank r; o of & 4. Then we pose the following condition: the conjugacy class of
the linear operator L;, (considered as a linear endomorphism of the fixed fiber
of & o) belongs to the closure of the set of such linear operators that for each
of its eigenvalues |i; the set of Jordan blocks with the eigenvalue |i; defines a
collection of partitions which coincides with the given collection of partitions A" .
This defines a closed substack of Mpg(n). Presumably one can define a similar
substack of Mp,(n). Introducing the parameter ¢ we obtain as above a family of
Artin substacks over C. Finally we remark that Mirror Symmetry naturally gives us
an analytic family of analytic stacks M gkg(n) ~ M g:m,g(’?) over { € C* and its
limit at { = 0 given by M (7). Also the fiber over { # 0 have some “remnants”
of the algebraic structure on Mgy (). The algebraic structures on Mpgr(n) and
Mpoi(n) familiar in Geometric Langlands Correspondence seem to play no role in
the case of Mirror Symmetry considered before.
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8.7 Remarks About SL(r) Case

In the case of SL(r) Hitchin systems the above considerations have to be modified.
Namely, in the definition of the irregular data we impose an additional condition:
sum of all branches of the singular terms at each marked point x; is equal to zero
(modulo series which are regular at x; ).

This condition can be reformulated such as follows. For with each singular term
cl = ZAEQ@ ag;(x — x;)* we associate its trace

Tr(cf) = Niw- Y _ af,(x —x;)* € Cllx —x1)7'].
AEZ

Then the above condition says that for each 1 <i < n we have )_, Tr(cY) = 0.

We can impose a similar condition for spectral curves. A spectral curve can be
thought of as a graph of a multivalued closed 1-form on C — {x; },<;<,. We demand
that the sum of all branches of the 1-form vanishes identically. Fix combinatorially
refined irregular data . We denote by Bg;()(r) C B(r) the subspace of spectral
curves S which satisfy the above condition.

Proposition 8.7.1. One has dim Bsi(y)(t) = dim B(t) — g(C), where g(C) is the
genus of C.

Proof. For any spectral curve in B(t) the sum of branches of the corresponding
multivalued 1-form is a holomorphic 1-form on C. Also the space of 1-forms £2'(C)
acts on B(t) by adding the graph of the 1-form. This gives an isomorphism B(t) =~
Bsi(r)(t) x 21(C). The result follows. B

Remark 8.7.2. In the case of Hitchin systems with regular singularities the above
condition means that the sum of eigenvalues of the singular part of the Higgs field
at each x; is equal to zero.

Considering the corresponding local system of symplectic lattices I"*"7 (which
is the quotient of the bigger local system I') we see that the fiber of """
is Prym(S) = Ker(H\(S,Z) — H,(C,Z)). The fibers are polarized but not
principally polarized. Another choice would be Coker(H'(C,Z) — H'(S,Z)).
The mirror duals to the integrable systems corresponding to these two choices are

different and should correspond to My (z) and Mpor”(z).

8.8 Relation to Non-compact Calabi-Yau Threefolds

Having a spectral curve S C Y C Y as above and line bundles % — Y,i = 1,2
such that the restrictions of .%,i = 1,2 to Y — § are trivialized and such that
A QL ~ Oy(S) we can construct a non-compact Calabi—Yau threefold (total
space of the conic bundle over Y'). Namely, let us fix a section ¢t € I'(Y, %) ® %)
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such that |5 = 0. Then we consider a subvariety X of the total space to1(.%] © %)
which consists of pairs (/1,15) € £, & %,.y € Y such that [; - [, = 1(y).
Writing it in local coordinates as x;x, = f(y1,y2) we see that X carries a
well-defined nowhere vanishing holomorphic volume form .Q;(’O locally given by
dxilldyldyz. Then such X satisfies the assumptions A1-A3 from Sect. 7. Furthermore
the corresponding moduli space of deformations of X discussed in Sect.7 is
essentially the same as the space B of spectral curves discussed in this section.
The fiber of the local system I” is isomorphic to H3(X,Z) modulo torsion. An
easy calculation with exact sequences of fiber bundles shows that if . is trivial
then H3(X,Z) ~ H,(Y, S,Z). Then the symplectic lattice I"™"" is smaller than
H\(S,Z), while the kernel lattice I" is bigger than the one for the lattice described
in Sect. 8.5.

In the case when the monodromies along S;,-,a are semisimple with non-
coinciding eigenvalues one can spell the above discussion in terms of log-families
of spectral curves. In particular there is an open dense part in the moduli space
of deformations of X which is isomorphic to the space of log-families of smooth
curves in 7*C. In order to be in agreement with three-dimensional story we need
to go from GL(r) Hitchin integrable systems to SL(r) Hitchin integrable systems.
Then, as we discussed above, for each spectral curve Sy, b € BSL(r)(r) the lattice
;"™ is isomorphic to Ho(Y, S, Z)" =~ Prym(Sy) =~ H3(X.Z)/Ker((e,eo)).
Periods of the restriction ydxs, of the canonical 1-form can be identified with
periods of the holomorphic volume form .Q;’O.

Remark 8.8.1. The reader remembers that when discussing singular Hitchin sys-
tems we fixed the essentially irregular part of the Higgs field. Coefficients of those
fixed Puiseux series as well as the conformal structure on (C, {X;}i<i<x) can be
thought of “external” parameters for the integrable systems in question. In terms of
Calabi—Yau threefold X this means that we have extra parameters arising from the
full moduli space of deformations of X.

9 Wall-Crossing Structures for Compact Calabi-Yau
Threefolds and Split Attractor Flow

Let X be a compact complex Calabi—Yau threefold endowed with an ample line
bundle (polarization). We make a simplifying assumption that H'(X,Q) = 0
(otherwise the considerations below should be changed slightly). The moduli stack
M = My of complex structures on X is a smooth Deligne-Mumford stack
(orbifold). The moduli stack . := Zx of pairs (X;, .(2)3(’?) parametrizing pairs
(complex structure 7, holomorphic volume form) is a C*-bundle p : £y — #x.In
what follows we ignore those points of the stacks which have non-trivial stabilizers.
Thus we will often abuse the terminology and speak about moduli spaces, not stacks.
Locally %y is embedded into H*(X, C) via the period map (X, [2;('10) = [[2;('?].
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Itis known (see [13,14]) that % is the base of non-polarized complex integrable
system with fibers given by intermediate Jacobians of the underlying Calabi—Yau
threefolds. Since X is compact the fibers in general are nonalgebraic. Instead
the fibers carry natural pseudo-Kihler metrics of signature (1,n), where n =
%rkH 3(X) — 1. This integrable system can be considered as a special case of the
one mentioned in Remark 4.1.2. The corresponding local system of lattices has as
fibers I, = H*(X.,Z),b € Ly, where p(b) = 7. It also has the central charge

3,0
Zy(y) = fy 'er .

The only difference with the case of polarized integrable systems is that now we
do not have the positivity constraint on the skew-symmetric bilinear form on I}.

On the other hand in this case one has a well-defined local system of the Fukaya
categories .% (X;) over .Zx. It is expected that a choice of point b € £y defines
a stability condition on .% (X;),7 = p(b) with the central charge Z; : I, — C
as above and for which semistable objects are SLAGs endowed with local systems.
Hence we can speak (cf. Sect.7.3) about DT-invariants £2,(y),b € Lx,y € I —
{0}. We conclude that there is a corresponding WCS (see Sect. 2.3, Example (6)).

Moreover, using this WCS we can construct a non-archimedean symplectic
orbifold 2 along the lines of Sect. 4.6. More precisely, the construction of Sect. 4.6
gives rise to a family 2, ¢ € C* of such orbifolds, but all of them are canonically
isomorphic due to the natural C*-action on .Zy.

We do not expect that X is isomorphic to an open domain in an algebraic orbifold.
It is not even clear whether it is isomorphic to an open domain in a complex analytic
orbifold (the problem arises because of the expected overexponential growth of
£2,(y) as |y| — oo. As aresult, the second of the three approaches to DT invariants
discussed in the Introduction (namely the one with the wheels of lines, see Sect. 6.6)
cannot be applied.

Also the first named approach (via attractor flow and trees, see Sect. 3) should be
modified. More precisely, the initial WCS should in addition to what was discussed
in Sect. 4.6 (which are the values 1 for DT-invariants at generic conifold points)
depend on infinitely many integer parameters, which are values of DT-invariants
at so-called attractor points (see e.g. [9]). More precisely, in the compact case
the volume of X is finite, so it can be used to normalize the central charge. The
normalized function (considered as a function on the total space of the local system
I — _#x) has countably many minimal points. Their lifts to £ are called attractor
points (see Sects. 9.2, and 9.3 about the details).

At this time we do not know how to extract those additional data directly from
the geometry of the above-described integrable system over Zy. In a sense the
additional data live “at the infinity” of the moduli space .Zx. Since we are lacking
the second approach to DT-invariants in the compact case, we have modify the
Conjecture 1.2.1 and only claim that the DT-invariants coming from the Fukaya
categories can be canonically reconstructed from the values of the “tropical” DT-
invariants at the attractor points.

Also, the string theory suggests (see e.g. [2]) that there exists a complex analytic
contact orbifold & with dim % = dim 2 +1 (which is called in physics the twistor
space for the quaternion-Kihler moduli space of hypermultiplets). The orbifold .2~
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is a formal germ of a divisor at infinity of #. The structure of % is still a mystery,
but one can hope that % can be used for the description of DT-invariants along the
lines of the second approach (via the wheels of lines).

9.1 Split Attractor Flow and Black Holes: Motivation
Jrom Supergravity

As a physics motivation for our considerations we will briefly explain the concept
of the split attractor flow from the theory of supersymmetric black holes.

Let .#crr be the “moduli space” of unitary N = 2 superconformal field theories.
It is believed that in case if there are no chiral fields of dimension (2,0) then
Mcrr >~ M4 X< Mp, where for CFTs associated with a 3CY manifold X the moduli
space .4, is the space of complexified Kihler structures on X while .#3 is the
moduli space of complex structures on X.

Recall critical superstring theory in ten dimensions can degenerate to a family
of superconformal field theories with central charge ¢ = 6 over a four-dimensional
flat space-time. The latter is R* endowed with a singular metric satisfying Einstein
equation with matter. The metric has singularities at black holes. Assuming time
invariance we obtain a metric g on R® \ {x;,...,x,}, where x; are positions
of stationary black holes. This family can be interpreted as a map 7 : R3 \
{xX1,...,xa} — Mcrr which satisfies together with the metric g a complicated
system of equations.

Let us assume that our CFT is of geometric origin and comes from a 3CY
manifold X such that H'°(X) = H*°(X) = 0. Assume that the Kihler component
of & is constant. Then according to [9, 10] (see also [11]) the set of pairs (k, g) is in
one-to-one correspondence with the set of maps

¢ R\ {x1,....x,} = My

(here Ax = #p(X) is the moduli space of complex structures on X) coming
from the following ansatz. Namely, the map ¢ is obtained by the projectivization
of the map QAS S R3IN\ {x1,...,x,} = &, where R®\ {x|,...,x,} is endowed
with the standard flat Euclidean metric (which is different from the metric g) and
£ = Zx is the Lagrangian cone of the moduli space of deformations of X
endowed with a holomorphic volume form (it is locally embedded into H3(X, C)
via the period map). The cone .Z is the total space of a C*-bundle over .Zx. We
endow .Z with an integral affine structure via the local homeomorphism Im : . —
H3(X,R), (z, 229 > Im([$23]), where T € .#y is a complex structure on X, and
239 is the corresponding holomorphic volume form. Then the ansatz comes from
harmonic maps ¢ which are locally of the form Im o (x) = 3, <i<n T T+ Voo
where y;, 1 <i < n are elements of the charge lattice I’ = H3(X,Z) ~ H 3X.,Z)
(their meanings are the charges of black holes) and v is the boundary condition “at
infinity” satisfying the constraint ), _. ., (¥i, Voo) = 0 (see [9]). This gives us ¢.



288 M. Kontsevich and Y. Soibelman

The image of ¢ is an “amoeba-shaped” three-dimensional domain in .#Zx.
Hypothetically, connected components of the moduli space of maps ¢ with given
Voo, Vi, 1 < i =< n have some cusps which are in one-to-one correspondence
with split attractor trees (see [9]). When we approach to such a cusp the 3d
amoeba degenerates to a split attractor tree. This is somehow similar to the
conventional “tropical” story, when holomorphic rational curves in Gromov—Witten
theory degenerate at cusps to the gradient trees on the base of SYZ torus fibration.
In fact edges of the split attractor tree are the gradient trajectories of the multivalued
function |F,|? = | fy QC012/] [, 239 A 2G| considered as a function on ..
Any edge is locally a projection of an affine line in . with the slope y € I'. If
the split attractor flow (lifted from .Zx to .Z) starting at v in the direction y hits
the wall of marginal stability where y = y; + y» + ... + yk,Arg(fyl_ 260y =

Arg(fy QCM 1 < i < k then all y,...,yx belong (generically) to a two-
dimensional plane.

We are going to explain below that using our wall-crossing formulas it is possible
to find all 2(y) := 2(b,y),b € L,y € I, (Imb, y) = 0 starting with a collection
of integers §2(b,, y) at the “generalized attractor points” given by conifold points
and points b, € A defined by the equation Imb, = y. The points C*b, € .#x
are external vertices of the split attractor trees. The wall-crossing formulas are used
at the internal vertices of the trees for the computation of §2(b, y). The numbers
£2(by, y) can be arbitrary.

9.2 Affine Structure on the Lagrangian Cone

Let us fix y € I'. The wall of second kind associated with y (see [30]) is given
explicitly by the set

L, = {(z, 22°) € 2| Im([2}°)). y) = 0. (Re([22°]).y) > O}.

(Notice that the condition (Re([$23]), Im([£23°])) > 0 holds on .#). In what
follows we will locally identify .# with the cone in H3(X, C) and denote the point
corresponding to (t, 22) simply by £23°. We endow . with an integer affine
structure given locally 230 — Im(£2*°) € H3(X,R).

We define a multivalued function F, : .#x — Rx¢ by the formula:

(823, y)|

A2 = V(Re(239), Im(239))

(The RHS does not depend on a choice of the lift to .£).
We define the volume function v : £ — R from the equality

(Re(£2%0), Im(2*)) = ;—;(93'0,W> = v(2%9)%,
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The moduli space .#x carries the Weil-Petersson metric. Let us recall its
definition. Let us fix a form Q;’(’f such that v(Qi}’f) = 1. The tangent space to .Z at
a point .Q;(;) can be identified with the term F2(H?3(Xy, C)) of the Hodge filtration,
which is decomposed into the direct sum H3°(X,) @ H*'(X,) by Hodge theory.
Hence the tangent space to .# at the point [X,] is identified with H?!(X,). The
latter space carries a natural Hermitean norm. This gives the metric on the tangent
space T{x,.#x .

Theorem 9.2.1. Let us fix a non-zero y € I'. One can lift the gradient flow of
|F,|? to a flow on the wall £, whose trajectories are straight lines with the slope
y in the affine structure given by Im(£2>°). More precisely, the integral curve
% = grad |F,|*(x) near the point x(0) = xo € .#x coincides as unparametrized
curve with the image of the straight line Im(.Q?’O) = Im(.Qg’O) + ty, where
(Im(.Qg’O), y) = 0, (Re(.Qg’O), y) > 0, and 528’0 belongs to a C*-fiber over xo
of the bundle & — M.

Proof. For any point xo := [Xo] € .# such that F,(xo) # O there is a unique lift
220 € &, with v(£2]°) = 1. The tangent space Ty,.# is identified with variations
523’0 — 523’0 + 8230 such that §23° € H?!.

Let us compute the variation of the function log | F, (£23%)|* = log|(£2>°, y)|* —
log (Re(§23°), Im(§2>°)). We obtain:

8log (230, y) + 8log (230, y) — Slog (Re(£2*°), Im(2*°))

Re((8£2°°, 7)) Z.Im((593'0593'0))
— 21 — .
(25", ) (229,239

The last term vanishes because §52°° belongs to H>'. Since (2,°,y) =
(Re($20°),y) > 0 and 8log|F,|*> = 8| F,|/| F,|* we have:

8|Fy > = aRe((82°°, 7))

where a € R is a real constant depending on .QS’O, Y.

Next we observe that by the Hodge decomposition the element y € I' =
H3(X,Z) C H3*(X,R) can be written as y = >0 4 y30 4 »21 4 521 \where
the upper index denotes the (p, g)-Hodge component. By orthogonality condition
we conclude that §| F,|> = aRe((§230, y'2)) = —alm((§£23°,iy21)).

The RHS is by definition the pairing of two tangent vectors in Ty,.Zy ~ H?!
with respect to the Weil-Petersson metric. Hence grad | F, | at x, is proportional to
iy>!. Butiy?>! is the projection of the tangent vector i (y>? + y2!) at 93,0 e?
whose imaginary part is y/2 = Im(iy*° 4 iy*>') . This concludes the proof.

In what follows we will need to know the behavior of the volume func-
tion v(£23%) along the gradient trajectory of the function |F,|?. We choose a
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parametrization of the trajectory such that Im(£23%) = y or equivalently that
93,0 — 2i()/3’0 + J/2,1).
Along the gradient trajectory we have:

d Crd (239,239
E(logv) = Ed_t(ZOgv ) = Re ((—

230, 230)
(93,0, 93,0 _ QS,O)) (93,0’ —2i1m([?3'0))
= Re — = Re -
(£230, 230) —2iv?
_ Re((2°0y))  (£230.y)
B V2 T2

(In the course of the computations we use the Lagrangian property of . which
gives (230, £239) = 0, as well as the equality Im(£2>°) = y).

Therefore 4y = w = =+ F,. Notice that if (£2*°,y) # 0 then similarly to
the proof of Theorem 9.2.1 we have

d
E(IFylz)(Qw) = |F, 229

Re(($2*°,y)) §2°0,i239) —5
X (ZW — 2Re((f(93’0,193*0)) .

Now we can use the formula 230 = 2i(y30 4 y21).
Then 2iy30 = ¢230, where ¢ € C. Hence the input of the summand 2iy3° to
the RHS of the above formula is

2,300 [ Re(c(2°0.y)) _Re(c($2*°, i £230)) 3
IF)/| (.Q ) (2 (93,073/) -2 (Q:’),O’im) =0.

(Notice that (£2°°,y) > 0 and (£23°,i230) > 0 by our assumptions, hence the
expression in the big brackets simplifies to 2Re(c) — 2Re(c) = 0).

Therefore in the RHS we have the contribution of the summand 2i y*>! only. This
gives us

(Re(y*"), Im(y*'))
(93'05 )’)

Re((2iy*!, y?1))
(93’07 V)

d
E(lFﬂz) = |Fy|22 = 8|Fy|2

(230y)

v

Using the formula %v = we conclude that

d*>v 4
o ;(Re(Vz’l),Im(J/z’l»-
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Notice that properties of polarized Hodge structures imply that
(Re(y*"). Im(y*")) < 0.

Recall that the gradient lines are projections of unparametrized straight lines (see
Theorem 9.2.1). Then our computations imply the following statement.

Proposition 9.2.2. The volume function v is concave in parametert on the straight
line Im(£2}°) = Im(.Qg’O) + ty, where (Im 93’0, y) =0.

Remark 9.2.3. Notice that in the above computations we could replace y by any
vector in Ir. Recall also that we can identify locally .Z with the real symplectic
vector space H3(X,R) via the map [2>°] — Im [£2°°] which introduces the affine
structure on .Z. The real two-dimensional subspace spanned by Im([.Qg '0]) and y is
isotropic. Then the Proposition 9.2.2 can be reformulated in geometric terms as a
statement that the function v gives rise to a (positive) concave homogeneous function
of degree +1 on any real isotropic plane in H3(X,R) .

The above considerations motivate the following definitions.

Definition 9.2.4. Lety € I' = H3(X,Z). We call .Q;'O € £ a y-attractor point if
Im(.Qf’O) =y.

Since a lift of the gradient trajectory of |F,|? is a straight line in ., the critical
points of F, can appear only in the limit # — oo. Hence the limiting point in .Zy
is the projection of a y-attractor point. Thus we see that the projections of attractor
points are local minima of the multivalued functions F), (in physics literature these
projections are called attractor points).

Moreover it is easy to see that critical points of F, are all local minima and are
either projection of attractor points or belong to the locus F~ 1(0). The equation
F, = 0 defines a complex hypersurface in the (universal cover) of the space .#x.
Points of this hypersurface are absolute minima of F,, and moreover they form a set
of points where the function F), is not differentiable.

We expect that for a generic gradient line of F), on .#y there are three
possibilities:

(1) The gradient line hits the projection of a y-attractor point.

(2) The gradient line reaches in finite time a point in the boundary of the metric
completion of .#Zx with respect to the Weil-Petersson metric. This point is
called conifold point. We will assume that the conifold points form an analytic
divisor in the above completion (which is expected to be a complex analytic
space).

(3) The gradient line reaches in finite time a point in the locus F,~ 1(0).

Then for given y the universal covering of .Zx splits into a disjoint union of
three open domains corresponding to these three possibilities and a closed subset of
measure Zero.
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The divisor of conifold points has (roughly) the following structure which we
explain in the framework of complex integrable systems. Consider a polarized
integrable system with central charge endowed with conical structure, i.e. with a
C*-action which rescales the central charge and preserves the discriminant. Taking
the quotient by the C*-action we obtain a local model for the divisor of conifold
points in the completion of .#x. In particular we expect the typical singularity
will be of the type A;. In terms of X this means that we approach a point in the
completion of .#Zx where X develops an ordinary double point with local equation
YizizaXP =0.

We can restate these three possibilities in the language of straight lines on
Zx. Let us fix y and consider in the universal cover of £y the ray (or interval)
Im(2}°) = Im(2}°) + ty.t € [0, 10), where (Im(52;°), y) = 0, and o € (0, +-00]
is the maximal possible value of # for which the map ¢ +— SZ,3 ¥ is well-defined.

The case (1) means thaty = +o0. The restriction of the function v on the ray has
strictly positive derivative and the limit of the derivative as ¢ — +o00 is non-zero:
limy— 400 % > 0.

In the case (2) we have 7y < 400 and lim; % =0.

We claim that in the case (3) that 7 < +o0 but the limit of the derivative of
the function v is strictly negative as ¢t — ;. Indeed, the picture in .#x means that
there exists finite #; such that the derivative of v at #; is equal to zero. It is easy to
see that although the gradient line of F), stops at such point, we can continue the
corresponding ray in .Z to some ¢ > t;. In terms of the gradient trajectories this
means that we consider another gradient trajectory of the function F) and move
along it in the opposite direction (i.e. in the direction of increasing values of F),) for
t > t;. Therefore for t > ¢, the derivative % becomes negative. By concavity of v
we conclude that we cannot extend the ray indefinitely, hence 7y < +o00. We expect
that in this case the image of the corresponding interval in .Zx /R. is everywhere
dense. This property distinguishes the case (3) from the case (2) purely in terms of
affine geometry of £y (without use of function v).

9.3 Trees and Generalized Attractor Points

Let us discuss abstract attractor trees. Basically, it is the same as the tropical trees
discussed previously. The difference is in the notion of attractor point.

Suppose that £ is a smooth C°°-manifold which admits an open covering
£ = U;erU; with transition functions belonging to the group Aut([, (e, ®)), where
I’ ~ 7" is a lattice endowed with the integer non-degenerate skew-symmetric
form (e, ®). We assume that each U; endowed with the induced Z-linear structure is
isomorphic to an open cone in R?". Notice that because we have a Z-linear structure
on .Z we can speak about integer points in .Z. Also the conical structure implies
that R acts on .Z.
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Let us define a (2n—1)-dimensional manifold .7 as the set of pairs (u, y), where
ue .,y e T,% —{0} such that in the above Z-linear local coordinates y is integer
and (u, y) = 0. This definition is similar to the definition of M from Sect.3.1. We
define the attractor flow on £ by the formulai = y,y = 0.

Definition 9.3.1. We define .£,“"" C %, as a set of points (1, y) such that the
trajectory of the attractor flow starting at (u, y) exists for all z € [0, +00).

In local coordinates the projection to . of such a trajectory can be written as ¢ +>
U = u—+ty.

Definition 9.3.2. A generalized attractor point is a connected component of the
interior Int(£;""") C £,

Below we provide some explanations.

With any (u,y) € .Z;“" we associate a map f(,y) : (0, +00) — £ given by
= t_lu,.

There are two possibilities:

(a) The limit lim, 4 oo f(u,y)(t) does exist. Then in local coordinates this limit is
equal to y. This condition is open in .Z},. Generalized attractor points of this
type can be identified with y-attractor points from the previous subsection.

(b) The limit lin; 4 o0 f(uy)(¢) does not exist.

In the case (a) the limit is an integer point in .Z. It is easy to see that for any
integer point uy € & the set of pairs (u, y) € £, such that lin— 400 fuy) () =
uo is a non-empty open connected subset in .Z, (it is a star-shaped domain). Hence
we conclude that integer points in .Z give generalized attractor points. The inclusion
is not a bijection. The complement to the image corresponds to the interior of the
domain described in case (b). The latter can be thought of as the set of integer points
in the “boundary” of .. Such “integer boundary points” do appear in practice. For
example take . = %% and points (1, y) where u corresponds to the point in the
moduli space .#x close to the cusp and y belongs to a Lagrangian sublattice in
H3(X, Z) invariant under the monodromy. In the mirror dual picture such classes
y correspond to Chern classes of coherent sheaves on the dual Calabi—Yau with at
most one-dimensional support (D0-D2 branes in the language of physics).

Assume that we are given an open subset i”z/’mmf C £, which is preserved
by the attractor flow for + > 0 and is disjoint from fz/’“m. For example in the
situation when . = . described in the previous subsection we define fé’mmf as
the interior of the set of points described in the case (2) there. As we mentioned in
Sect. 9.2 this probably means that the projection of the corresponding trajectory of
the attractor flow to .2 /R is not everywhere dense.

We will be talking about metrized rooted trees below. As in [33] those are trees
with lengths assigned to edges. There are internal edges and tail edges. Internal
edges have finite (positive) length and tail edges have possibly infinite length. Also,
the root vertex is adjacent to exactly one edge.
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Definition 9.3.3. A tropical tree in .Z is given by

a) A metrized rooted tree 7" with edges oriented toward tails.
b) A continuous map ¢ : T — £, smooth outside of vertices, with the following
properties:
outside of vertices the map ¢ +— (¢ (1), ¢’ (¢)) is a trajectory of the attractor
flow on .Z;
at each internal vertex v the following balancing condition is satisfied:

> pl(e) =/ (")),

egyout

where v*“ denote the set of outcoming from v edges and e (v) is the only edge
incoming to v (the derivative ¢’(e) is constant along the edge e);

each tail edge the map ¢ is a trajectory of the attractor flow belonging either
to gzl,comf or to Zzl,allr;

for any vertex v directions ¢’ of all edges in the set v** are different and
belong to an open half-space in a rank 2 symplectic sublattice in the tangent
space Ty()-L;

t

Having a tropical tree we can (and sometime will) interpret its edges as trajectories
in.Z.

Let ¢ : T — .Z be a rooted tropical tree in .Z. Abusing the notation we will
simply denote it by 7". Suppose we are given a volume functionv : .2 — R which
satisfies the Proposition 9.2.2 (i.e. it is concave along edges). Then the following
result holds.

Proposition 9.3.4. If the volume function increases along tail edges of T then it
increases along every edge (we consider orientation of the tree toward tails).

Let us define the function F : %, — R as the derivative along the attractor
flow of the pull-back of v under the natural projection. This function is an analog
of the multivalued function F), from Sect. 9.2. The function F is invariant under the
R.¢-action on .Z},. Proposition 9.3.4 means that edges of any tropical tree belong
to the domain F > 0. Moreover, the concavity of the function v on edges and the
balancing condition imply that the value of F at the root vertex is strictly bigger
than the sum of limiting values of F on tail edges (cf. [11]). Such limiting values
are strictly positive for edges of the tree hitting attractor points and equal to zero for
conifold and “integer boundary points”.

Thus we see that the function F' imposes the “energy-like” restrictions on tropical
trees.

Our considerations with the function F motivates the following Finiteness
Assumption (cf. assumptions in Sect. 3.2):

For each point (u,y) € 2 outside of a set of measure zero the number of
tropical trees rooted at (u,y) is finite.

By analogy with Proposition 3.2.6 one can design a procedure which as
we expect produces the WCS on .2 starting with “initial data” given by
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integer numbers £2(u, y) assigned to generalized attractor points and irreducible
components of the divisor of conifold points. We assign arbitrary integers to
generalized attractor points and assign integers equal to 1 to conifold points with A4,
singularities. Similarly to Sect. 3.2 this WCS can be understood as an integer-valued
function on .}, which discontinuous at polyhedral walls and satisfies the Support
Property and WCF from [30].

The procedure is similar to those described in Sects. 3.2 and 4.6.

By the Finiteness Assumption there are finitely many tropical trees in .Z" rooted
at («, y). The union of all such trees is a finite directed graph G := G(u, y) without
oriented cycles because of monotonicity of the function F. Each inner vertex of G
belongs to a symplectic plane. Then we can start with a generalized attractor point
or conifold point with A; singularity which are tails of 7 and move backward to
(u, y). We will use the wall-crossing formulas. Recall that they have the following
form

<« —
2(P,Your) (P.Yin)
H Tynut out — H Ty o mn s

where P is a vertex of G and Tyff,P’y‘”") are symplectomorphisms of the two-
dimensional symplectic subspace in the tangent space at P corresponding to the
edges of G outcoming from P (similarly for incoming edges). Since we know by
induction the numbers £2(P, y,,,) for outcoming edges, we can calculate 2(P, yi,)
from the wall-crossing formula and proceed further toward P. Finally, it gives us
the desired number £2 (u, y).

Remark 9.3.5. As we already mentioned in Remark 3.2.7, there is no guarantee that
the result of the application of the above procedure is indeed a WCS. At some strata
of codimension 2 the cocycle condition can fail. The geometric structure of walls
on .Z is very involved, and we do not understand it completely. At the moment
we have the following (maybe too optimistic) picture: it is sufficient (and maybe
even necessary) to put the constraint £2 = 1 at conifold points (assuming that all
conifold points have A; singularities). The integer values of §2 at all generalized
attractor points can be chosen arbitrarily. Then we obtain a WCS.

9.4 Remarks on the Support of DT-Invariants

Recall that in the definition of WCS we required an existence of a strict convex
cone. In the case of Calabi—Yau threefolds this property is called Support Property
(see [30]), since it gives a bound on the support of the function £2(u, y) (numerical
DT-invariants). Heuristic arguments in favor of that given in the Remark 1 [30] were
based on the following simple geometric fact. Let 1 be a closed 3-form on X. Then
there exist C := C, > 0 such that for any SLAG L we have |fL nl <Cl/J, Q;OL
Equivalently, we have a constraint on the homology class y = [L] € H3(X,Z).
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The constant C depends in an essential way on the metric on X . In this subsection
we propose an alternative approach to the Support Property based entirely on the
affine geometry of ¥ = %x. Namely, the volume function v gives us the following
constraint on the pair (u, ) such that §£2(u, y) # 0: the derivative of v at u in the
direction y is positive. Recall that this property was deduced from three facts:

(i) the function v is a strictly positive function on . of homogeneity degree 1
with respect to the R.( action;
(ii) the function v is concave on germs of two-dimensional isotropic subspaces in
Z; '
(iii) the derivative of v along a trajectory in .Z,“”"" is positive.

We claim that there are infinitely many perturbations of v which still obey (i)—
(iii). Namely, let us consider any smooth function §v on . which is homogeneous of
degree 1 and such that Supp(§v) /R0 C Z/Rs¢ is compact. Consider the function
ve := v+ &8v. The compactness of Supp(6v)/R-( implies that the properties (i) and
(ii) are satisfied for sufficiently small ¢. The property (iii) follows from (ii). More
generally, any function v/ which satisfies (i) and (ii) and coincides with v outside
of a compact (modulo the action of R.() satisfies also (iii). Here is a reason for
that: the condition of monotonicity of such a function is sufficient to check on parts
of the trajectories which are close to conifold points, where the function coincides
with v. For any function v’ satisfying (i)—(iii) let us consider the set C,y C tot(T %)
consisting of pairs (u, it) such that (u,i) = 0 and dv|;, » (i) > 0. Let us define
C.uiv as the intersection of C,y over all V' satisfying (i)—(iii). It is easy to see that
for any u € £ the intersection C,,;, N T, is a strict closed convex cone in
the hyperplane u := Ker (u, ®). The above inductive construction implies that
Supp(.Q (Ms )’)) C Cuniv~

10 Analog of WCS in Mirror Symmetry

10.1 Pair of Lattices, Volume Preserving Transformations
and WCS in a Vector Space

In the case of SYZ picture of Mirror Symmetry the construction of mirror dual
involves transformations which locally preserve the volume form rather than a
Poisson structure. In this case g is the Lie algebra of divergence-free vector fields
on Hom(I',C*) and there is no distinguished skew-symmetric form on I". In
notation of Sect.6.2 the lattice I" is I}, the first homology group of a fiber of
a real integrable system at a given point b € B. Differently from the case of
symplectomorphisms when the dimension of the graded component is equal to 1
(see Sect. 2.3, Example (4)), we now have dimg, = n — 1, where n = rkI" for
y # 0. Explicitly, the Lie algebra of vector fields on the algebraic torus Hom(I", C*)
is spanned by elements x”d,, where y € I', u € I'V satisfying the linear relations

¥ vy = xV
X0y 4 X"y, = XV 0y sy -



Wall-Crossing Structures in Donaldson—Thomas Invariants, Integrable Systems. . . 297

Derivation d,, is a constant vector field in logarithmic coordinates. The commutator
rule is given by

[X"10,,, X720,,] = xntr ((,U«h ¥2)0u, — (U2, V1)3m) .

The subalgebra g of divergence-free vector fields is spanned by elements x* d,, with
(i, y) = 0. It is obviously graded by the lattice I”. Similarly to the symplectic (and
also Poisson) case (see the beginning of Sect. 3.1), the graded complement to gy is a
Lie subalgebra g’ = @, 09, in g (notice that an analogous property does not hold
for the Lie algebra of all vector fields).

One can generalize the above considerations to the following situation. Suppose
we are given two lattices I, I'; and an integer pairing between them (e, ) : [> ®
I't — Z. We do not assume that the pairing is non-degenerate. We denote by Iy C
I't and Iy C I the corresponding kernels of the pairing.

Then we consider the Lie algebra g := g, r;.(e.s) spanned by elements x"9,,
where y € I and u € I3 such that (u, y) = 0, satisfying the same relations as
above. It contains the Lie subalgebra

!
g = eayerl_rl.()gy'

The previous special case corresponds to I't = I', I3 = I'V. In general, g can be
thought as the Lie algebra of divergence-free vector fields on a torus, preserving
a collection of coordinates and commuting with a subtorus action. Explicitly, if
we omit the condition (i, y) = 0 of being divergence-free, in some coordinates
(X1, .., Xgqp+c) fora, b, c € Z>o we get vector fields of the form

a+b
l—[x,ki -xj0/0x;, (ki)iziza4p €ZTP a+1<j <a+b+ec.

i=1

From the point of view of SYZ picture of Mirror Symmetry we have a real
integrable system X — B with the dimension of the total space X equal to
2b. Moreover we have chosen a Lagrangian zero section as well as ¢ other
Lagrangian sections (more precisely, a homomorphism from Z¢ to the abelian group
of Lagrangian sections). Also we assume that there is an a-dimensional space of
deformations of the above structure which is an a-dimensional vector subspace in
H?(X,R) defined over Q. The mirror dual XV is the complex manifold of complex
dimension b depending on a holomorphic parameters and carrying ¢ line bundles.
The Mirror Symmetry preserves the parameter b and exchanges a and c.

Now we are ready to describe the analog of a WCS for Lie algebra g’

The main difference with the formalism from 2.1 is that now walls are hyper-
planes in I}, := T, »Y ® R (and not in the dual space to the grading lattice ). We
define a wall as a hyperplane in I,y given by ut, where € I, — I o (one may
assume that j is primitive). With any wall H C I} we associate a graded Lie
subalgebra
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gn = @ guy Cg
ven

spanned by x?d,, such that (i, y) = Oand y € I'1—1I" . As in the Poisson case, this
Lie algebra is abelian. It is convenient to associate with any y as above a nonzero
constant vector field on the hyperplane H equal to ((y) := (e,y) € I,Y C I SRr-In
SYZ picture the trajectories of this vector field are (possible) parts of tropical trees
corresponding to analytic discs with the boundary on a small Lagrangian torus, the
fiber of SYZ fibration.

Also with any Q-vector subspace V' C I, which is the intersection of two
walls we associate a graded Lie algebra g (which is not a subalgebra of g’) such as
follows. As a I'j-graded vector space gy will be equal to the direct sum @ g5y gy
over all walls containing V. The Lie bracket on gy is defined as follows. Let
(xY0, )y where y € It — I'p, u € I> — I denotes the element x¥9, € gy
considered as an element of g;; C gy, where H = p1 is a wall containing V. Then
we define the Lie bracket by the formula:

(7 D) by s (X72010,) 1] = (X7 9p5) s

incase if H; = p.i =1,2,3, 73 = y1 + y2. 3 = (k1. y2)p2 — (2. 1)1 and
u3 & I3 . Otherwise, i.e. if w3 € I (and as one can easily see 3 = 0), we define
the commutator to be equal to zero.

As in Sect.2.1.3, we consider the pronilpotent case by choosing a strict convex
cone C C It ® R, and working with g¢ := nyermc—n_o gy. Then for a given
functional ¢ : I — Z which is nonnegative and proper on the closure of C, we
consider finite-dimensional nilpotent quotients

k) _ . *)
9cy = Byen-riolp)=kBcy = Qc/mc,(,)

k o
where m(C; = [1,en—riop0)=k 8c.y is an ideal in gc.

Similarly we define the Lie algebras gg’)ch). and g(xf,)c,w

Let us fix finitely many walls H;,i € I. We define the set WCS, ({H,}ic1, C, $)
of wall-crossing structures for g(g; which are supported on the union U;¢; H; in
the following way. First we observe that the walls H;,i € [ give rise to the

natural stratification of I ZTR. Then an element WCS ({H; }ies, C, ¢) is a map which

associates an element g, of the group exp(ggi),clp),i € I, where t C H; is a co-
oriented stratum of codimension one in I~ ZTR (notice that T is an open subset of H;).

The only condition on this map says that for any generic closed loop f : R/Z —
FZTR surrounding a codimension two stratum p C V,codimgV = 2, the product

of images of the corresponding elements exp(gy,) in exp(g(lf’)c,q&) over the finite
sequence of intersection points f(#;) of the loop with walls H; is equal to the
identity.
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Now we take the inductive limit of the sets WCSy ({ H; }ier, C, ¢) over all finite
collections {H;};e; of walls and after that we take the projective limit over k.
The resulting set WCS ¢ is our analog of WCS relevant to the Mirror Symmetry.
Analogously to Sect.2 we can generalize our considerations and define WCS ¢
as a sheaf of sets on I sz and generalize even further assuming that I} and I, are
local systems of lattices on a topological space, say, M . Instead of the central charge
we now have a morphism of sheaves of abelian groups I, — Cont,,. It is not clear
a priori why the sheaf WCS ¢ is non-trivial, and how to introduce “coordinates”
on its stalk at zero. Although the structure we have defined is different from WCS
discussed in Sect.2, we will abuse the language and still call it the wall-crossing
structure.

Next we would like to discuss an analog of the initial data.

Proposition 10.1.1. Let V = H, N Hy, H; = p,iJ',i = 1,2 be an intersection of
two walls and y € It — I't o be a vector such that (i, y) = 0,i = 1,2. Then the
natural map

@ 9Hy — (EV/[QV,QV])V

H:VCH
is injective.
Proof. Follows immediately from the formula for the bracket. B

Then we can define the analog of the initial data in the following two ways
depending on a choice of a sign. For any y € It — I'g and any H = p* such
that (i, y) = 0 we will construct elements agc) ’i(y) € gg’)ch)’y. Namely, it follows
from the above Proposition that for any stratum t C H as above such ¢(y) belongs
to the closure T of the stratum t, the y-component of log(g,) does not depend on

7. We denote it by ag)’+(y). Similarly we define ag)’_(y) using the strata 7 such

that —y € 7. Next we define elements ag)’i € 9(15,)C¢ as Zy agc)’i(y). After that

we define elements ¢+ € @y gg?c, » Where the sum is taken over the set of walls
(notice that the sum is finite).

Conjecture 10.1.2. The set WCS,(C, ¢) is identified via passing to initial data
a®t with the set @y Bﬁ,)c, # where the sum is taken over all walls. Similar
statement is true for a®-—.

Finally, taking the projective limit over k we define the elements a*. These
elements play a role of the initial data for the sheaf WCS ¢ in a vector space.

Remark 10.1.3. Notice that for a fixed V there is a homomorphism gy — g’ given
by the natural inclusions g — ¢ for all H D V. Hence for a small open subset U
in I'T ® R we have a cocycle with values in exp(gc). In plain terms, it is given by an
element gy, », € exp(gc) defined for two points x;, x, € U which do not belong to
any wall. Cocycle condition means that gy, x,8x,.x; = &x,.x;- We see that we have a
picture similar to the one from Sect. 2. Hence we can use the above transformations
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in order to glue a Calabi—Yau manifold (possibly over a non-archimedean field)
from open coordinate charts.

In the passage from WCS to the glued manifold we lose some data. This point
is clear when we look at the initial data. Indeed if assume the above conjecture,
we see that the direct sum of all gy is “bigger” than g’. One can speculate that
the whole WCS contains the information sufficient for reconstruction of both mirror
dual Calabi—Yau manifolds. The initial data can be thought of as association of a
rational number to any triple (y, u, k), where y € It — g, € I — 20,k €
Z>, and y, 0 are primitive vectors such that (y, ) = 0. The rational number is
the coefficient of xX” 0, €gny. H = wt in the initial data. Notice that the above
conditions are symmetric with respect to the exchange of I and I5.

Remark 10.1.4. Notice that the Lie algebra gr, r; (e e) does not change if we replace

I'; by a sublattice of finite index. Then at first sight it looks like that our WCS

depends on I; ® Q only. But one can recover a finer “integer” structure of the

WCS. At the level of the corresponding pronilpotent groups we consider subgroups
X",

generated by the elements T, := exp (anl —) In the case I7 = I, and

(o, ) = (e, ®) being skew-symmetric, as in the Poisson case considered in Sect. 4,
we have similar transformations 7, := T}, = exp ({Li»(x"), o}) (cf. Remark 2.3.1).

10.2  Pair of Local Systems of Lattices from Non-archimedean
Point of View

Recall the discussion in Sect. 6.2 of the geometry of the base of the real integrable
system which appears in SYZ picture of Mirror Symmetry.

Here we would like to recall the origin of the integrable system following [31,
35]. It can be approached either in the framework of Gromov—Hausdorff collapse
or using the language of non-archimedean geometry of Berkovich. In the former
approach we have a family X,,# — 0 of maximally degenerate polarized complex
Calabi—Yau manifolds. It was conjectured in [35] that for sufficiently small ¢ the
manifold X, contains an open subset X, which is in Gromov—Hausdorff metric close
to the total space of the real integrable system 7; : X, — B° over an open smooth
manifold B® C B of some metric space B. The latter is the Gromov—Hausdorff
limit of X;,# — 0 (see [35] for details). The restriction of the metric to B° is a
smooth Riemannian metric, which locally given by the matrix of second derivatives
of a convex function @ on B which satisfies the real Monge—Ampere equation
det(3*® /0x;9x ;) = const.

For any point 5 € B? we can define the lattice I, := Ha(X;, 7, ' (b),Z) (the
latter stabilizes as ¢ — 0 along a ray). This family of lattice gives rise to a local
system I"; — BY. It can be extended to a local system on S x B°.

It was conjectured in [35] (and hence was assumed in Sect. 6.2) that codim(B —
B°) > 2. Typically B is a topological manifold homeomorphic to a sphere, complex
projective space or a torus.
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The approach via non-archimedean geometry gives rise to the non-archimedean
integrable system 7 : 2’ — B (see [31]). Here 2" %" is the compact polarized
analytic manifold (in the framework of Berkovich theory) over a non-archimedean
field K (typically K = C((t))) corresponding to the collapsing family X,, and B
is a PL space called skeleton of 2~ an 2 Furthermore, n := dimgB = dimg 2,
and the projection 7 locally over B° looks as the map (K*)" — R”" given by
(z1,.--,20) ¥ (loglzi], ..., log|zu|). Conjecturally the skeleton coincides with the
Gromov—Hausdorff limit, hence the same notation. Thus B carries a (singular)
Z-affine structure, which is non-singular on the open smooth manifold B°. For
the “discriminant locus” B*"8 = B — B° we have (conjecturally) the condition
dim(B*"8) < n —2.

We are going to assume that the singularity of the singular integral affine structure
on B is of the Ay, k > 1 type at B*"¢. Here the discriminant B*"¢ is a closed
subset of B, which contains an open dense topological submanifold B,"* such that
dim(By") = n — 2 and dim(B*" — B;"®) < n — 3 and B is a PL manifold near
any point of Bj"S. Furthermore Bj"® locally looks as a topological submanifold in
R” given in the standard coordinates (xi, ..., x,) by the equations

x1 = f(x3,..., %), x2 =0,

where f(x3,...,x,) is a continuous function.

The integral affine structure on B — B, in this local model coincides with
the standard one on the open set Uy which is the complement to the closed set
x1 > f(x3,...,X,),x2 = 0. On the open subset U_ which is the complement to
the closed subset x; < f(x3,...,X,),Xx2 = O the integral affine structure is the
standard one in the coordinates x| = x; + k - max{0, x2}, X5 = x2,...,x), = x,.

One can see that B, belongs to a canonical germ of a hypersurface which
is (in the affine structure) an integer (n — 1)-dimensional hyperplane (outside of
Bsi"8) endowed with a locally constant integer vector field. In the local picture the
hyperplane is given by the equation x, = 0, and the vector field is given by k -
sign(f(x3,...,Xx,) —x1)0/0x].

Recall that the approach with collapse gives a local system of lattices I”; — B°.
In the non-archimedean picture we have Iy , = Hs peui (2", 7' (b),Z),b € B°,
where H; p.y; denotes properly defined Betti homology of the analytic space 2 "
over the field K = C((¢)).

There is a natural projection p : I'; — T%, where T% := T} C Tgo is the
locally covariant lattice which defines the Z-affine structure on B®. Denoting I" | , =
Ker(p) we obtain an exact sequence of lattices

0—>£130—>£1 - TZ,

2In a recent paper [41] the notion of the skeleton was generalized to all K, including the case of
mixed and positive characteristic.
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In what follows we will assume that the local system I” |  is trivial (this condition
is automatically satisfied in most of examples).

Remark 10.2.1. The above geometry (including the integrable systems 7, : X, —
BY) arises also in the situation when in the non-archimedean integrable system 7 :
2 — B the total space 2 " is non-compact but 7 is proper. In terms of Gromov—
Hausdorff collapse one can think of a family X;,# — 0 of non-compact complex
manifolds endowed with complete Kihler metrics. The limiting metric on B° is
given by the second derivatives of a convex function but this time not necessarily
obeying the real Monge—Ampere equation.

Remark 10.2.2. Let us assume that in the previous Remark the Kéhler forms w; on
X; have homology classes (log|t|)~' B, where B belong to the image of H*(X,,Z)
in H*(X,,R) (this image does not depend on ¢ when ¢ is sufficiently small. Let
us assume that for any b € B? the homomorphism H; (r;"!(b), Z) — Hi(X,,Z) is
equal to zero (e.g. it is sufficient to assume that H,(X;,Z) = 0). Then we can define
a local system I, — B in the following way. Its fiber over b € B is the set of
pairs (y,v), where y € TZ = H\(n,'(b),Z) ~ Z",n = dimcX, = dimg B, and
v € Ris an element of Z-torsor Z + lim;_ f8, (log|t])~'w,. Here §; is a 2-chain in
X, with the boundary in 7;"! (b) such that the boundary 36, is C!-close to a closed
geodesic in the torus 7;7!(b) representing homology class y. The existence of the
limit follows from the condition that w;, is close to a semiflat metric, for || < 1.
Then we have a short exact sequence

0>l g=2Zgp —>T, > T*—0.

Now we discuss the origin of the local system I",. Let us first assume that the
non-archimedean field K carries a discrete valuation val(K*) = Z C R. In this
case the base B carries a sheaf of affine functions with integer coefficients. Then
we define I, to be this sheaf. We have a short exact sequence

0—>I)y=2Zg —> )~ (TH* - 0.

Then we have the natural pairing I, ® 'y — T% ® (T%)* — Zpo. In general one
should consider Calabi—Yau manifolds over the field C((¢1, ... ., t,)),m = rk L, .
This can be thought of as a family of n-dimensional bases B endowed with Z-affine
structure and parametrized (locally) by a domain in I,7) ® R. The total space of this
family of bases can be identified locally with a domain in I,Y ® R = I >R (cf.
Sect. 4.6). Therefore we can speak about the WCS on the total space of this family.

Recall that according to the general philosophy recalled in Sect.6.2 in order
to construct the mirror dual to the Fukaya category of the Calabi—Yau manifold
near the cusp, we should count holomorphic discs with boundaries on fibers of the
SYZ fibration. From the non-archimedean point of view such discs become tropical
trees in n-dimensional bases B depending on parameters in I 50 ® R. In the next
subsection we are going to discuss such trees for a fixed value of the parameter in
Iy ®R.
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10.3 Tropical Trees, Finiteness Assumption and WCS

We keep the notation of the previous subsection. In particular B denotes the base of
a non-archimedean integrable system. It is a PL space. We do not assume that the
valuation on the non-archimedean field K is integer. This means that we fix a Z-
affine structure on B corresponding to an arbitrary (not necessarily integer) point
in FzYo ® R. In what follows we will not utilize I”,. The reader should keep in mind
that our objects depend on parameters from FzYo ® R.

Definition 10.3.1. A tropical tree in B is an oriented toward the root metrized tree
T (see Sect.3.2) endowed with a continuous map f : T — {Tail vertices} — B°
together with a continuous lift f” : T — {Vertices} — tot(I" ) — tot(I" ;) such that
each edge lifts to a piece of the trajectory of the attractor flow

b=1u(y),7 =0,(b,y) €10((L}) —tot(L, o) C to(L; @ R).

We assume that at each internal vertex v we have the balancing condition
Yy = y™ (cf. Definition 3.2.1), and all y?* are pairwise distinct and there

are iy, i such that " is not parallel to y*.

1

Furthermore we assume that the tail vertices belong to B,"¢ and the germs of
edges near tail vertices belong to the above-described canonical hypersurface and
the speeds of the f’-lifts of the tail edges are proportional (with minus sign) to the

canonical locally constant vector field described above.

Next we are going to discuss the analogs of the Finiteness Assumption (cf.
Sect.9.3) as well as the existence of strict convex cones (cf. Conjecture 4.6.5). The
idea is to use “tropical metrics” on B® which are non-singular as well as limits of
such, which can also contain §-functions supported on “tropical effective divisors”.
We warn the reader that the conditions discussed below are still not sufficient for the
finiteness of the number of trees (which is a tropical analog of Gromov compactness
for pseudoholomorphic curves). Our conditions guarantee the existence of strict
convex cones, boundedness of lengths and finiteness of the number of tails of
tropical trees with the given generic root and the velocity of the root edge. One has
to put some extra constraints on the behavior of the affine structure or the “tropical
metric” at singularities of codimension > 3 in order to achieve the finiteness.
Hopefully it can be done. We expect that such conditions are implicit in [24, 25],
where the procedure for construction of the mirror dual Calabi—Yau gives a WCS in
our sense.

Recall that in complex geometry it is natural to consider non-negative (1, 1)-
currents as limits of sequences of Kihler metrics on a given manifold. There is
an analog of this notion in the non-archimedean geometry. More precisely, there a
sheaf of monoids &sh C Cont on Z'*"* of continuous plurisubharmonic functions
(see [S]). The sheaf of abelian groups Z?h is defined as Fsh N (—Hsh). The
quotient Zsh/Zh is by definition the sheaf of non-negative (1, 1)-currents. One
can define similar sheaves on B in the following way. For example, a continuous
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of plurisubharmonic function on an open subset of B is a continuous function on
this subset such that its pull-back to .2"*" is a plurisubharmonic functions. A germ
of a non-negative (1, 1)-current at a point b € B® C B is the same as a germ of a
convex (in the affine structure) function modulo a germ of affine function.

Having a non-negative (1, 1)-current ¢ on B and a tropical tree 7 on B we can
define the integral fT ¢ € Rxo, assuming that ¢ is sufficiently regular (e.g. smooth)
near the root by of T. The reader can think of the integral as the limit of integrals
of non-negative (1, 1)-currents over holomorphic discs. Furthermore one can show
that this integral depends only on the velocity of T at by and hence gives rise to a
linear functional on I"; , . Therefore ¢ defines a half-space where the velocities of
the tropical trees at roots must belong (at least at the points where ¢ is smooth and
strictly convex). Moreover, for any such point by we can consider a small variation
¢, e.g. by taking ¢ + en, where 7 is a an arbitrary smooth function supported in a
small neighborhood of by. Similarly to Sect. 9.4 we can intersect the corresponding
half-spaces for all ¢ > 0 and obtain a strict convex cone in TbZ0 ® R. But we need a
strict convex cone in I”; , ® R. This can be achieved by considering variations of
¢ of more general type which change its cohomology class [¢] € H,,.(2 ") ® R.

Therefore if there exists a non-negative (1, 1)-current ¢ which is smooth and
strictly convex at any point of B, then there exists a family of closed strict convex
cones Cp C I'y , ® R,b € BY such that the velocities of tropical trees rooted at b
belong to Cj, (cf. Conjecture 4.6.7). We call Support Property the existence of such
family of cones.

Assuming that such ¢ does exist one can show that the total length of a tropical
tree with given root end the velocity of the root edge is bounded. Here the length
is measured with the respect to some auxiliary Riemannian metric on B° obtained
from ¢ by local considerations. This argument is not sufficient to guarantee the
analog of Finiteness Assumption, i.e. the finiteness of the number of tropical trees
with given root » € B and the velocity of the root edge y € I 15 — L0p- The
finiteness can fail if there exists an infinite sequence of tropical trees with given
(b, y) and increasing numbers of tail edges. Hence we need to find a restriction
which guarantees the boundedness of the number of tail edges. In order to achieve
that we will need a smaller class of non-negative (1, 1)-currents. Namely they will
be smooth and strictly convex on B and satisfy the property that fl ¢ > 1 for any
arbitrarily small piece / of the trajectory of the canonical locally-constant vector
field, such that / hits the discriminant.® For such currents fT ¢ gives an upper
bound for the number of tail edges of any tropical tree 7. Together with the above-
discussed upper bound for the length of T it will imply the finiteness of the number
of tropical trees with fixed (b, y).

3In order to illustrate the latter condition consider delta-currents corresponding to compact curves
sitting at the preimage of B in the total space of the integrable system. The integral of such a
current over a holomorphic disc is bounded from below by the intersection index. Our assumption

is a “tropical” version of this fact.
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First let us make a simplifying assumption that B carries a ZPL-structure which
is compatible with Z-affine structure on B and such that B"¢ = B — B% is a
ZPL subset of B. In terms of the local model near Ax-singularities discussed above
this is equivalent to the fact that the function f(x3,...,x,) is piecewise-linear
with rational slopes. In such a situation we suggest to take as ¢ the (1, 1)-current
associated with the Gromov—Hausdorff limit S of a family of ample effective
divisors S; C X;,t — 0 (we call S tropical effective divisor). Let us require S
contains B*"8, does not contain germs of the canonical hyperplanes x, = 0 (see
the description of the local model), and the intersection number of S with any germ
of a trajectory of the canonical locally-constant vector field near a generic point of
B;"™ is greater or equal than one. More precisely such a germ can be understood as
the projection to B of a non-archimedean analytic disc D in 27%". In the collapse
picture it is represented by a family of complex holomorphic discs D; C X;. Then
the above intersection number is defined as the usual intersection number S; - D, for
lt| < 1.

Example 10.3.2. Letn = 2,k = 1. The tropical effective divisor S is the union of
three rays: S| = {x1 =0,x2>0},8, ={x; =0,x, <0}and S5 = {x;1 + x, =
0, x, > 0}. The rays S;, S5 are taken with the multiplicity +1, while the ray S, is
taken with the multiplicity +2. Here we use the focus—focus Z-affine structure on
R? — {(0,0)} which is the standard affine structure on R — {x, = 0,x; > 0} and
has as local affine coordinates (x; + max(0, x,), x,) near the ray x, = 0, x; > 0.

Notice that S; U S, (union as sets) is the limit as ¢ — 0 of the family of straight
lines x; = —e,x € Rin B® = R? — {(0,0)}. Similarly S, U S is the limit of the
family of straight lines (in the Z-affine structure) given by (S>4(0, £))U(S34(0, €)).
There are two types of germs of tropical discs: D+ := D4 5. Here D_ is given by
{=8 < x; < 0,x, = 0}, and Dy is given by {0 < x; < §,x, = 0}, where
0 < § < 1. Then one can easily check that D_- (S} + S2) =1, D_- (S, + S3) = 0.
Similarly, D4+ -(S1+S2) =0, D4 -(S2+ S3) = 1. Therefore D_-S = D4 -S =1,
where S = §1 4+ 25, + S3.

The following figure illustrates the Example.
S3 S
= [limit of o

Sy

If we have a tropical effective divisor S the above constraints on the intersection
numbers with germs of trajectories and ¢ is the corresponding non-negative (1, 1)-
current then the integral fT ¢ is well-defined for any tropical tree T such the root
of T does not belong to S. Furthermore this integral gives an upper bound on the
number of tails of 7. In order to have an upper bound for all tropical trees it is
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sufficient to find a collection (Sy) of effective tropical divisors satisfying the above
constraint and such that N, S, C B*"8. It is easy to find such a collection using the
ampleness of the corresponding divisors in X;,# — 0.

We conclude that we can achieve (under the appropriate conditions) the Finite-
ness Assumption as well as the Support Property. Then using the analog of the
procedure described in the Sect.4 we construct the WCS. After that, using a non-
negative (1, 1)-current which is smooth and strictly positive on B, we can endow
B° with the dual Z-affine structure. It can understood as the base of the canonical
non-archimedean integrable system which is glued from tube domains in the non-
archimedean torus (C((¢))*)" (see [31]). The walls of the WCS become curved in
the new affine structure. The transformations corresponding to walls can be used in
order to modify the total space of the above-mentioned canonical integrable system.
As the result, we obtain a non-archimedean integrable system which can be extended
to the integrable system with the base B. Its total space can be thought of as the

analytic space corresponding to the mirror dual family XY, — 0.

Remark 10.3.3. The approach of [24, 25] gives an example of WCS discussed
above. In their case B*"¢ as a ZPL subset of B. Their notion of “slab” corresponds
to the notion of tropical effective divisor discussed above. What we call WCS
corresponds to the notion of “scattering diagram” in the loc.cit.

11 Appendix

11.1 Canonical B-Field

Let us consider a fibration w : X° — B° whose fibers are compact tori, endowed
with a section. Denote by I" the local system (Rlzr* (Z))v of first homology groups
of fibers. We assume that I” is endowed with a skew-symmetric pairing (e, e),
possibly degenerate. The goal of this subsection is to define a canonical cohomology
class in H%(X°, Z/2Z) naturally associated with the pairing.

First, let us consider an individual fiber I". Skew-symmetric pairing on I" gives a
symmetric pairing on I' ®Z/2Z. Hence we can consider the group V' of polynomials
P of degree at most 2 on Z/2Z-vector space I" ® Z/2Z such that P(0) = 0 and the
bilinear form (x, y) — P(x + y) — P(x) — P(y) is proportional (with the factor in
Z,/27) to the form (x, y) — (x,y) mod 2.

We have a short exact sequence

0 — Hom(I',Z/2Z) -V — Z./2Z — 0,
hence a dual sequence

0—>Z/2Z - VY - T ®Z/2Z — 0.
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We have the natural map I' — I" ® Z/2Z. Let W be the fiber product

W =lim(I' — Z/2Z < V).
Then we have a short exact sequence
0—>Z/2Z—->W —>T —0

Passing to the classifying spaces we obtain a fibration over the torus K (I, 1)

with the fiber being the Eilenberg—MacLane space K(Z/2Z,1). Going from the
local model to the global picture we obtain a fibration with the fiber K(Z/2Z, 1)
over X°. Its characteristic class is the desired class in H*(X°, Z/2Z).

References

1.

2.

3

11.
12.

13

15.

16.

17.

18.

M. Abouzaid, P. Seidel, An open string analogue of Viterbo functoriality. Geom. Topol. 14(2),
627-718 (2010) [arXiv:0712.3177]

S. Alexandrov, J. Manschot, D. Persson, B. Pioline, Quantum hypermultiplet moduli spaces in
N=2 string vacua: A review [arXiv:1304.0766]

. R. Bandiera, M. Manetti, On coisotropic deformations of holomorphic submanifolds

[arXiv:1301.6000]

. P. Boalch, Geometry and braiding of Stokes data; fission and wild character varieties

[arXiv:1111.6228]

. S. Boucksom, C. Favre, M. Jonsson, Singular semipositive metrics in non-archimedean

geometry [arXiv:1201.0187]

. S. Boucksom, C. Favre, M. Jonsson, Solution to a non-archimedean Monge-Ampere equation

[arXiv:1201.0188]

. K. Chan, S. Lau, N. Leung, SYZ mirror symmetry for toric Calabi-Yau manifolds

[arXiv:1006.3830]

. E. Delabaere, F. Pham, Resurgent methods in semi-classical analysis. Ann. IHP Sect. A 71(1),

1-94 (1999)

. E. Denef, Supergravity flows and D-brane stability [arXiv:hep-th/0005049]
. F. Denef, B. Greene, M. Raugas, Split attractor flows and the spectrum of BPS D-branes on the

quintic [arXiv:hep-th/0101135]

F. Denef, G. Moore, Split states, entropy enigmas, holes and halos [arXiv:hep-th/0702146]

D. Diaconescu, R. Donagi, T. Pantev, Intermediate Jacobians and ADE Hitchin systems
[arXiv:hep-th/0607159]

. R. Donagi, Seiberg-Witten integrable systems [arXiv:alg-geom/9705010]
14.

R. Donagi, E. Markman, Cubics, integrable systems, and Calabi-Yau threefolds [arXiv:alg-
geom/9408004]

B. Eynard, N. Orantin, Invariants of algebraic curves and topological expansions [arXiv:math-
ph/0702045]

K. Fukaya, Y.-G. Oh, H. Ohta, K. Ono, Lagrangian Intersection Floer Theory. Studies in
Advanced Mathematics (2010)

V. Fock, A. Goncharov, Cluster ensembles, quantization and the dilogarithm. Invent. Math.
175(2), 223-286 (2009) [see also arXiv:math/0311245]

D. Gaiotto, G. Moore, A. Neitzke, Four-dimensional wall-crossing via three-dimensional field
theory [arXiv:0807.4723]



308 M. Kontsevich and Y. Soibelman

19. D. Gaiotto, G. Moore, A. Neitzke, Wall-crossing, Hitchin systems, and the WKB approxima-
tion [arXiv:0907.3987]

20. D. Gaiotto, G. Moore, A. Neitzke, Wall-crossing in coupled 2d-4d systems [arXiv:1103.2598]

21. D. Gaiotto, G. Moore, A. Neitzke, Framed BPS states [arXiv:1006.0146]

22. A. Goncharov, R. Kenyon, Dimers and cluster integrable systems [arXiv:1107.5588]

23. M. Gross, P. Hacking, S. Keel, Mirror symmetry for log Calabi-Yau surfaces I
[arXiv:1106.4977]

24.M. Gross, B. Siebert, Mirror symmetry via logarithmic degeneration data I
[arXiv:math/0309070]

25. M. Gross, B. Siebert, From real affine geometry to complex geometry. Ann. Math. 174(3),
1301-1428 (2011) [arXiv:math/0703822]

26. M. Gross, B. Siebert, Theta functions and mirror symmetry [arXiv:1204.1991]

27. L. Katzarkov, M. Kontsevich, T. Pantev, Hodge theoretic aspects of mirror symmetry
[arXiv:0806.0107]

28. M. Kontsevich, Holonomic D-modules and positive characteristic [arXiv:1010.2908]

29. M. Kontsevich, Deformation quantization of Poisson manifolds, I [arXiv:q-alg/9709040]

30. M. Kontsevich, Y. Soibelman, Stability structures, motivic Donaldson-Thomas invariants and
cluster transformations [arXiv:0811.2435]

31. M. Kontsevich, Y. Soibelman, Affine structures and non-archimedean analytic spaces
[math. AG/0406564]

32. M. Kontsevich, Y. Soibelman, Notes on A-infinity algebras, A-infinity categories and non-
commutative geometry, I [math.RA/0606241]

33. M. Kontsevich, Y. Soibelman, Deformations of algebras over operads and Deligne’s conjecture
[arXiv:math/0001151]

34. M. Kontsevich, Y. Soibelman, Cohomological Hall algebra, exponential Hodge structures and
motivic Donaldson-Thomas invariants [arXiv:1006.2706]

35. M. Kontsevich, Y. Soibelman, Homological mirror symmetry and torus fibrations
[arXiv:math/0011041]

36. M. Kontsevich, Y. Soibelman, Motivic Donaldson-Thomas invariants: Summary of results
[arXiv:0910.4315]

37. M. Kontsevich, Y. Soibelman, Deformation theory I, draft of the book. Available at www.math.
ksu.edu/~soibel

38. V. Kostov, On the Deligne-Simpson problem [ArXiv:math/0011013]

39. B. Malgrange, Equations Differentiélles a Coefficients Polynomiaux (Birkhauser, Basel, 1991)

40. D. Morrison, Geometric Aspects of Mirror Symmetry [arXiv:math/0007090]

41. M. Mustata, J. Nicaise, Weight function on non-archimedean analytic spaces and the
Kontsevich-Soibelman skeleton [arXiv:1212.6328]

42.7. Ran, Lifting of cohomology and unobstructedness of certain holomorphic maps
(arXiv:math/9201267 [pdf, ps, other])

43. A. Voros, The return of the quartic oscillator (the complex WKB method). Ann. Inst. H.
Poincaré 29(3), 211-338 (1983)


www.math.ksu.edu/~ soibel
www.math.ksu.edu/~ soibel

Tropical Eigenwave and Intermediate Jacobians

Grigory Mikhalkin and Ilia Zharkov

Abstract Tropical manifolds are polyhedral complexes enhanced with certain kind
of affine structure. This structure manifests itself through a particular cohomology
class which we call the eigenwave of a tropical manifold. Other wave classes of
similar type are responsible for deformations of the tropical structure.

If a tropical manifold is approximable by a 1-parametric family of complex
manifolds then the eigenwave records the monodromy of the family around the
tropical limit. With the help of tropical homology and the eigenwave we define
tropical intermediate Jacobians which can be viewed as tropical analogs of classical
intermediate Jacobians.

1 Tropical Spaces and Tropical Manifolds

In this section we briefly recall basic concepts of tropical spaces relevant for our
paper. For more details we refer to [8,9]. The main assumption we make is that our
the tropical space is regular at infinity.
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1.1 Tropical Spaces

A tropical affine n-space T" is the topological space [—o0, 00)" (homeomorphic
to the nth power of a half-open interval) enhanced with a collection of functions
Ope ={f}, f :U = T = [-00,00). Here U C T" is an open set and f is a
function that can be expressed as

J(x) = max(jx +a;) (1)
Jj€A

for a finite set A C Z" and a collection of numbers a; € T, such that the scalar
product jx is well-defined as a number in T (i.e. is finite or —oco) for any x € U.
The collection of functions &) is a presheaf which gives rise to a sheaf & of
regular functions on T" (which we will also denote Op» indicating the space where
it is defined to avoid ambiguity). & is called the structure sheaf on T".
It is convenient to stratify the space T” by

T; :={yeT" : y,=—oc0,i €land y; >—o00,i ¢ I},

where I C {1,...,n}. Each T} is isomorphic to R~V and we set T; to be its
closure in T".

To write down a regular function (1) on R” all we need is the integral affine
structure on R". This allows us to distinguish functions R” — R which are affine
with linear parts defined over Z. Thus the tropical structure on T” can be thought of
as an extension of the integral affine structure in R” where the overlapping maps
are compositions of linear transformations in R” defined over Z with arbitrary
translations in R”.

Given a subset U C TV we say that a continuous map U — TM is integral
affine if it restricts to an affine map RY — R with integral linear part. We say that
a partially defined map 4 : TV --> TM is integral affine if it is defined on a subset
U D R" and is integral affine there. Extending 2 whenever we can by continuity
we see that for each I C {1,..., N} h is defined everywhere or nowhere on T7.

The automorphisms of a subset U C TV are invertible integral affine maps
U — U. For example, the automorphisms Aut(R") =~ GLy(Z) x R" form a
group of all integral affine transformations of R while Aut(T") = R" only
consists of translations. We also note that automorphisms of T x R¥~* translate
an s-dimensional affine subspace of R" parallel to the T* factor to another one with
the same property.

A convex polyhedral domain D in TV is defined as the intersection of a finite
collection of half-spaces Hj of the form

Hy={xeT'|jx<a}cTV ()

for some j € Z" and a € R. The boundary dH, is given by the equation jx = a.
A mobile face E of D is the intersection of D with the boundaries of some of its
defining half-spaces given by (2). The adjective mobile stands here to distinguish
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such faces among more general faces of X which we will define later and which are
allowed to have support in TV ~ RV, i.e. be disjoint from RN C TV. (They have
reduced mobility and are called sedentary).

The dimension of a convex polyhedral domain D is its topological dimension.
Observe that for each mobile face E of D the intersection

E°=ENRY

is non-empty. The intersection E° is called the non-infinite part of a mobile face.
Each mobile face of D is a convex polyhedral domain itself (although perhaps of
smaller dimension).

We say two domains D C TV and D’ C TM are isomorphic if there is an integral
affine map TV --> TM which restricts to ahomeomorphism D — D’ (in particular,
it has to be defined everywhere on D).

We say that a convex polyhedral domain D C TV is regular at infinity if for every
I C {1,..., N} the intersection D N (T7) is either empty or is a (dim D — |1 |)-
dimensional polyhedral domain in TS =~ RV /I,

Definition 1. An n-dimensional polyhedral complex Y = [ J D C T¥ is the union
of a finite collection of convex n-dimensional polyhedral domains D, called the
Jfacets of Y subject to the following property. For any collection { D } of facets, their
intersection (1) D; is a face of each D;. Such intersections are called the (mobile)
faces of Y. Clearly they are themselves polyhedral domains in TV .

We say that Y is regular at infinity if all its faces are regular at infinity.

In this paper we assume that all polyhedral complexes are regular at infinity.

Condition 1 (Balancing). Let E be an (n — 1)-dimensional mobile face in Y and
Dy.....D; C TN be the facets adjacent to E. Take the quotient of RN by the
linear subspace parallel to E°, the non-infinite part of E. The balancing condition
requires that

i
> & =0, 3)
k=1

where the € are the outward primitive integer vectors parallel to the images of Dy
in this quotient.

A polyhedral complex Y C TV is called balanced if all of its (n—1)-dimensional
faces satisfy the balancing condition.

More generally we can consider spaces that locally look like balanced polyhedral
complexes, i.e. admit a covering by open sets U, enhanced with open embeddings
(charts)

G Uy = Yy C T

where each Y, C T is a balanced polyhedral complex. In this paper we assume
in addition that each Y, is regular at infinity.
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We may express compatibility of different charts by requiring that the corre-
sponding overlapping maps are induced by integral affine maps T --> TV#. Or,
equivalently, we may use the structure sheaf and enhance each Y, C TV« with the
sheaf Oy, induced from Orn, . Its pull-back under ¢, is a sheaf on U,. Two charts
¢« and ¢g are compatible if the corresponding restrictions to U, N Ug agree.

We arrive to the following definition of a tropical space.

Definition 2 (cf. [9]). A tropical space is a topological space X enhanced with a
cover of compatible charts ¢, : U, — Y, C T™ to balanced polyhedral complexes
as above and which satisfies the finite type condition below.

The tropical space X is regular at infinity if it admits charts to polyhedral
complexes regular at infinity.

The charts induce a sheaf Oy on X which we call the structure sheaf of X.

Condition 2 (Finite Type). The number of charts ¢y covering X is finite while
each chart is subject to the following property. If {x; € Ua};?';l is a sequence such
that ¢ (x ;) converges to a point y € TN« then either the sequence {x;} converges
inside the topological space X or there exists a coordinate in T™ such that its value
on y is —oo while its value on any point in ¢, (Uy,) is finite.

It is easy to see that this finite type condition is a reformulation of the one
from [9].

1.2 Sedentary Points and Faces

Let D C TV be a polyhedral domain. It is convenient to treat the intersections
D NT; for I C{1,..., N} also as its faces (at infinity). If we need to distinguish
such faces from the mobile ones we have defined before we call these new faces
sedentary.

Definition 3. We say that
E] =FEN T]

is a face of D if E is a mobile face of D. The sedentarity of the face E; iss = |1|,
while its refined sedentarity is I .

Clearly, the mobile faces (defined previously) are the faces of sedentarity 0. If
Y Cc T is a polyhedral complex then we define a (possibly sedentary) face of ¥
as a face of a facetin Y.

We will use the notation F* <% E when F is a face of E of codimension j and
sedentarity s higher. It is also convenient to introduce the following terminology.

Definition 4. A face E of Y is called infinite if either it is not compact or it contains
a higher sedentary subface. Otherwise E is called finite (even if the sedentarity of
E itself is positive).
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Fig. 1 Mobile and sedentary mobile face
faces of a polyhedral domain I

in TV : mobile face
I divisorial direction
<«

sedentary face

divisorial direction
mobile face

sedentary face

Note that even though a face F' C Y of sedentarity / may be adjacent to several
facets, it is always presented as

F=EnNT!

for a unique mobile face E C Y which we call the parent of F (as long as Y is
regular at infinity). The set of faces of ¥ with the same parent E is called the family
of E. In case E is compact the regularity at infinity forces its family to have a very
simple combinatorial structure.

Proposition 1. Let E C Y be a compact mobile face containing a face of a
maximal sedentarity s. Then its family I1(E) forms a lattice poset (under <§ )
isomorphic to the face poset of a simplicial cone of dimension s. The maximal
sedentary face in the poset is finite.

Note also that a face F of sedentarity I completely determines the integral affine
structure of its parent face E in the neighborhood of T;. Namely, we have the
following proposition.

Proposition 2. Let m; : TV — T be the projection taking a point (xi,...,xy)
to the point whose j-th coordinate is x; if j ¢ I and —oo otherwise. The parent
face E of F is contained in Jrl_l (F). Furthermore, for a small open neighborhood
U D T, we have

ENU=xa;"(F)NU.

In other words for a sufficiently small € > —oo we have (x1,...,xy) € E
whenever 7y (x1,...,xy) € F and x; < € for any j € I. Thus the directions
parallel to the j-th coordinate in TV for j € I are quite special for E. We orient
them toward the —oo-value of the coordinate and call them divisorial directions,
see Fig. 1. Their positive linear combinations span the divisorial cone while all
linear combination span the divisorial subspace in RY . The primitive integral vector
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along a divisorial direction (pointing towards —oo as the direction itself) is called a
divisorial vector.

One important observation is that the divisorial vectors are invariant with respect
to any integral affine automorphism of T!| x T3. Thus they are intrinsically defined
for F and so is the divisorial subspace which we denote by W4

1.3 Tangent Spaces

Let y be a point in the relative interior of a face F of sedentarity / in a balanced
polyhedral complex ¥ C TV. Let X(y) be the cone in T; = RN~!1 consisting of
vectors u € T] such that y 4+ eu € Y NTY for a sufficiently small € > 0 (depending
on u). We denote the intersection of all maximal linear subspaces contained in X' (y)
by W'(y).

Clearly, the cones X' (y) can be canonically identified for all points y in the
relative interior of the same face, and so can be the vector spaces W'(y). We say
that y,, € Y is a nearby mobile point to y if y,, belongs to the relative interior of
the parent face to F.

Definition 5. For a point y € Y we define W(y), the wave tangent space at y,
as W'(y,,) for a nearby mobile point y,,. The (conventional) tangent space 7(y)
at y is defined as the linear span of ¥'(y) in T} = RN~ where I is the refined
sedentarity of y.

Note that there are two essential distinctions in defining 7'(y) and W(y). To
define W(y) we always move to a nearby mobile point y,,. The space W'(y) itself,
is naturally a quotient of W(y) by the divisorial subspace W%"(y).

On the other hand, for 7'(y) we work in a vector space T{, which is naturally the
quotient RY / W@ (y), but we take the linear span of the cone instead of the vector
space contained in it.

If we need to specify the space Y for the tangent space T (y) we write Ty (y),
and similarly for W(y). The following proposition is straightforward.

Proposition 3. An integral affine map h : TV --> T™ induces linear maps dh" -
Wy (y) = Wi (h()) anddh” : Ty (y) — Thry(h(y)) whenever h is well-defined
on y. We call these maps differentials of h.

The differentials are natural in the following sense. If g : TM --> T is another
integral affine map defined on h(y), then the induced differentials satisfy d(goh) =
(dg) o (dh).

Let x € X be now a point in a tropical space.

Corollary 1. The tangent spaces Wy, (¢o(x)) (resp. Ty, (¢a(x))) for different
charts ¢y are identified by the differentials of the overlapping maps. The resulting
spaces W(x) and T (x) are called the wave tangent space and the (conventional)
tangent space to the tropical space X at its point x.
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The tangent spaces 7' (x) and W(x) carry natural integral structure. We denote
the corresponding lattices by 7z (x) and Wz(x).

1.4 Polyhedral Structures

Sometimes a tropical space X comes with a structure of an (abstract) polyhedral
complex, which is not always the case.

Definition 6. We say that a tropical space X is polyhedral if there are finitely many
closed subsets A; € X (called facets) with the following properties.

* Foreach A; there exists a chart such that A; C U, and ¢, (A4) is a facet of the
balanced polyhedral complex Y, C Te,

 For any collection {A;} of facets of X and any face A; in this collection the
intersection () A; is a face of A;.

Note that we may work with tropical polyhedral spaces in the same way as we
work with balanced polyhedral complexes in TV . In particular, we can define in
the same way their faces (which will denote by A), both mobile and sedentary,
parent faces with their families, divisorial directions, and any other notion which is
intrinsically defined, that is stable under allowed integral affine maps. For instance,
Proposition 1 will read:

Proposition 4. Let X be a compact polyhedral tropical space. For every face A of
sedentarity s there is a unique (parent) face Ag of sedentarity 0 such that A <% A,.
The cells of X with the same Ao, the family of Ao, form a lattice poset I1(Ay)
isomorphic to the face poset of a simplicial cone. Every face of X belongs to exactly
one family poset I1. The maximal sedentary face Amin in a poset is finite.

We will denote the k-skeleton of a polyhedral tropical space X (that is the union
of (< k)-dimensional faces) by Ski (X). It is often convenient to take the covering
{Uy} by open stars of vertices. That is, each U, is the union of relative interiors of
faces of X adjacent to the vertex v. Then the relative interior of a face A is contained
in every U, if v is a vertex of A.

Another useful feature of a compact polyhedral tropical space is that we can
define its first baricentric subdivision. For a finite cell we take an arbitrary point
in its interior for its baricenter. For an infinite cell we take for its baricenter the
baricenter of its unique most sedentary (necessarily finite, cf. Proposition 4) subface
(see Fig.2). That is, we first choose baricenters of maximal sedentary faces and
then name them also as baricenters of any adjacent faces of lower sedentarity. The
subdivision of each face of X into simplices is constructed as usual by the flags of
its subfaces of minimal sedentarity.

The baricentric subdivision of X is not a polyhedral tropical space as we defined
it. It violates the regularity at infinity property. Nevertheless, it is very convenient
to have a triangulation of X. This enables us to define simplicial versions of the
(co)homology theories which are very useful for carrying out explicit calculations.
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Fig. 2 Baricentric
subdivision of an infinite cell.
The dotted faces have higher
sedentarity

1.5 Combinatorial Stratification

Notice that a polyhedral structure on a tropical space (if it exists) is in no way
unique. In this subsection we define a combinatorial stratification which is not
always polyhedral, but is naturally defined on any tropical space X.

Definition 7. We say that two points x, x’ € X are combinatorially equivalent if
there exists a path connecting x to x” along which both the dimension of the wave
tangent space W and the sedentarity remain constant. A combinatorial stratum of
the tropical space X is a class of combinatorial equivalence.

We will denote combinatorial strata of X by & and use the notation & < &” if
the stratum & lies on the boundary of &”.

Example 1. Consider the circle E; of length [/, otherwise called a tropical elliptic
curve. E; is a tropical space: we can present it as a tropical polyhedral space
by choosing, e.g., three distinct points so that they split E; into three facets.
This subdivision is not unique as we can move these points around or consider a
subdivision into a larger number of facets. The combinatorial stratification for E; is
trivial: it consists of a single stratum E;.

Let two points x, y € U, C X belong to one chart ¢ : U, — Y of X and they
sit in some strata x € &, and y € &,. If & = &), that is if they belong to the
same stratum, one can canonically identify the tangent spaces T (y) = T(x) and
W(x) = W(y). The identification is natural in the following sense. If the points
also belong to another common covering open subset Ug it commutes with the
differentials induced by the overlapping map.

In other words, we get flat connections on the bundles 7 and W over each
combinatorial stratum of X .

Furthermore, if &« < &, then one has two natural maps

t:Tz(y) = Tz(x) and 7w : Wy(x) = Wy(y), @

(note the different directions) defined as follows. If (¢ (y)) = I(¢(x)) then any
face adjacent to ¢(x) is contained in some face adjacent to ¢(y) and ¢ is given by
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inclusion. If 7(¢(y)) # 1(¢(x)) (note that we must have /(¢ (y)) C I(¢(x))) then
¢ is the projection along the divisorial directions indexed by (¢ (x)) ~ I(¢(¥)).
The map r is given by inclusion of the linear spaces spanned by the corresponding
parent faces.

Again the maps ¢ and & are natural in the sense that they commute with the
overlapping differentials.

1.6 Tropical Manifolds

First we recall a construction of a balanced polyhedral fan associated to a matroid
([1], see also e.g. [9, 11]).

A matroid M = (M, r) is a finite set M together with a rank function r : 2 —
Z>¢ such that we have the inequalities 7(A U B) +r(AN B) <r(A) + r(B) and
r(A) < |A|, where |A] is the number of elements in A, for any subsets A, B C M
as well as the inequality r(4) < r(B) whenever A C B. Subsets F C M such
that r(A) > r(F) forany A D F are called flats of M of rank r (F). Matroid M is
loopless if r(A) = 0 implies A = 0.

The so-called Bergman fan of a loopless matroid M is a polyhedral fan X'y, C
RIMI=1 constructed as follows. Choose | M | integer vectors e; C ZMI-1 ¢ RIMIZT
J € M suchthat Y e; = 0and any |M| — 1 of these vectors form a basis of

jeMm
ZMI=1 To any flat F C M we associate a vector

ef = E ej ER‘M‘_I.
jEF

For example, ey = eg = 0, but er # 0 for any other (proper) flat F. To any flag of
flats F;, C --- C Fj, we associate a convex cone generated by e Fj - We define X'y,
to be the union of such cones, which is, clearly, an (r (M) — 1)-dimensional integral
simplicial fan. It is easy to check (cf. [1]) that it satisfies the balancing condition, so
that X'y, is a tropical space, called the Bergman fan of M .

The matroid M is called uniform if r(A) = |A| for any A C M. Note that the
Bergman fan of a uniform matroid is a complete unimodular fan in R =1 with | M |
maximal cones.

Definition 8. A tropical space X is called smooth, or a tropical manifold, if all its
charts ¢, are open embeddings to Y, = X3 x T* € TIMI=1 x T* for some loopless
matroid M and a number s > 0. (Here s is the maximal sedentarity in this chart and
n =r(M)—1+ s is the dimension of our tropical manifold X .)

Tropical manifolds can be thought of as tropical spaces without points of
multiplicity greater than 1, see [9], thus we use the term smooth. Note that
smoothness is a property of the tropical space (X, ) alone, it does not involve
presentation of X as a polyhedral complex.
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2 Homology Groups

2.1 Singular Tropical Homology

Let x € X be a point in a tropical space. Choose a sufficiently small openset U > x
and an embedding ¢ : U — Y C TV. Then for points y such that ¢(y) lies in an
adjacent face to ¢(x) we have a natural map between lattices in the tangent spaces
t: Tz(y) = Tz(x), cf. (4).

Definition 9. The group .% (x) is defined as the subgroup of the kth exterior power
A¥(Tz(x)) generated by the products t(v) A --- A t(vy) with vy, ..., v € Tz(y)
for a point y such that ¢(y) lies in an adjacent face to ¢ (x) of the same sedentarity.
It is important that all k elements v; come from a single adjacent face. The group
Fk(x) is defined as Hom(.Z (x), Z).

The discussion at the end of Sect. 1.5 tells us that the groups %, (x) and .7, (y)
are canonically identified if x and y belong a single chart U, and lie in a single
stratum & of X. Furthermore, if for two points x, y, still in the same chart, we have
& > &), then there are natural homomorphisms

L T (x) = Fr(y). ®)

If three points x, y, z € U lie in the strata with incidence &, > &, > & then the
three corresponding maps (5) form a commutative diagram. In other words, if we
consider the set of strata in the U, C X as a category (under inclusions) then .%
forms a contravariant functor from strata of U,, to abelian groups (cf. Proposition 6).

We may interpret our data as a system of coefficients suitable to define singular
homology groups on X . Namely, we consider the finite formal sums

> Bso.

whereeach o : A — X is a singular g-simplex which has image in a single chart U,
and is such that for each relatively open face A’ of A the image o(A’) is contained
in a single combinatorial stratum &4 of X. Slightly abusing the notations we’ll
identify the source and the image of o with the singular simplex o itself and say
that T = 0|y is a face of 0. Here B, € Fi (&4 N Uy).

These chains form a complex Co(X;.%;) with the differential d given by the
standard singular differential followed by the maps (5). We call such compatible
singular chains with coefficients in % tropical chains. The groups

H,,(X) = Hy(Cu(X:.Z,).0)

are called the tropical homology groups.
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These homology groups is a version of singular homology groups of a topolog-
ical space X (after imposing the condition of compatibility of singular chains with
the charts and combinatorial strata).

A priori the groups H,,(X) depend on the covering. Indeed, if we refine the
covering the tropical chains will be more restrictive. However the usual chain
homotopy arguments apply and show that the resulting homology groups are
canonically isomorphic. Thus we can conclude that the tropical homology groups
are independent of the covering {U, }.

In case X has a polyhedral structure one can require the singular chains
to be compatible with the polyhedral face structure on X, rather than with its
combinatorial structure. Clearly, the homology groups defines by the two complexes
are canonically isomorphic. For polyhedral X there are other equivalent ways for
constructing tropical homology groups: simplicial, cellular. This is what we are
going to consider next.

2.2 Cellular and Simplicial Tropical Homology

We assume X is polyhedral and compact throughout this subsection. The main
advantage of dealing with cellular and simplicial chain groups is that they are finitely
generated. This will give an effective way to calculate the tropical homology.

Recall that X comes with a subdivision into convex polyhedral domains. We
define the cellular chain complex

CiMNX:F)p) = @Fp(4) = ®Hy (A, 0A; F,(A)).

Here the direct sum is taken over all g-dimensional faces A of the subdivision. The
homology H, (A, dA; Z,(A)) of the pair with constant coefficients equals .%,(A)
since each g-dimensional face A in X is topologically a closed g-disk (recall that
X is compact).

Our next step is to define the boundary homomorphism 9 : Cq""”(X ; Fp) —
C q‘i”l (X;.#,). The 9 is the composition of the maps

Hy(A,0A: . F,(A)) — Hy(34: Fp(A)) — Hy—(0A, 0ANSk, 2 (X):.Z,(A)).
(6)

the isomorphism
Hy1 (04,04 1 Skya(X): Fp(4) — @H,— (A DA F,(A)). (D)
where the direct sum is taken over all (¢ — 1)-dimensional subfaces A’ < A, and

@ Hy (A 0N, F)(A) »> &H, (A, 04" F,(A)). (8)
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In (6) the first homomorphism is the boundary homomorphism of the pair (A, dA)
and the second one is induced by the inclusion of the pairs (A, @) C (A4, dA).
The isomorphism (7) comes from the excision as the quotient space dA/(dA N
Sky—2(X)) is homeomorphic to a bouquet of (¢ — 1)-dimensional spheres, one
sphere for each (¢ — 1)-dimensional subface A" < A. Finally, the homomorphism
(8) is induced by (5).

The homology groups of the cellular chain complex (C£(X; %), ) are called
the cellular tropical homology groups HE (X ;.7 »). If one has X covered by the
open stars of vertices we have the following identification.

Proposition 5. The cellular tropical homology groups H{ (X ; F,) are canoni-
cally isomorphic to the (singular) tropical homology groups He(X; F ).

Proof. As in algebraic topology with constant coefficients to prove this isomor-
phism we need to use cellular homotopy. Let us recall that by the cellular homotopy
argument the inclusion Sk, (X) — X induces an epimorphism

H;(Sky(X); #,) = Hj(X; %)) C)]

for j < g (which is an isomorphism for j < ¢). Note that even though .%,, is not
a constant coefficient system, all cellular homotopy takes place within a single cell,
so the classical argument also holds here.

Consider the homomorphism (in singular homology groups) induced by the
inclusion of pairs (Sk,(X),9) C (Sk(X), Sk,—1(X))

Hy(X:.Fp) = Hy(Sky(X). Sky—1(X): F,) = C;M(X: 7).

Its image consists of cycles by the construction of the boundary map in the short
exact sequence of the pair and thus it gives us a homomorphism

Hy(Sky(X): 7)) — HMN(X: F)). (10)

Note that by cellular homotopy the kernel of (10) coincides with the kernel of (9)
for j = ¢q. To see surjectivity of (10) we consider an element ¢ € Hq“”(X; Fp).
Subdividing the faces of X into simplices if needed we may represent ¢ by a singular
chain in C.(Sk,(X); %)), whose boundary dc is null-homologous in

Cti (Sky—1(X), Sky—a(X); F).
But H,_i(Sky—2(X); #,) = 0 by the dimensional reason and thus dc must also
vanish in H;“ (Sk,—1(X);.%,). Thus we may correct ¢ (by adding to it a singular
chain in Sk, {(X) whose boundary coincides with dc) to make it a cycle in
Co(X; F)). O

Next observation will be very useful when we define the cap product action by
the wave class.
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Lemma 1. Let y = Y BaA be a cellular cycle in a compact tropical polyhedral
space X. Then each B, is divisible by the divisorial vectors of A.

Proof. We only have to check this for infinite cells A. Since X is compact, A must
have a boundary face A, (of sedentarity one higher) for every divisorial direction q.
But the coefficient of dy at A, comes only from the projection of 84 alongg. O

There is a simplicial variant of the tropical homology arising from the first
baricentric simplicial chains on X . (The baricentric subdivision of X was described
at the end of Sect.1.4). Then we can consider the baricentric simplicial chain
complex with coefficients in .%, as a subcomplex C2(X; % ,) of Co(X; .F)).

Note that the cellular chain complex C{ (X ;. % ») can be viewed as a subcom-
plex of Ct¥(X;.F »), where all coefficients on simplices of the same cell are taken
equal. Applying the standard chain homotopy arguments for constant coefficients
one can show that this inclusion

CiMNX: Fy) — Ch(X: F))

is again a quasi-isomorphism. This allows us to identify both baricentric simplicial
and cellular homology with the tropical homology.

Remark 1. In [6] it is shown that in the case when X is a smooth projective
tropical manifold that comes as the limit of a complex 1-parametric family the
groups H,,(X) can be obtained from the limiting mixed Hodge structure of the
approximating family. In particular, we have the equality

h?9(X,) =1k H, 4(X),

for the Hodge numbers h79(X,) of a generic fiber X, from the approximating
family.

Remark 2. In Sect.6.2 we will show that there is a fairly small subcomplex of
Chor(X; #,), called konstruktor, which suffices to calculate the homology groups
H, 4(X) in the smooth projective realizable case.

2.3 Tropical Cohomology Groups

Finally we define tropical cochains C*(X;.%#7) to be certain linear functionals
on charts/strata compatible Z-singular chains with values in @, o F7(& N Uy).
Namely, if a simplex o lies in & N U, then we require the value of the cochain to lie
in #7(& NU,). If o also lies in Ug, then its value in .% 7 (& N Ug) should coincide
with its value in .7 (& N U,) via the differential of the overlapping map.

Then one can define the differential as the usual coboundary followed by the
maps dual to (5)

Sa(0) = a(do) € @ F7(A) — FP(4,).

1Co
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Fig. 3 An open set in a polyhedral complex and the corresponding quiver. Here .7, (U) = Z*

We can define the tropical cohomology groups

HP(X) = HI(C*(X;.F7),$).

2.4 Sheaf/Cosheaf (Co)homology

To make connections with sheaf (co)homology theories we use the coefficient
systems %, to define a constructible cosheaf with respect to the combinatorial
stratification of X . With a slight abuse of notations we denote this cosheaf also by
F,. A cosheaf is a suitable notion to take homology, just like sheaf for cohomology.

First we construct the pre-cosheaf in each open chart U,. Given an open set
U C U, we consider the poset formed by the connected components of intersections
of the strata of U, with U. The order is given by adjacency. This poset can be
represented by a quiver (oriented graph) I"(U). Each vertex v € I'(U) corresponds
to a connected component of the intersection U N & of the open set U and a stratum
& of Uy. A single stratum can produce several vertices in I"(U), see Fig. 3.

To each vertex v we associate the coefficient group #,(v) = #,(&). To an
arrow from v to w we associate the relevant homomorphism i, : %, (v) — %, (w)
from (5). The groups %, (v) with maps i,,, thus form a representation of the quiver
r'w).

Definition 10. .%,(U) is the quotient of the direct sum € . rwy Zp(v) by the
subgroup generated by the elements a — i,,,(a) for all pairs of connected vertices
(v,w),and all a € .F,(v).

Note that an inclusion U C V' C U, induces a morphism between the correspond-
ing quivers I'(U) — I'(V') with isomorphisms at the corresponding vertices. This
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map clearly preserves the equivalence relation, and hence descends to the map
F,(U) — F,(V). Thus, we get a covariant functor from the open sets U C Uy
(with morphism given by inclusions) to free abelian groups U + %, (U). It is easy
to check that all sequences

P 7, nv) - P 7,U) - Z,(U) -0, (11)
ij i

where U = | J U;, are exact. Thus the functor U — F,(U) is a cosheaf (cf., e.g.
[2]) on the open set U,.

To define the sheaf %7 we need a contravariant functor U + %7 (U). Let I'(U)
to be the directed graph as before with all arrows reversed. We set .% 7 (U ) to be the
subgroups of P, ¢ rw) " (v), where the collections of elements {a, € F#7(v)}
are compatible with all the morphisms dual to (5). Note that these collections are
precisely the ones annihilated by the elements a — i,,,(a) from the Definition 10,
and thus F?(U) = Hom(%#,(U),Z). Dualizing the exact sequences (11) we see
that the functor U +— %7 (U) is a (constructible) sheaf on U,,.

Finally we can glue together the sheaves and cosheaves defined on all open charts
U, (see, e.g., [5], Ch. II, Exer. 1.22, for the sheaf version). We get a well defined
cosheaf .%; and sheaf .Z* on X as long as we have the isomorphisms Yqp between
the charts which satisfy V.5 o ¥, = ¥, (see Proposition 3).

The combinatorial strata of X form a category. Its objects are the strata
themselves. There is a unique morphism from & to &’ if & < &, and no morphisms
otherwise. Our reasoning above can be formalized into the following general
statement.

Proposition 6. Suppose X has an open covering {U,} and covariant functors F
for each %, from the combinatorial strata of %, to abelian groups which are
compatible on the overlaps in the sense of Proposition 3. Then gluing gives rise
to a constructible sheaf on X. Contravariant functors yields a constructible cosheaf
onX.

If the functors F, behave naturally with respect to refinements of the covering
{Uy,} the resulting (co)sheaf F does not depend on the covering.

Finally we can use the sheaf-theoretic or Cech homology and cohomology for
cosheaves .%, and sheaves .# 7. The standard algebraic topology techniques identify
all these homology theories with the tropical (co)homology.

Proposition 7. There are natural isomorphisms
Hp,, =~ H,X,%,) and H"" = H1(X,%7?),

where on the right hand side are the sheaf-theoretic (co)homology groups.
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3 Tropical Waves

3.1 Waves and Cowaves

There is also another collection of sheaves and cosheaves that can be associated to
a tropical space X . Recall that for every point x € X we defined the wave tangent
spaces W(x) in Sect. 1.3.

Definition 11. We define W; (x) as the exterior power AXW(x). We also consider
the dual vector space W (x).

In any given chart U, the W(x) can be canonically identified for points in a single
stratum &. Thus we may write Wi (£ NU,) = Wi (x) for any pointx € &NU,. Fora
pair & < & of two adjacent strata the map (4) induces the natural homomorphisms

7 Wi(&) - Wi(&') and 7 : W& — Wk(&). (12)

By Proposition 6 the coefficient system W, defines a constructible sheaf %} on X,
whereas the W* defines a cosheaf #/* for every integer k > 0.

Definition 12. Tropical wave and cowave groups, respectively, are
HY(X;#) and Hy(X;7"). (13)

Again, we can think of these groups from the sheaf-theoretic point of view or
as stratum-compatible singular (co)homology with coefficients in the systems Wj
and Wk,

Example 2. Let us consider a tropical genus 2 curve C with a simple double point.
The underlying topological space of C is a wedge of two circle, i.e. it is a graph
with a single vertex v and two edges that are glued to v, see Fig. 4.

The tropical structure in the interior of each edge is isomorphic to an open
interval of finite length in R (treated as the tropical torus T* = T ~ {—o0}). The
tropical structure at the vertex v is such that the four primitive vectors divide into
2 pairs of opposite vectors. This means that the chart at v is given by a map to R?
such that a neighborhood of v in C goes to the union of coordinate axes and the four
primitive vectors near v go to the unit tangent vectors to those axes.

Thus, .#1(v) = Z* and Wi(v) = 0. On the other hand every point x in the
interior of either edge has the groups % (x) = Z and W;(x) = R. The group
Fo(x) is always Z and Wy(x) = R for any point x. From the two term cell complex
one can easily calculate

Ho(C; %) =7, H(C;F) =7, H(C;%) =7 H(C;F) =L,
and

HY(C:#p) =R, HYC;#) =0, H'C:#) =R’ H'(C;:#)=R.
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Fig. 4 Nodal genus 2 curve

In general, %, and #} are constants, thus for p = 0 we recover the ordinary
topological homology and cohomology groups.

Proposition 8. We have Hy, = H,(X;Z), Hy(X;#°) = H,(X;R), H* =
HY(X:7), HI(X; #3) = Hi(X;R).

3.2 Pairing of ¥ and W

The importance of the wave classes stems from their action on the tropical homology
via a natural bilinear map

N:H (X; %) @ Hy(X; F, @R) - Hy—(X; Fpyr ®R)

which we are going to define now. On the chain level this map is just the standard
cap product between singular chains and cochains coupled with the wedge product
on the coefficients A : Wy ® %, — F,1x @ R.

Let us clarify the meaning of the wedge multiplication. For a mobile point x € X
the wave tangent space W(x) is naturally a subspace in 7'(x) hence the product
makes sense on the nose. For any sedentary point x the wave space W(x) naturally
projects (along the divisorial directions) to W’'(x), which is a subspace of T'(x).
When taking the wedge product we first apply this projection.

In details, let « be a compatible r-cochain with coefficients in Wy andy = ) fo
be a tropical g-chain with coefficients in .%),. For each singular simplex o we denote
by 0., its first r-face (spanned by the first r + 1 vertices of o) and by o its last
(¢ — r)-face. Then we set

aNy=> (@00..)AP)Or.g. (14)

Here we push the value of « at the face op_, to the simplex o with the sheaf map
and then push the value of the result from o to 0,4 using the cosheaf map.

We will need the following local observation. Let us assume we live in a single
chart U,.

Lemma 2. Let & < & be a pair of adjacent strata in U,. Then the diagram

Wi(6) @ Fp(6) —L> Fpu(6) OR

N

Wi(8") @ Fp(E') —L Fpi(6) QR
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is commutative in the sense that for any a € Wi(&") and B € F,(&) one has
Um(e) A B) =anup).

Proof. The wedge product is bilinear with respect to inclusion and quotient
(in fact, all) homomorphisms between free abelian groups. O

Proposition 9. For each r < q the cap product (14) descends to a natural bilinear
map in homology

N:H (X: %) Q@ Hy(X; F, QR) - Hy— (X; Fpir QR).
Proof. The statement follows at once from the usual Leibnitz formula
(=D"o@nNy)=@Ba) Ny +anady.

Note that the wedge products in §(a N y) and (da) N y are taken in o and then
pushed to Z, 1« (0, ; q). On the other hand the wedge products in @ N §y are taken

rod..
Py and then pushed to %, 1« (o, ). But Lemma 2 allows us to identify the
results. O

Fodog

3.3 The Group H'(X; #1 ® R) and Deformations
of the Tropical Structure of X

In this section we assume that X is compact. Recall that X has a covering by charts
¢o : Uy — Y, C TNe. The transition maps on the overlaps are given by integral
affine maps Vg : TV« --> TVs.

As a topological space X can be presented as the quotient of the disjoint union
of its covering sets | |,(Uy) by the following equivalence relation. We say two
points x € U, and y € Up are equivalent if ¥u5 0 ¢o(x) = ¢g(y). Reflexivity of
equivalence says that ¥,5 = 1///3_(11 (as partially defined maps). Transitivity translates
as the cocycle condition, or as the composition rule, Vg, © Yog = Vg, .

Conversely, given open subsets ¢, (Uy) C Y, C T and a collection of integral
affine maps Y,g satisfying V.5 = 1///3_(11 and ¥, o Yo = VY, We can define a
topological space X as the quotient of | |, ¢« (Uy) by the equivalence given by
the ¥’s.

X will be a tropical space provided all subsets ¢, (U,) remain open in the
quotient and X satisfies the finite type condition. Moreover we will get an
isomorphic tropical space if the v/,4 are changed by a “coboundary” (twisted by
automorphisms v, : TV --> TN« for some ).

Let 7 be a class in H!(X;#). We can assume that the covering {U,} is fine
enough so that 7 can be represented by a Cech 1-cocycle Top € W(Uy N Ug). We
can also assume that all U, and U, N Ug are connected. Then W (U, N Ug) consists
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of vectors parallel to all mobile strata in U, N Ug. We can think of W(U, N Ug) as
a subspace in RM C T™ via the map @y, or in RM € TN via Pp.

By shrinking the U, if necessary it will also be convenient to assume that slightly
larger open subsets V,, O U, do not contain any new strata other than those already
in the U,. For instance if X is polyhedral we can take U, to be the open stars of
vertices, “shrunk” a little bit.

Now for € > 0 we modify the overlapping maps Vs : TNe ——» TM by
precomposing them with the translation by €7,4. Since 7,5 = —7g, the new relation
is reflexive. Also since 7 is a cocycle the new maps W;E satisfy the composition rule.
Thus they define a new equivalence relation and we call the corresponding quotient
space X, the deformation of X .

Proposition 10. For € > 0, small enough, X, is a tropical space.

Proof. We only need to show that X, is of finite type and each of the U, is still an
open subset in X,,. For the latter it is enough to show that each U, N Ug is open.
But this is clear since by condition that slight enlargements of U, contain no new
strata, no new strata can appear in U, N Ug for small enough €. The argument for
the finite type condition is similar. O

The deformed tropical space is especially easy to visualize in the polyhedral
case. Namely, X, has the same combinatorial face structure, but the faces of
X« themselves may have different shapes and sizes. For example if X is one-
dimensional, the lengths of the edges of X and X, may be different.

4 Straight Classes

4.1 Straight Cycles in Tropical Homology

We start with a natural generalization of balanced polyhedral complexes in TV to a
situation where a facet can have a weight. A weighted balanced polyhedral complex
Y < TV is a union of a finite number of facets D as before, but now each D
is enhanced with an integer weight w(D) € Z subject to the following weighted
balancing condition for every (n — 1)-dimensional mobile face £ C Y. Asin (3) we
consider all facets D1, ..., D; C TV adjacent to E and take the quotient of R by
the linear subspace parallel to £ °, the non-infinite part of E. The weighted balanced
condition is

l

> w(Di)ex =0. (15)

k=1

We say that the weighted balanced complex Y is effective if the weights of all its
facets are positive.



328 G. Mikhalkin and 1. Zharkov

Just as balanced polyhedral complexes form local models for tropical spaces,
effective weighted balanced polyhedral complexes form models for weighted
tropical spaces.

Definition 13. A weighted tropical space is a topological space X enhanced with
a weight function w : X --> N defined on an open dense set A C X and a sheaf
Oy of functions to T such that there exists a finite covering of compatible charts
¢o : Uy — Y, C TN with the following properties.

* Y, is an effective weighted balanced polyhedral complex in T™e.

* For the relative interior D° of any facet D C Y, we have ¢, '(D°) C A while
the weight function w is constant on ¢, ! (D°) and equal to the weight of D.

* For each facet D C Y, there exists a Z-linear transformation @p : ZN« — ZNe
of determinant w(D) such that Ox | pony, is induced by @51 0 ¢y.

We may reformulate the last condition of this definition by saying that each facet
D comes with a sublattice of index w(D) of the tangent lattice 7z(x), x € D. This
sublattice is locally constant and does not depend on the choice of charts. Note that
not every weighted balanced polyhedral complex in TV is a weighted tropical space
in this sense as it is not always possible to consistently choose such a sublattice.
However no such sublattice for the facets of Z is needed for the following definition.

Definition 14 (cf.[9,11]). Let X be a tropical space. A subspace Z C X enhanced
with a weight function

w:Z -—>17

defined on an open dense set A C Z is called a straight tropical p-cycle if for every
chart ¢, : Uy — Y, C TN« of X there exists a weighted p-dimensional balanced
polyhedral complex Z, C TN« such that ¢, : Z N U, — Z, is an open embedding,
and for the relative interior D° of any facet D C Z, we have ¢, '(D°) C A. The
weight function w is constant on ¢ !(D°) and equal to the weight of D.

Proposition 11. Each straight tropical p-cycle Z C X gives rise to a canonical
element [Z] € H, ,(X) in the tropical homology group of X.

Proof. We choose a sufficiently fine (topological) triangulation of Z = | J o so that
each p-simplex o from the triangulation lies in a single chart U, and in a single
combinatorial stratum & of X . In particular each o carries the weight w(o) induced
from Z. An orientation of ¢ defines the canonical volume element Vol, € . ;‘ (0)
given by the generator of A”(WZZ (0)) = Z. Inverting the orientation of o will
simultaneously invert the sign of Vol,. Thus the product Vol, o is a well-defined
tropical chain in C,(X;.%),). Then the weighted balancing condition for Z ensures
that

yz = Z w(o) Vol, o

ocCZ
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is a cycle in C,(X;.%,). Its class is clearly independent of the triangulation and
gives the desired element [Z] € H,(X; %)) = Hp ,(X). O

Definition 15. Elements of H, , realised by straight tropical cycles as in Propo-
sition 11 are called straight homology classes (or, in other existing terminology,
special or algebraic). They form a subgroup

HW¥(X) C Hp p(X),

Example 3. Recall that the tropical N -dimensional projective space TP may be
obtained by gluing N + 1 affine charts TV with the help of integral affine maps, cf.
e.g. [9]. A topological subspace X C TPV is called a projective tropical space if the
intersection of X with any such chart is a balanced polyhedral complex. A projective
tropical space has a non-trivial straight homology class

(1] € Hy(x)

(called the hyperplane section) in any dimension p = 0,...,n = dim X.

To see this we start from the case X = TPV. Consider the equations x; = c;,
Jj =p+1,....n,¢c; € Rjinachart TV C TP". They define a p-dimensional linear
space parallel to a coordinate plane. We may take for H, the topological closure of
this linear space in TPV. Clearly, the homology class [H ] does not depend on the
choice of the TV -chart or on permutation of coordinates in this chart. Furthermore,
H, is a point and thus [Hy] # 0in Hoo(TP") = Z. Note that this also implies that
[H,] # 0in H, ,(TP") as we may choose the transverse representatives H, and
Hy sothat H, N Hy = Hpyp—p, cf. [11]. It is easy to show that any element of
H, . (TPV) is generated by [H,], p =0,..., N.

A similar construction can be made for general projective tropical spaces X C
TPV . We take H pX = Hy+p—n N X where Hy4,—, is chosen to be transverse to
X with the help of translations in R". But in addition to those hyperplane sections
and their powers Hs (X ) may have additional, more interesting, straight classes.

4.2 Straight Cowaves

A notion of straight classes exists also for cowaves. Once again, let Z C X be a
subspace such that each chart ¢, takes Z to a g-dimensional polyhedral complex in
TNe (which we no longer assume balanced). We refer to such subspace of X as a
straight subspace.

In this subsection we assume that dim W(x) = m for some m almost everywhere
on Z. In other words we assume that each open facet of Z sits in the m-skeleton
of X, but outside of the (m — 1)-skeleton of X. We call such straight subspaces
Z purely m-skeletal. For example Z is n-skeletal if no open facets of Z intersect
Skn—l (X ) .
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Definition 16. A coweight function on Z is a function
X > cow(x) € W"(x)

defined on an open dense set A C Z. Here we assume that dim W (x) = m whenever
x € A, so we have W"(x) ~ Z.

This is a dual notion to the weight function. But while the weight function was
integer-valued, here we do not have a canonical isomorphism between W™ (x) and
Z, it is only canonical up to sign.

Let x € A be inside of a facet of Z parallel to a g-dimensional affine space L
(in a chart ¢by). As in the previous subsection, we may consider the volume element
Vol; € W,(x) which is well-defined by the integer lattice in L and a choice of
orientation of L. Given this choice we have a well-defined map

A > cow(x)(A A Volyp),

A € W,—4(x) and thus an element in W79 (x), a group that depends only on the
open facet of Z containing x. Thus any g-simplex o embedded to the same facet
and parallel to L defines a canonical chain with coefficients in W™ ~9(x).

In particular, a triangulation of a coweighted purely m-skeletal g-dimensional
polyhedral pseudocomplex Y gives rise to a cowave chain in C,(X; %™~ 4). Such
cowave chains are called straight.

As in Proposition 11 we may associate a singular chain with the coefficients in
W™= to Z by using a combinatorial stratification of Z.

Definition 17. A coweighted straight subspace Z C X is called cobalanced if the
resulting chain is a cycle. We may refine this into a local notion by saying that Z
is cobalanced at x € Z if x is disjoint from the support of the boundary of the
resulting special cowave cochain.

Note that once an orientation of W(x) is chosen we may identify coweight and
weight at x.

Proposition 12. Suppose that a q-dimensional coweighted straight subspace Z is
purely m-skeletal and that x € Z belongs to a relative interior of a (q — 1)-
dimensional face (in a chart) with dim W(x) = m. Then Z is cobalanced at x
if and only if Z is balanced at x.

Proof. Note that x must belong to the same combinatorial stratum of X as its
small open neighbourhood in Z, since Z is purely m-skeletal and dim W(x) =
m. Thus #™|z is locally trivial near x and we may translate coweights into
weights simultaneously for the whole neighbourhood with the help of an arbitrary
orientation of W(x).

At the same time if dim W(x) < m then the cobalancing condition is different
from the balancing condition. We believe that study of straight cowaves might be
useful, particularly in the context of mirror symmetry.
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5 The Eigenwave

5.1 The Eigenwave ¢

There is a canonical element ¢ € H'(X; #}) for every compact tropical space X .
Unfortunately, it does not have a preferred representative as a singular wave cocycle
in the case when X has points of positive sedentarity. Rather we shall represent it
in the quotient space C'(X; #)/BL (X;#1) where the subspace BL (X;71) C
CY(X;#) will consist of certain coboundaries. Note that this ambiguity will not
cause us any problems with the cap product of ¢ and the homology cycles because,
as we will see, taking product with elements in B [}iv (X; #1) annihilates any singular
cycle.

Let CY (X;#1) C C%(X; 7)) be the subspace of 0-wave cochains whose values
on points x € X are in W% (x). We let B}, (X;#1) C C'(X;#}) consist of the
coboundaries of the cochains from C), (X;#,). The elements y € B (X; %)
are characterized by the property that on any singular 1-simplex t the values y ()
belong to the subspace W% (t) C W(t) spanned by the divisorial subspaces at the
boundary points of 7.

We are ready to define the eigenwave class ¢ € C'(X;#1)/BL (X;#7). Let
us first consider the case when all points of X have zero sedentarity, in particular
B(}iv(X ;#1) = 0. In such case we define the value of ¢ on a singular 1-simplex
7 :[0,1] = X as 7(1) — t(0). Recall that our singular chains are assumed to be
compatible with the combinatorial stratification of X so that 7((0, 1)) is contained
in a single combinatorial stratum and a single tropical chart. This means that the
difference 7(1) — ©(0) can be interpreted as a vector in the tangent space to this
stratum and therefore in W(7).

Returning to the general case, if x € X is of positive sedentarity we choose
a nearby mobile point y, which maps to x under the projection along divisorial
directions. If x € X is mobile we set y, = x.

Definition 18. The element ¢ € C'(X; #1)/BL. (X;#) is defined on a 1-simplex
7 :[0,1] — X as the vector w; := y;(1) — Yz € W(7).

Clearly the ambiguity in w, resulting from different choices of y, is confined to
Bl (X; 7). The next proposition asserts that ¢ defines a class in H'(X; %)),
which we call the eigenwave of X. We denote this class also by ¢, this should
not cause any confusion.

Proposition 13. ¢ = 0.

Proof. By definition the value of §¢ on a 2-simplex o is the sum of the values of
¢ on the three edges 71, 72, 73 of 0. This is clearly zero (perhaps after applying the
maps 7 : W(z) — W(0) in case some of the 7; land in different strata). O
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5.2 Action of the Eigenwave ¢ and Its Powers on Tropical
Homology

The k-th cup powers of ¢ are also (higher degree) wave classes ¢¥ € H*(X: #4).
One can define the value of ¢* on a k-simplex o modulo the ideal in W; (o)
generated by the W% for all vertices in . Namely, foranedge 7 < o letw, € W(o)
stand for the vector y. (1) — y:(0) € W(r) pushed to W(o). Then

K (0) = Wopy A+  AWoy_,, =1 Wy € Wi(0). (16)

k

Taking the cap product with ¢¥ = [pF. o] gives us the homomorphism:

PN Hy(X; F, ®R) — Hyi (X; Fpix @ R). (17)

In case X is compact and polyhedral we consider its baricentric subdivision and
think of the H,(X;.%,) as simplicial or cellular homology groups. The advantage
is that we can define the cap product with ¢* on the cycle level

P CLMNFy) > CH(Fpik ®R). (18)

Below we give two different descriptions of the map (18) depending on the choice
of vertex ordering. The first result is a cycle in C :ﬁ; (Fp+x ® R) while the second
one is still in C} (Fp+x @ R) C C)Y (Fpx @ R).

We recall the notion of the dual cells in the first baricentric subdivision of a
polyhedral complex. Let A € X be a g-cell. For any finite j-dimensional face
A" < A of the sedentarity s(A") = s(A) its dual cell A’, in the baricentric
subdivision of A is defined as the union of all (¢ — j)-simplices in bar(A) containing
the baricenters of A and A’. We can think of A, as a simplicial (g — j)-chain. The
orientations of the pair A’ and AA’A are taken to agree with the original orientation
of A.

Let y = ) BaA be acycle in Cq“”(X; Z#p). Then according to Lemma 1 the
coefficients B4 for all A C X have to be divisible by the divisorial directions of A.
In particular, the wedge product of 8, with any element in AX(W(A)/ W (A))
gives a well-defined element in %,,;(A4) ® R. We can also think of y =
> sebar(a) BAO as an element in C;"”(X; Fp).

Description 1. We label the vertices of each g-simplex o in bar(A) according
to the dimension of the largest cells whose baricenters they represent (recall that
several faces of A of different sedentarity may have the same baricenter). In this
case the cycle ¢k Ny € C qbﬁ;( (X; #p41) is supported on the dual subdivision inside
the g-skeleton of X.

Precisely, for every k-face A’ of A let war € Wi (A) denote the volume element
associated to A as in (16). Clearly, wy/ equals the sum of all wy, , (taken with
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Fig. 5 The two descriptions of the wave action on a 2-cell 0. The support of ¢;,, N 0 is red and
the framing is blue

appropriate signs) for the k-simplices oy_j forming the baricentric triangulation
of A’. Then one can easily calculate from the definition of the cap product:

N Y Bao)= Y (wa ABaAY, (19)

o €bar(A) A< A

where the sum is taken over all k-dimensional faces of A. Note that higher sedentary
k-faces don’t appear in the sum because S vanishes when pushed to these higher
sedentary faces (Fig. 5).

Description 2. Here we label the vertices of each o in the opposite order to the
description 1. That is the baricenters with the smaller numbers correspond to the
larger faces. Now the cycle ¢f Ny € C;’ﬁ?( (X; Zp41) is supported on the (g — k)-
skeleton of X.

Precisely, for every (¢ — k)-face A’ of A let war € Wy (A) denote the polyvector
corresponding to the integration along the chain AA/A Note that the faces oy 4 lie
in the (¢ — k)-faces of A. The polyvectors wy, , sum to was for those simplices
o € bar(A) whose faces oy give the same simplex in bar(A’). Then again from
the definition of the cap product we can write:

N Y Bao)= ) (b ABa)A, (20)

o €bar(A) A< A

where the sum is taken now over all (¢ — k)-dimensional faces of A.
It is straight forward to check that in both cases the resulting chain

PN Y. Bao)

A o€bar(A)

is a cycle.

Conjecture 1. Let X be a smooth compact tropical variety. Then for g > p
¢TPN I Hy(X; 7, ®R) - H,(X; #, QR)

is an isomorphism.
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We will prove the conjecture in the realizable case in Sect. 6.2 though we believe
that realizability assumption is not necessary. Certain amount of smoothness, on
the other hand, is essential. In the non-smooth case even the ranks of H,(X; F »)
and H,(X; .%,) may not agree. A simple example is provided by the nodal genus 2
curve (see Example 2).

The action of the eigenwave ¢ is trivial on straight tropical (p, p)-classes.

Theorem 1. Ify € H)'w"(X) then¢ Ny = 0.

Proof. Any vector parallel to a simplex o of a special tropical cycle turns to zero
after the wedge product with the volume element of ¢. O

6 Intermediate Jacobians

6.1 Tropical Tori

Let V be a g-dimensional real vector space containing two lattices I, I of
maximal rank, that is V' = I, ® R. Suppose we are given an isomorphism
Q : I — I,)*, which is symmetric if thought of as a bilinear form on V.

Definition 19. The torus J = V/I7 is the principally polarized tropical torus with
0 being its polarization. The tropical structure on J is given by the lattice I5. If, in
addition Q is positive definite, we say that J is an abelian variety.

Remark 3. The map Q : I1 — I3 provides an isomorphism of J = V/I with
the tropical torus V*/I*. The tropical structure on the latter is provided by the
lattice I'}*.

Remark 4. The above data (V, I, I3, Q) is equivalent to a non-degenerate real-
valued quadratic form Q on a free abelian group I = Z8. The other lattice I3 C
V := I't ® R is defined as the dual lattice to the image of I under the isomorphism
V — (V)* given by Q.

Let us take the free abelian group I'T = H,(X; %,) = Zf with p + ¢ = dim X,
and p < g. We define the tropical intermediate Jacobian as the torus above together
with a symmetric bilinear form Q on H,(X; %)).

The form Q is a certain intersection product on tropical cycles which we define
in two ways. The first definition is manifestly symmetric while the second definition
descends to homology. And then we show that the two definitions are equivalent.

Unfortunately we are not able to show in this paper that the form is non-
degenerate, though we believe that in the smooth and compact case this should be
true (cf. Conjecture 2).
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6.2 Intersection Product

Let X be a compact tropical space of dimension n. For a singular simplex o we
denote its relative interior by int(c’). We abuse the notation int(c’) to denote also its
image in X.

Definition 20. We say that a tropical chain ) f,0 € C,(X;.%,) is transversal to
the combinatorial stratification of X (or, simply, transversal) if for any simplex o
and any face t <; o we have

* int(t) meets strata of X only of dimension (n — k) and higher;
e if 7 lies in a sedentary stratum of X then f, is divisible by all corresponding
divisorial directions.

Definition 21. We say that two transversal tropical chains ) B,/0" € Cy/(X; F )
and ) Boro” € Cyr(X: . F,r) form a transversal pair if the following holds. For
every pair of simplices o’,0” from these chains and any choice of their faces
" < o/, < o, if the interiors int(z'), int(z”’) lie in the same stratum & then
int(t'), int(t") are transversal in the usual sense as smooth maps to &’

If a pair of simplices ¢’, ¢ from the transversal pair have non-empty intersection
then all three submanifolds ¢’,0”,0’ N ¢” are supported on the same maximal
stratum &,/n,~ of X (and on no smaller strata). The oriented triple o’,6”,0’ N o”
determines an integral volume element VOlgU, nor @S well as its dual volume form
Q... By transversality, 0’ N ¢” has dimension ¢’ 4+ ¢” — n. We can choose
a singular chain )_ 7 representing its relative fundamental class agreeing with the
orientation of ¢/ N ¢”.

Lety = Y Boo’ € Cy(X;.Zy) and y" = Y Boro” € Cpr(X;.Fpr) be a
transversal pair of tropical chains. We define the following bilinear product with
values in the cowave chains:

yl : )/// = Z Qe (Bor ANBor) T € Cq/-‘rq”—n (X; Wn_p/_p”). 21

tCo’'Na’”’

Remark 5. Note that y’ - y” has no support on infinite simplices t C ¢’/ N ¢” since
the divisorial directions in W% (t) divide both B,/ and By

Remark 6. Ifq'+¢q” <nor p’+ p” > ntheny’-y” = 0 for dimensional reasons.
In what follows we will tacitly assume this is not the case.

From now on we assume that X is a compact smooth tropical space. Our goal
will be to show that in this case the above product descends to homology.

First we show that we can deform all cycles to a transverse position. Since the
question is local we can work in a chart ¢, : U, — Y C TV. The next lemma says
that we can move a tropical cycle y off a face E of Y, if it intersects it in higher
than expected dimension, not changing it outside the open star St(E).
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Lemma3. Let y € C,(X,.#,) be a (singular) tropical cycle in a tropical
n-dimensional manifold X and let E be an l-face of Y in a chart ¢, : Uy, —
Y C TN. Then there exists a cycle y' =Y. By0 € Cy(X;.F,) homologous to y
and such that for any (q — k)-face t of a simplex o we have int(t) N E =@, i.e. T
is not supported on E whenever k + | < n. In addition, y' satisfies to the following
properties:

« YN (X~ (Ua NSUEY) = ¥ N (X ~ (Uy N SUE)),

* the chain'y — y' is the boundary of a tropical (¢ + 1)-chain supported in U, N
St(E),

o if E has positive sedentarity then any simplex o such that ¢ N E # @ has its
coefficient B, divisible by all divisorial vectors corresponding to E.

Proof. First let us consider the case when E is mobile. Working in a chart we can
assume Y is the Bergman fan for some loopless matroid M . Clearly, any matroid M
contains a uniform submatroid My C M of the same rank r (M) (by submatroid we
mean a subset with the restriction of the rank function). Thus, we have a sequence
My C --- C Mp1—r(my = M of submatroids of M such that M 1 is obtained from
M by adding one element €; ;. We may form a matroid H; of rank r(M;) — 1 by
setting a new rank function ry, on M, ry, (A) = ry(AUe€j41) — Lfor A C M;.
The fan Yy, ,, C RIM;| maps to the fan Yy, C RIM;I=1 by projection along the
coordinate Correspondmg to the element €; ;. If the matroid H; has loops this map

Yy

i Yy

is an isomorphism. Otherwise note that the Bergman fan Yy, is a subfan of Yy, .
Also we denote by Yz(lj “ the subfan of Yy, ,, containing only those cones whose
corresponding flags do not have two flats differing just by €; 1, see Fig. 6. Then

T 1 Y, g Yy, is a one-to-one map linear on the cones, cf. [11]. Indeed, t;
contracts precisely those cones of Yy, ., which are parallel to e, ;.

Y, is a complete fan in R"™)~! and the lemma is trivial since the coefficients
Fp, = AP 7'M~ are constant on all strata and we may deform y into a general
position (subdividing simplices in y if needed to keep the chain strata-compatible).
Inductively we suppose that the lemma holds for Yy, and the matroid H; is loopless
and then prove that the lemma holds for Yy, , .

We denote by St(e; ,,) the complement of Y, 1(4,+ in Y, . Itreally is the open
star of e; ., (in the coarsest face structure of Yy, ). Note that St(eej 1) = Y, xR

If E C St(ec;,,) we may use the inductive assumption for projections to Yp;
(it has smaller dimension) together with a deformation along a generic vector field
parallel toec, .

If E¢ St(e,,,), that is E is contained in YI{Ij-H we have dim(z;(E)) =
dim(E£) = [. Consider singular g-simplices from y with the interiors mapped to
St(E) and such that their closures intersect E. These simplices form a chain yg
which can be considered as a relative cycle modulo its boundary dy . We have dyzN
E = @. Furthermore, t;(dyg) is a (¢ — 1)-cycle in the (n — 1)-dimensional tropical
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=
N

2 3
M;

Fig. 6 The matroids M; 4, M; and H; and their corresponding fans. The fan Y, ,(,,j 4 is the
unshaded part of Yy, ;. The shaded part of Yy, ,, is St(ec; )

manifold Yy, . By induction on dimension we may assume that z; (dy£) N St(e, , )
can be deformed in Yy, to a cycle with simplices without faces of dimension larger
than ¢ — n + [ whose relative interiors are contained in E. As St(ee;,,) = Yu; xR
such deformation lifts to Y)y, , , and can be extended to a deformationof y in Y, .

By induction on j there exists a tropical chain b; € Cy41(Yy;; %)) such that
the relative interiors of k-faces of singular simplices of )/} = 0B; — t;(y) are
disjoint from E. This assumption holds for any face structure on Yy, , in particular

for the one compatible with Yy;. Then the relative interiors of all g-dimensional
simplices are disjoint from Yy, and we can form l;j € Cy+1(Yy, 3 7)) and )7]’ €
Cy+1(Ynm, ;7)) by applying tj_1|YMj\ij to b; and y}. Note that db; —y — ¥;
must have the coefficients vanishing under 7, even though generated from the facets
of Yj(lj e Such coefficients must be supported on St(ec, , ,) and thus we may apply
the same reasoning as in the case of £ C St(e; ).

Finally, let us now consider the sedentary case, that is let £ be a sedentarity s face
of Yy xT* withs = |I| > 0. Let §; be the divisorial vectors, and let V; := Aje/&;
denote the divisorial |J|-polyvector for each J C I. We will need to deform y to
¥’ so that no (¢ — s)-dimensional or smaller-dimensional face of a simplex ¢ in y’
meets Yy, x {—oo} (here {—oco} € T* is the point of sedentarity s). In Y3, x R/
the groups %, split into the direct sum @ ;% pj , where .% pj consists of elements
divisible by the polyvector V;, and no larger V;,. (The splitting is not canonical,
it depends on a chart). Accordingly, we have a decomposition y = ), -, ys into
cycles.
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If J # I, that is there exists j ¢ J, we may push y; from E with the help of
a vector field parallel to x;. Note that y; remains a cycle after such deformation as
&; is not present in the coefficients of y;. Thus by induction on sedentarity we may
assume J = I.

The cycle y; has coefficients in % ;’i{v ® V7, and hence can be interpreted as a

relative cycle modulo T/ = T' <~ R’ with coefficients in .# pY_MS (as V; vanishes
on AT’ and constant otherwise) and (T, T;) is homeomorphic to the pair R*~! x
(R>0, {0}) of a half-space and its boundary. Thus y; may be deformed to a product
(after simplicial subdivision) of the relative fundamental cycle in the s-dimensional
half-space with some (¢ — s)-dimensional singular cycle. In particular, £ will not
meet any codimension < s face of a g-simplex in a deformed cycle. O

Remark 7. Let ¥ = | J o be an integral polyhedral fan (with its cones o oriented).

Then using the inclusion homomorphisms (5) we can form the complex C k(p ) =
®dimo=k Fp(0). Incase X is a matroidal fan the statement of Lemma 3 is equivalent

to that the complex C.(p ) has only the highest homology.

Remark 8. When X is not smooth the statement of the Lemma is not true. For
example let X be a union of two 2-planes in R* intersecting in a point. Consider
an unframed path (that is cycle in C;(X; %) through the vertex which starts in one
plane and ends in the other plane. Any deformation of this path will still have to go
through the vertex.

Corollary 2. Let X be a tropical manifold. Then

1. Every class in H,(X; %) is represented by a transversal cycle.

2. Every pair of classes in Hy(X; %) and Hy(X; %) is represented by a
transversal pair of cycles.

3. If y{. v, are two cycles which represent the same class in Hy(X;.%,) and
both form transversal pairs with a cycle y" € Cg(X;.%,), then there is
b € Cy41(X:Fy) which form a transversal pair with y”, and such that
b=y -7

Proof. We may start from any tropical cycle and deform it to a transversal position
by applying Lemma 3 stratum by stratum starting from 0-dimensional faces and
then higher-dimensional strata. (Note that in a chart the open star of any face can
intersect only faces of higher dimension).

Suppose that we have two transversal cycles. Since any stratum & is a manifold
we can make interiors of faces of the simplices from these cycles transversal in &
by a small deformation with the help of the usual Sard’s theorem. In any chart this
deformation extends to a small deformation in St(&"). Making this procedure stratum
by stratum in the order of non-decreasing dimension we make any pair of cycles
transversal. A similar argument applies to the relative cycle in the last statement of
the corollary. O

If p’+ p” 4+ ¢’ +¢q” = 2n we can give a numerical value to the product y’-y"” by
integrating the (n — p’ — p”)-form 24, (B, A Bor) over the (¢’ +g” —n)-simplex .
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Indeed, since B, A B, is divisible by all divisorial directions corresponding to
sedentary faces of T = ¢’ N ¢”, the integration can be carried over in the quotient
space to those (infinite) coordinates, thus giving a finite answer. Thus we define

/)’/ : )’// = Z /-ch’r (Bor A Bor) € R. (22)

tCo’Na’”’

The most interesting case to us is when p’ + ¢’ = p” + ¢” = n. Assuming
q' + ¢” > n we can use the eigenwave action on one of the cycles in the pair to
make them of complementary dimensions, after which the integration becomes just
summing over the intersection points

v v") :=/V’-V”= Y 2B A B,

x€ly’|Nly”]

where ', B2 are the coefficients at ¢/, ¢ for their intersection points x € o’ N o”.

Proposition 14. Let y/ = Y By0’ € Cy(X;Fy) and y' = Y Boro” €
Cy1(X; F ) be a transversal pair of tropical cycles with p’ +q" = p”" +q" =n
andq' +q" = n. Letk == q' — p”" = q" — p' > 0. Then

(¢k n )’/, y//) — /yl . )///-

Proof. First we need a representative of the cycle ¢ N y’ such that it still forms
a transversal pair with y”. We fix first and second baricentric subdivisions of the
simplices ¢’ in y’. Then by transversality of y” we can assume that the intersection
of each ¢’ with y” is supported on the star skeleton of ¢’. That is 6’ N|y”| consists of
the k-simplices of the first baricentric subdivision of ¢’ spanned by the baricenters
of the ¢’ — k, ..., q’-dimensional faces t of ¢’. We label the k-simplices in the first
baricentric subdivision of ¢’ by the flags of its faces (7o < - -+ < 7).

Then the result of the wave action (19) from Description 1 on B,/0” gives the
following chain (see Fig. 7)

——
D Wresne A Bo)(T0 < o+ < ).

70 < <Tg

where wyy<..<, € Wi(A,-) is the polyvector associated to the simplex (tp < - -+ <
—

7 ), and (tp < --- < 7¢) is its star dual in the second baricentric subdivision (cf.
definition in Sect. 5.2). When intersected with y” only the simplices (o < -+ < T¢)
with maximal dimensional flags enter and we see that the result coincides with the
definition of [y’ -y”. |

Proposition 15. Let X be smooth. Then the intersection product { , ) on cycles
descends to a pairing on homology Hy(X; %,) ® H,(X; #,) — R.
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Fig. 7 Intersection in ¢’:
[y (in red), |¢* N y’| (in
blue)

Proof. Suppose that we have two homologous cycles y; € Cy(X;.%,) and y; €
Cy(X:;.Z,). Let b € Cyy1(X;.Z,) be the connecting chain, i.e. b = y| — ).
According to Corollary 2 we can assume that each of the three y{, yﬁ, b forms a
transversal pair with a cycle y” € C,(X; %,).

It is clear that d(b - y”) coincides with the y| - " — y, - y” on the interiors of
the maximal strata of X. Thus it is enough to show that 4 - y” has no boundary on
codimension 1 mobile strata of X (according to Lemma 3 the intersection has no
support on infinite simplices). This is local so we can work in a chart ¢, : U, —
Y C TV.

Let E be a codimension 1 face of Y and let Dy, ..., Dj be the adjacent facets at
E.Wechoose vy, ..., v, the corresponding primitive vectors such that Zf; wvi=0
(not just modulo the span of E). Let x be a point in the relative interior of E where
b intersects y”, and let 7y, . . ., 7 be the intervals in the support of b - y” adjacent to
x. Each t; lies in D;. Let B8] € .%,(D;) and B! € .%,(D;) be the coefficients of the
simplices of b and of y”, respectively, which intersect at the 7;.

Since y” is a cycle, we have ), B = 0. We can write each

N
where @ € W,_1(E) and o € W,(E).

Recall that our tropical space X is smooth. In particular, this means that the fan
at £ modulo linear span of E is matroidal. That is, Zﬁ;l v; = 0 is the only linear
relation among the v;’s. This together with ), B = 0 implies that

k
Za;’ =0 and @af =---=a =:a".
i=1
Similarly, ), B/ = 0 since db cannot have support at x. Hence we can write

Bl =vi NG +al,
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with ) ol =0,/ € W,(E) and &’ € W,_;(E). Note that in the product

BinB = @wind +ae)Aind +a)=vi A@Aa +a Aa")
only the cross terms survive. Now we are ready to evaluate (b - y”') at x:

Yo Quin@ Ao e nd)] =) 2a@ nef ol AT
i i

= Q@AY o +> aj Ad") =0.

|

Finally we restrict to the case when both y’, y” are cycles in C,(X;.%#,) with
p+q =n.Theny'-y” = y” -y’ Indeed, assuming the orientation of 7 is chosen,
taking the product in the opposite order will result in the change of sign of the
volume form §2¢, according to the parity of p. On the other hand this parity will
also affect the coefficients product: B’ A 8”7 = (—1)?8” A B/, both effects cancel in
5. (B A B”). This observation combined with Propositions 14 and 15 lead to the
final statement.

Theorem 2. Let X be compact and smooth. The product on cycles (22) descends
to a symmetric bilinear form on Hy(X; %,) for any p + q = n.

Conjecture 2. This form is non-degenerate.

Appendix: Konstruktor and the Eigenwave Action
in the Realizable Case

Tropical Limit and the Steenbrink—Illusie Spectral Sequence

Suppose X is the tropical limit of a complex projective one-parameter degeneration
Z — A*. Then X is naturally polyhedral. We assume also that X is smooth. In
this case the refined stable reduction theorem [7] allows us assume the following
(see details in [6]).

* X is unimodularly triangulated. This means that the finite cells are unimodular
simplices and the infinite cells are products of unimodular simplices and
unimodular cones spanned by the divisorial vectors.

* The finite part of X is identified with the dual Clemens complex of the
degeneration with simple normal crossing central fiber Z = UZ,. This means
that the components of Z are labelled by vertices of zero sedentarity and their
intersections Zy, N -+ N Zy, =: Z, are labelled by (finite) simplices A =
{ap...ax} of X of zero sedentarity.
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Theorem 3. Let X be a realizable smooth projective tropical variety. Then for
qzp

¢q_p:Hq(X;yp)@)Q_)Hp(X;yq)@@

is an isomorphism.

In this algebraic setting the eigenwave itself is an integral class in H'(X; #})
(recall that W carries a natural lattice). Hence in the statement we can avoid
tensoring the tropical homology groups with R. However its proof relies on the
isomorphism in Theorem 4 which we can assert only over Q. Although we believe
that the theorem remains true over Z its proof may be more delicate.

We will prove the theorem by comparing the eigenwave action with the classical
monodromy action T : Hp(X,,Q) — Hi(X;,Q), where X, is a general fiber
in Z". The idea that the monodromy can be represented by a cap product with
certain cohomology class appeared before in the Calabi-Yau case. The second
author [12] proved a related conjecture of Gross [3] that for toric hypersurfaces the
monodromy can be described as the fiber-wise rotation by a natural section of the
SYZ fibration. Later Gross and Siebert ([4], Sect. 5.1) explored the relation between
the monodromy and the cap product in the logarithmic setting.

Notations:

e A or A’ will always denote a finite face of X of sedentarity 0, in particular, a
simplex.

o Hy(A)[-r] = Hy(Z4,Q), Tate twisted by [—r, —r].

o Hy(k)[—r] = &Hy(A)[—r], where A runs over all k-simplices in X as above.

First we recall the classical spectral sequence which calculates the limiting mixed
Hodge structure of the family 2" (see, e.g. [10], Chap. 11). This spectral sequence
(from now on referred to as the Steenbrink-Illusie’s, or SI for short) has the first
term

Elvy= P Hipr2@i—nlr—il.

i>max{0,r}

and it degenerates at £, abutting to homology of the smooth fiber X, of 2 with the
monodromy weight filtration.

Since all strata in Z are blow ups of projective spaces, the odd rows in
Steenbrink-Illusie’s E' vanish. Removing those and making shifts in the even rows
we relabel the terms by

E),=E) ,,,= P HyauQi+p-glg—p-il

i >max{0,g—p}
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The first differential d = d’ 4 d” consists of the map d’ induced by strata inclusion
and the Gysin map d”:

d": Hy(k)[-r] = Hy(k — 1)[-r]
" Hy(k)[-r] = Hy—(k + 1)[—r —1].

For reader’s convenience we write the beginning of the £ term:

Ho(4)[—4]
d_ Hy(4)[-3]
Ho(3)[-3] = o
Ho(4)[-2]
oy d_ H(B)[-2] _a -
Ho(2)[-2] DHy(1)[~1] @é&({?(%) !

Ho(1)[—1] =— S
o= SH(0) BH (1) BH(2)
d d d d
Hy(0) Hy(1) Hy(2) Hy(3) Hy(4)
The monodromy operator v = 2— log T acts along the diagonals by the Tate twist

isomorphism Hy; (k)[—r] — Hy;(k)[—r — 1] or by 0 if the corresponding group is
missing (cf. [10], Chap. 11).

Propellers

Next we will give a combinatorial description of the SI groups and the differential
in terms of propellers—the “local tropical cycles” in X .
Some more notations:

e Recall that A, A’, A” always denote finite faces of X of sedentarity 0.

e We write A <, A" or A’ > A, if Ais aface of A’ of codimension k.

* Link;(A) consists of sets § = {q1,...,q:} where each ¢; is either a vertex or a
divisorial vector, such that the vertices of A together with elements of ¢ span a
face (infinite, in case g contains divisorial vectors) adjacent to A of dimension /



344 G. Mikhalkin and 1. Zharkov

higher. We denote the corresponding face by {Ag} and often drop the brackets
from the notation (e.g., as below) when they become cumbersome.
. Link([)(A) C Link;(A) consists of those sets § = {qi,...,q;} where g; are
allowed to be only vertices (not the divisorial vectors). In this case {Ag} is finite.
* Vol,; is the integral volume element in the (oriented) face {Ag}.

Let A be an oriented finite cell of sedentarity 0. One can naturally identify
(see [6] for details) the homology groups Hy(A) with the space of local tropical
relative [-cycles around A. That is, we consider formal Q-linear combinations

> p{Ag)

GELink; (A)

of (possibly infinite) cells {Ag} >; A which are balanced along A. We call these
local cycles propellers and abusing the notation we continue denoting this group by
H; (A) (there is no Tate twist however).

Then one can identify the Gysin map d” : Hy(A) — Hy—»(A’) with the
restriction of the propeller to a consistently oriented finite simplex A" >; A. Put
together

d"C Y ppAdh = Y. (Y. pitAgi)). (23)

g€Link; (4) g€Link)(4) 7€Link;—1(4q)

The inclusion map d’ : Hy (A) — Hy(A'), where A’ = A ~ v is consistently
oriented facet of A, is somewhat more tricky. Let ¢ =} -ciiu(a) P71AG} be
an element in Hy(A). For any g € Link;(A) let {A’'G} = {Ag ~ v} be the
corresponding cell containing A’. Then the image of d’c in Hy (A’) will be

Yo A+ Y. AR, 24)

G€Link; (A) FeLink;_; (4)

where the coefficients p,; € Q are chosen to make the result balanced along A'.
There is always a unique such choice (cf. [6]), namely, the p,; can be read off from
the balancing condition for ¢ along {Ar}:

—_— —_—
> pr(A'q) + pir(AV) =0 mod {A'F, (25)
q

—
where (A’q) means the divisorial vector ¢, or the vector from any vertex of A’ to ¢

(well defined mod A') if ¢ is a vertex, and same for (A—/vs

From now on we will not distinguish between the classical geometric Steenbrink-
Illusie E; complex and its interpretation via complex of propellers. One of the main
results in [6] is the following statement.

Theorem 4 ([6]). E2, =~ H,(X:.7,) ® Q.
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Konstruktor

Now we provide another realization of the Steenbrink-Illusie’s £| complex in terms
of specific tropical simplicial chains. The collection of these chains which we call
konstruktor forms a subcomplex of C2"(X,.%,), and we can refer to Theorem 4 to
see that the inclusion is a quasi-isomorphism. A wonderful feature of the konstruktor
is that the eigenwave acts on its elements precisely as the monodromy operator v
acts on the terms in the Steenbrink-Illusie’s E.

Let us fix the first baricentric subdivision of X . We elaborate a little bit on already
used notation of the dual cell.

* For a pair A > A’ of finite simplices of sedentarity O in X, and § € Link;(A)
we let A/Ag denote the dual cell to A’ in the face {Ag} of X, that is the union of
all simplices in the baricentric subdivision containing baricenters of both A" and
{Ag}. R

e In the summation formulae to follow we assume the terms with A/Aé are not
present if A’ is not a zero sedentarity finite face of {Ag}.

Let A be a finite k-simplex of sedentarity O in X, and r < k a non-negative
integer. To any propeller, that is a local tropical /-cycle

c= Y p{AgG} e Hy(4)
g€Link; (A)

we associate a simplicial chain ¢[—r] € C ]fi’l_ (X, Z14,) as follows (note that ¢[0]
now has other meaning than just ¢):

c-rl= > > (pzVolug) Al

GeLink (A) A'<A
dim A’=r

The orientation of A/A- is consistent with the original orientation of A and the choice
of the volume element Vol /3. Clearly for each r between 0 and k the map

O=r]: Ha (k) — C_ (X, Fier)

is an injective group homomorphism. We denote its image in C]fi’,_r (X, Z14+) by
K (k)[—r].

Definition 22. The konstruktor is the subgroup of C"(X,.%,) generated by the
K;(k)[—r] for all k, [ and r . Note that K;(k)[—r] intersect trivially for different
triples k, [, r.

Next we want to show that for each p the &, K, (e — p + 2r)[—r] is
indeed a subcomplex of C2(X,.%,) isomorphic to the SI complex E l"p . This
follows at once from comparing the SI differentials d = d’ + d"” with the simplicial
boundary 0.
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Proposition 16. d(c[—r]) = (d’c)[-r] + (d"c)[—r — 1].

Proof. For the proof we need two linear algebra identities. Let ¢’,0” be two
opposite faces in a unimodular simplex o = {o’0”}. Then one has

Z Vol,/r» = Volgr A Volgr = Z Vol,/g7,

<0 /<0’

where, say, the left equality easily follows from the case when o’ is a vertex. Here
all 7/ are oriented consistently with ¢’, and all t”” with o”. We will need this identity
in the form

Y Volwg= Y Volage. (26)

A'<1A g€Link?(4)

where A is a finite simplex and ¢ € Link;(A). Note that the divisorial vectors
(if any) in g just multiply both sides of the identity for finite simplices.

The second identity involves a relation among the balancing coefficients p,; from
(24) for ¢ = )" pz{Ag}. One can show (cf. [6]) that they satisfy a refined version
of (25). Namely, for A" < A < {Ag} we have

/ / =
Do+ Y pi(AV) =0  mod {AF)
q VEANA

for faces A’ < A of codimension possibly higher than 1. Multiplying the above by
Vol /7 we arrive at

Z Pqr VOlA’qf = - Z Pvi VO]A’W_" . (27)
g€Link; (4) veA~A'

Now we are ready to proof the proposition. Let ¢ = Y pz{Ag}, then we can
write

cl=rl= > (pz Volug)Al,.
A/<k_rA
g€Link; (A)

The topological boundary of each cell A’, p consists of two types:

* Type L: cells in the form A7, for faces A” »; A’ of {Ag}. If the cell A/,
includes divisorial directions then its coefficient Vol,/; in ¢[—r] is divisible by
all divisorial vectors. Hence the type 1 part of the boundary d(c[—r]) is, in fact,
supported on the faces A’ for finite A”. Thus A’} in the formulae below make
sense.

* Type 2: cells in the form A’ G where v is a vertex or a divisorial vector in {Ag}
which is not in A’
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Fig.8 d = d’' +d” : Hy(1) > H,(0) & Hy(2)[—1] (Framing coefficient vectors are not to
scale)

Next we show that these two boundary types endowed with the framing correspond
to the d” and d’ differentials in the SI complex, respectively, see Fig. 8.
Boundary of type 1:

Z Z(p‘? VO]A/(}){Z\/(]}At} + Z Z (pg VOlA’é)AAZq

Aq q€q qg A'=<147<A
Al Al
= E E (g7 Volari) Alp 7 + E (pgi Volar) | Apuz
qeLink)(4) | 47 <4q, A" 4A _ A=A
F€Link;—1 (Aq) r€Link;—1(Aq)

Y (e Volun) A,

geLink)(4)  A"<Aq
r€Link;—1(Aq)

Here in the second summand we used the identity (26) for the pair A’ < A”§. From
(23) one can easily see that this coincides with (d”¢)[—r — 1]._

Boundary of type 2:
Z Z (pgr Volegr) Alpz + Z Z (g VOlA'l?)A/Az}\v
g€Link; (A) A <A VEA A'<A~v
FeLink;—; (4) g€Link; (4)

= E E (,OWT VOltv;)AA/A; + E (,Oq VOltq)A/Ag\v
veA  \FeLink;—;(4) GeLink; (4)
A< A~y

Here in the first summand we used the identity (27) for each A’ F with the sign
compensated by the orientation of A’,; and the choice of Vol,,7. Taking the sum of
(24) over all vertices v € A we easily identify the last expression with (d'c)[—r].

|

Combining the above proposition with Theorem 4 we can conclude that the
konstruktor complex can be used to calculate the tropical homology groups
Hy(X;.7,):



348 G. Mikhalkin and 1. Zharkov

Corollary 3. The inclusion of the konstruktor ®,K,_, (e — p + 2r)[—r] into the
complex C2" (X ; F,) is a quasi-isomorphism for each p.

Finally, since all infinite cells in the konstruktor chains have coefficients divisible
by the divisorial directions we can use the explicit description (17) of the eigenwave
action on it. Then unveiling the konstruktor definition we arrive at the following.

Proposition 17. For any ¢ € Hy(A) one has ¢ N (c[—r]) = c[-r —1].

Now we can combine all above observations to prove the claimed isomorphism
TP Hy(X; Fp) - Hpy (X Fy).

Proof (Proof of Theorem 3). The cap product action of the eigenwave ¢4~ 7 on the
homology H, (X, F ») can be induced from its action on the konstruktor, which is
a simplicial chain subcomplex. But it agrees there with the classical action of the
monodromy v?~7 on the E; term of the SI spectral sequence. On the other hand it is
well known that the v¢~7 induces an isomorphism on the associated graded pieces
with respect to the monodromy weight filtration on H,,(X;), which are calculated
on the E, term of the SI spectral sequence. O
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Notes on a New Construction of Hyperkahler
Metrics

Andrew Neitzke

Abstract 1 briefly review a new construction of hyperkahler metrics on total spaces
of complex integrable systems, which we described in joint work with Davide
Gaiotto and Greg Moore. The key ingredient in the construction is a collection of
integers which govern “quantum corrections” to the metric, and which obey the
wall-crossing formula of Kontsevich and Soibelman. The construction is not yet
mathematically rigorous; I discuss some of what would be required to make it so.

1 Overview

In joint work with Davide Gaiotto and Greg Moore [1] we recently proposed
a new connection between hyperkihler geometry and the counting of BPS states
in supersymmetric field theory. While the story is motivated by physics, it leads to
a concrete new recipe for constructing complete hyperkihler metrics on the total
spaces of certain complex integrable systems.

The aim of this note is briefly to describe what this recipe is, and to comment on
some of the issues involved in converting it into an actual theorem.

Let us briefly describe some of the highlights.

e We begin with a collection of “integrable system data” described in Sect. 2.1
below. These data include a complex manifold & containing a divisor D. For
example, Z could be the complex plane, and D some collection of points. The
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352 A. Neitzke

data also include a local system of lattices I" over ' = % \ D, from which
we build a 2r-torus bundle .#’ over %', with nontrivial monodromy around
D. Finally, we have a “central charge” homomorphism Z : I' — C, varying
holomorphically over #’. From these data we build a simple explicit hyperkéhler
metric gSf on .#’. However, the metric gSf is incomplete, and our main interest
is in complete metrics.

 Naively we might hope to complete g* by adding some degenerate torus fibers
over D, thus extending .#’ to .#4 O .#’, in such a way that g** will extend
to ./ . However, it seems that this is impossible: roughly speaking, g% is too
homogeneous to have such an extension. Instead, we construct a new metric g on
', which differs from g*f by certain “quantum corrections.”

e The quantum corrections are obtained by solving a certain explicit integral
equation, (21) below. The main new ingredient in this equation is a set of integer
“invariants” £2(y), which should be examples of generalized Donaldson—Thomas
invariants in the sense of [2, 3]. In particular, the Kontsevich—Soibelman
wall-crossing formula for generalized Donaldson—Thomas invariants, as written
in [2], plays an important role in the construction. Indeed the original motivation
for this construction was an attempt to understand the physical meaning of the
formula of [2].

 Both the metrics g*' and g depend on a real parameter R > 0; in the limit as
R — o0, the torus fibers of .#" collapse, in either metric. The corrections g — gSf
are exponentially suppressed in R when we are away from D: so as R — oo,
g looks very close to g* except in a small neighborhood of the singular fibers.
Near the singular fibers the quantum corrections become large, and in particular
we expect that the corrected g can be extended over the singular fibers.

This description of g near the R — oo limit should be thought of as an
example of a more general picture of the geometry of Calabi—Yau manifolds
near their large complex structure limit, proposed by Gross—Wilson [4],
Kontsevich—Soibelman [5] and Todorov, motivated by the Strominger—Yau—Zaslow
picture of mirror symmetry [6].

* In many examples where our recipe can be applied, it turns out that the
hyperkéhler metrics in question were already known to exist. The example we
have studied in most detail is that of rank-2 Hitchin systems with semisimple
ramification [7]. We briefly describe that example in Sect. 9 below.

* Our recipe has not really been tested so far, in the sense that nobody has tried hard
to use it to get new explicit information about interesting hyperkihler metrics. We
believe that this should be possible: at the very least it should be possible to get
a precise asymptotic series for g as R — oo.

I thank Cesar Garza, Tom Sutherland, and the anonymous referee for very useful
comments and for correcting several errors in an earlier draft of this note.
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2 Integrable System Data

2.1 Data

Our construction begins with the following data:

Data 1: A complex manifold 4, of dimension r (“Coulomb branch”).

Data2: A divisor D C % (“discriminant locus™). Let 4 = % \ D
(“smooth locus™). We use u to denote a general point of %’.

Data 3a: A local system I, over %', with fiber a rank-2r lattice, equipped
with a nondegenerate antisymmetric integer-valued pairing (, ).
Abusing notation we will also use (, ) to denote the inverse pairing
on Fg* (not necessarily integer-valued.)

Data 3b: A fixed lattice [t (possibly trivial). We sometimes think of [} as the
fiber of a trivial local system of lattices over %'.

Data 3c: A local system I” of lattices over %', given as an extension

0—>Tt—> T — I, —>0. 1)

The pairing (, ) on I'; induces one on I" which we also denote (, ).
The radical of this pairing is [F.

Data4: A homomorphism Z : I’ — C, varying holomorphically over
%' . For any local section y of I we thus get a local holomorphic
function Z, on #'.

Data5: A homomorphism 6;: [t — R/27Z.
These data are subject to several conditions:

Condition 1: Z,, is a constant function on %’ for any y; € [%. (As a
consequence, the I"*-valued 1-form dZ actually descends to
Fg*; we use this in formulating Condition 2.)
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Condition 2: (dZ AdZ) = 0.

Condition 3: For any u € #’', the dZ,, (u) span I, #'.

2.2 Integrable System

The above data are enough to determine an incomplete complex integrable system,
i.e. a holomorphic symplectic manifold .#” which is a fibration over a complex base
manifold ', with fibers complex Lagrangian tori. We now describe .#".

For any fiber I, of I, let {T' C har, (I, 6¢) be the set of twisted unitary characters
of I,,i.e. maps 6 : I, - R/2x7Z obeying

0, + 6, = 0pyy + (. ¥'), )

agreeing with 6¢ when restricted to I't C I',. TChar, (T, 6) is topologically a torus
(S")?". Letting u vary, the TChar, (I, 6f) are the fibers of a torus bundle .#" over
Z'. Any local section y of I" then gives a function “evaluation on y,”

0, : . #4 — R/21Z. 3)

These are the angular coordinates on the torus fibers of .7 .
Now we want to construct the complex structure and holomorphic symplectic
form on .. For this purpose note that we have canonical functions

Z,: M —C, “)

pulled back from the base #'. Differentiating gives a collection of 1-forms d6, and
dZ, on.# ', which are linear in y and vanish for y € I}, and hence can be organized
into Fg*-valued 1-forms df and dZ. Then define the complex 2-form

Lz  do). 5)

wy = ——
2

There is a unique complex structure on .#’ for which w4 is of type (2,0). We call
this complex structure J(¢ = 0), for a reason which will emerge momentarily.

The two-form w4 gives a holomorphic symplectic structure on (.#’, J({ = 0)).
With respect to this structure, the projection 7 : .#’ — 9’ is holomorphic, and the
torus fibers .#/ = 7! (u) are compact complex Lagrangian submanifolds.
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2.3 Alffine Structures

Although we do not use it explicitly in the rest of this note, it may be useful to
mention that our data determine an S! worth of (symplectic) affine structures on
' . Fix some ¥ € R/2xZ. Then pick a patch U C %’ on which I, admits a basis
of local sections, y1, ..., y2r, in which (,) is the standard symplectic pairing. Also
choose a local splitting p : I, — I" of (1). Then the functions

fi = Re(€” Zyy) (6)

are local coordinates on U (possibly after shrinking U'). The transition functions on
overlaps U N U’ are valued in Sp(2r, Z) x R?" (the Sp(2r, Z) part comes from the
choice of basis of I', the R* from the choice of splitting p.)

3 Semiflat Hyperkihler Metric

We now impose one more condition. Recall that a positive 2-form w on a complex
manifold is a real 2-form for which w(v, Jv) > 0 for all real tangent vectors v.

Condition 4: (dZ A dZ) is a positive 2-form on %'

3.1 Semiflat Metric

Fix R € Ry. ./ carries a canonical 2-form,

o)l = g(dZ AdZ) — do A do). @)

872R (
This form is of type (1, 1) in complex structure J(¢ = 0) and positive. So the triple
(A", J(& = 0),ws) determine a Kéhler metric g% on .#’. In fact this metric is
hyperkihler. As far as I know, the first place where this was shown is in [8] (albeit in
somewhat different notation); see also [9] for a more modern account. Alternatively,
though, the hyperkéhler property is a consequence of the twistorial construction of
the metric which we will give below.

The superscript * stands for “semi-flat”: this terminology first appeared in [4],
where it was used to refer to an important special case introduced in [10]. The reason
for the name is that g*' is flat when restricted to any torus fiber .#/, and .#, has half
the dimension of .Z".
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3.2 Twistorial Description of the Semiflat Metric

Let us now describe a different, “twistorial” way of constructing the metric g*';
this alternative description is what we will generalize in our construction of the
quantum-corrected metric g below.

Any hyperkihler metric on a manifold .#’ determines—and is determined by—a
collection of holomorphic symplectic structures (', J({), w ({)) labeled by ¢ €
CP!. In the general theory of hyperkihler manifolds all ¢ are on the same footing.
However, for the hyperkihler manifolds we are describing in this note, the points
¢{ = 0 and { = oo will play a distinguished role. It is then convenient to expand

w () as
() = s + 03— LOF ®)

where w4, w3 are respectively the holomorphic symplectic form and Kihler form,
both relative to the complex structure J({ = 0).

In the particular case of the hyperkihler metric g*f, we have written these 2-forms
explicitly above in (5) and (7). We will now give an alternative description of the
holomorphic symplectic forms = (¢) corresponding to g*, roughly by exhibiting
explicit holomorphic Darboux coordinates.

Let T, denote the complex torus of twisted complex characters of I',. T, has
canonical C*-valued functions X,, (y € I,) obeying

X, Xy = (=D"X, 4, ©)
and a Poisson structure
{XysXy/} = (7 V/>Xy+y/- (10)
The T, glue together into a local system over %’ with fiber a complex Poisson torus.
Let T denote the pullback of this local system to .Z".
Now we consider a section .2"*" of T, depending on an auxiliary parameter ¢ €
C*. Locally this just means a collection of “coordinate” functions

230 M x C — C* (11)

(defined by %y‘“f = (2°)*X,, with y a local section of I"). We often write these

functions as %ySf(C), leaving the .#’ dependence implicit. .275'(¢) is given by a
simple closed formula:

218 = exp [NR% +i6, + ”szy} : a2
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Now a direct computation shows'

0(0) = oy (dlog 2°(0) A dlog 2°(0)). (13)

So the E‘J}ff({‘ ) are “holomorphic Darboux coordinates” on .#’, determining the
holomorphic symplectic structures for all { € C*, and hence the hyperkéhler metric
g*". In short: knowing the functions Ez“f;f(f ) is equivalent to knowing the hyperkdhler
metric g,

A global way of thinking about this construction is to say that for each { €
C* we pull back the structure of holomorphic Poisson manifold from T to .#’,
using the section .2°%'(¢) of T.> After pullback the Poisson structure is actually
nondegenerate, i.e. it arises from a holomorphic symplectic structure.

4 Instanton Corrections to .2~

We explained above how the semiflat section 2 can be used to construct the
holomorphic-symplectic forms @ (¢) corresponding to the semiflat metric g*f. We
now want to construct a new, “quantum-corrected” section 2. In the next section
we will use 2 to build a quantum-corrected metric g.

4.1 BPS Degeneracies and Riemann—Hilbert Problem

The key new ingredient determining the quantum corrections is:
Data 6: A function 2 : ' — Z.

For each local section y of I' this gives a locally defined integer-valued
function §2(y) on £#'. I emphasize that £2 is not required to be continuous: indeed
Condition 7 below will imply that it is generally not continuous, but jumps in
a specific way (governed by the Kontsevich—Soibelman wall-crossing formula) at
real-codimension-1 loci in #'.

Note that this computation uses Condition 2, the fact (dZ A dZ) = 0—if we did not impose
this condition, then computing the right side of (13) would produce a term {(dZ A dZ)/¢?, which
would not match the form of w*'(¢).

20f course T is a local system of tori, not a single torus, so the last sentence does not strictly make

sense; but locally we can view .2 (¢) as a map into the space of local flat sections of 7', which is
a single holomorphic Poisson torus.
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£2 should obey a simple parity-invariance condition:
Condition 5: 2(y;u) = 2(—y;u).

We can now formulate the key ingredient in our construction, a certain
Riemann—Hilbert problem. We need a little notation. Any y € I, gives a birational
Poisson automorphism 7, of 7, defined by

K Xy =Xy (1= X)), (14)

Jy, and %, commute if and only if (y,y’) = 0. Define a ray associated to each
y E El,

() = Z, (w)R_. (15)

Then to each ray £ running from the origin to infinity in the ¢-plane, associate a
certain birational Poisson automorphism of 7, (first written down in [2]),

Sew := [ #4°"". (16)

yily ()=t

We call the ¢ for which S¢(x) # 1 “BPS rays.” Finally, we define an
antiholomorphic involution p of 7, by

X, =X_,. (17)

Now we can formulate the Riemann-Hilbert problem. Fix u € %'. We
seek a map

X MyxC* - T, (18)

with the following properties:
1. 2 depends piecewise-holomorphically on { € C*, with discontinuities only at
the rays £, (u) for y € I, with 2(y;u) # 0.
2. The limits 2°* of 2" as ¢ approaches any ray £ from both sides exist and are
related by
Xt =8"o2". (19)
3. 2 obeys the reality condition
2 (=1/8) = p* 2 ). (20)

4. For any y, lim; ¢ £, (é‘)/%ff(é‘) exists and is real.
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We expect that the 2~ with these properties should be unique if it exists, by
analogy with what is known for similar Riemann—Hilbert problems appearing in
[11,12].

4.2 Solving the Riemann—Hilbert Problem

To find a solution of these conditions we contemplate the integral equation

| | dé—/ é—/ +¢
2,0 = 25, e 200 | e
y(x,0) y (x, &) exp 4i ; (sl )/)/[y/(u) ¢ =t

x log(1 = %, (x.¢) | . (21)

For any fixed x € .#’, (21) is a functional equation for the functions Zy(x,)
C* — C*. We claim that if we find a collection of functions 2, obeying this
equation, they are a solution of our Riemann—Hilbert problem (in other words they
obey the 4 conditions set out in the last section).

A natural way to try to produce a solution of (21) is by iteration, beginning with
2 = 25" In [1] we sketch a proof that this iteration indeed converges for large
enough R, to the unique solution of (21), under “reasonable” growth conditions on
the £2(y; u) (stated more precisely in [1]):

Condition 6: $2(y;u) does not grow too quickly as a function of y for fixed u.

Let us make a few remarks about this:

* This approach to the Riemann—Hilbert problem was inspired by the treatment
of a similar problem in [11, 12]. At least morally speaking, ours is an
infinite-dimensional version of the one discussed there, with the group GL(K, R)
replaced by the group of symplectomorphisms of the torus 7.

e Our arguments are not strong enough to give uniform convergence of the iteration
as we vary u, since §2(y;u) and Z, (1) depend on u; in particular, the correct
notion of “large enough R” may depend on u. Roughly speaking, the speed of
the convergence is set by the largest e ~27RlZy ! for which £2(y;u) # 0.

* We did not give a complete proof that the 2, obey our asymptotic Condi-
tion 4; we expect though that it should be possible to prove it directly, at least for
large enough values of the parameter R, along similar lines to what was discussed
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in [11,12]. Essentially the idea is that for large R the integrals in (21) have a finite
limit as { — 0: this is easy to check directly if we replace 2" by 2", and we
expect that this property should be preserved by the iteration.

* The Z, are “quantum-corrected” versions of the original functions E‘J},Sf. As with
the 2, the 2;, can be thought of as 2}, = 2"* X, for some section 2 of the
complex torus bundle T'.

4.2.1 Sums Over Trees

We also give a formula for a solution Z, of (21) as a sum over certain iterated
integrals, as follows. (It is not clear at the moment whether this sum actually
converges or gives instead only an asymptotic series.)

We first introduce QQ-valued invariants related to the £2(y) by a “multi-cover
formula” [2],

ey =3 2 (22)

n2
n=1

(Here we take £2(y/n) = 0 by definition whenever n does not divide y.) We

consider rooted trees, with edges labeled by pairs (i, j) (where i is the node closer

to the root), and each node decorated by some y; € I'. Let .7 denote such a tree.

Define a weight attached to .7 by

(T) = — [T con I (v (23)

| Aut(7)] i €Nodes(.7) (.j)€Edges(7)

Let y & denote the decoration at the root node of 7. We define a function ¥+ (x, {)

on (a patch of) . inductively as follows: deleting the root node from .7 leaves
behind a set of trees .7, and

1 ¢’ +¢

Gr(x,§) = — —

dri Jy,, § T =¢

%-YS; (x, é-/) Hg% (x, é./) (24)

Then a formal solution of (21) can be given as

2y(x,8) = 27 (x, §) exp [Z(% v7)e(T)97 (x, 5)} : (25)

g
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4.3 Wall-Crossing Formula

Define the “locus of marginal stability” by

W = {u: Iy, yo with 2(y1;u) # 0, 2(y2u) #0,Z,,(w)/Z,,(u) € Ry} C A
(26)

This W is a union of countably many components (“walls”) each of which has real
codimension 1 in %'. For our construction to work, the integers §2(y; ) must jump
as u crosses any of these walls. More precisely, they must jump in accordance with
the celebrated wall-crossing formula of Kontsevich and Soibelman [2]. We now
describe this formula, essentially following [2], with a few slight adaptations to our
context.

Let V be a strictly convex cone in C with apex at the origin. Then for any u ¢ W,
define

Avwy =[] #4270 =T]Sew, 27

v:Zy(u)eV v

where the product is taken in order of increasing arg Z, (u). Ay (u) is a birational
Poisson automorphism of 7,..> Knowing Ay (u) is sufficient to determine the $2(y; u)
for y with Z,(u) € V; thus we can think of Ay (u) as a sophisticated kind of
generating function.

Define a V—good path to be a path p C %’ along which there is no point # with
Z,(u) € 0V and £2(y;u) # 0. (So as we travel along a V' —good path, no BPS rays
enter or exit V'.)

Condition 7: If u and v are the endpoints of a V—good path p, then Ay (u)
and Ay («') are related by parallel transport in 7' along p.

Condition 7 is essentially the wall-crossing formula of Kontsevich and
Soibelman [2]. It is strong enough to determine all §2(y;u), if we have Data
1-4 and also know the £2(y;ug) for some fixed ug. In fact, at first sight it might
seem to imply simply that §2(y; u) are locally constant functions of u on %’. This is
almost right: what it actually implies is that £2(y; u) are locally constant functions
of u on %' \ W. The point is that when u hits W the order of the factors in the
product (27) is changed; as a result, for Ay to remain constant, the individual factors
must in general also change. In other words, the £2(y; u) must jump.

3This statement needs a little amplification since the product in (27) may be infinite. One should
more precisely think of Ay () as living in a certain prounipotent completion of the group generated
by {#,},:2,wev as explained in [2].
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Condition 7 determines precisely how the £2(y;u) jump when u crosses some
component of W . It is in this sense that it is a wall-crossing formula.

4.4 Absence of Unwanted Jumps in 2~

Under this condition, let us revisit the solution 2" of the Riemann—Hilbert problem,
and now vary the point u € % as well as { € C*. We have already noted that for
any fixed u, 2" is discontinuous along the BPS rays. Letting u vary this becomes
the statement that 2" is discontinuous along the locus

L= {(u,é’) :dy e I, with Z,, () /¢ € R_and 2(y;u) # O} C B xC*. (28)

If Condition 7 is not obeyed, it is straightforward to show that these cannot be the
only discontinuities of .Z": there must be additional jumps when u meets the walls
of marginal stability W C 2. Such additional jumps would be a problem for our
construction of the corrected hyperkihler metric below.

On the other hand, if Condition 7 is obeyed, then we claimed in [1] that 2~
is actually continuous. This statement would follow directly from uniqueness of
the solution of our Riemann—Hilbert problem, since Condition 7 says that the two
Riemann-Hilbert problems we obtain by approaching the wall W from two sides
are actually the same.

5 Corrected Metric

5.1 Construction

Having defined the section 2°({) of T, we are ready to describe the corrected
hyperkéhler metric g. The idea is similar to one we used above in our description of
2*". Namely, for each ¢ € C*, we use .2 (¢) to pull back a holomorphic symplectic
structure w ¢ from T to .#’. As we have noted, .2"(¢) is not continuous; it has
jumps along the locus 7 =" (L) C .#’ x C*, given by (19). Fortunately this jump
is by composition with a Poisson morphism of 7', and thus does not affect w®. So
w® is continuous, and depends holomorphically on ¢ € C*. In order to define an
honest holomorphic symplectic structure, ) should also be nondegenerate. One
expects this to be true at least for large enough R, since it is true for 2°*' and 2~
differs from .2"*" only by corrections that are exponentially suppressed at large R.

Now our key claim is that

w® is of the form (8), where (w+,ws) are symplectic forms defining a
hyperkiihler structure on A’

This is our construction of the new hyperkéhler metric g on .#".
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5.2 Twistor Space

Let us make a few comments about how the claim above is motivated. One obvious
necessary condition is @w(~1/9 = w®. This follows from the reality condition
(20) (property 3 of the Riemann—Hilbert problem). We also need to see that z®
has only a simple pole at { = 0 (hence also at { = oo.) This follows from our
asymptotic condition on 2" (property 4 of the Riemann—Hilbert problem). So w®
indeed determines a complex 2-form w. and a real 2-form ws. Of course this is still
not enough to guarantee that these 2-forms fit together into an hyperkihler structure
on .7". The most delicate point is to show that indeed they do.

For this we use the “twistor space” construction [13, 14]. We consider the space
% = # x CP'. The 2-form = equips 2 with a complex structure for which
the projection to CP! is holomorphic, and a fiberwise holomorphic symplectic form
(globally twisted by &'(2)), obeying an appropriate reality condition. Moreover 2
has a family of distinguished holomorphic sections labeled by points x € .#’,
given by the tautological-looking formula s,({) = (x,¢). In this situation, the
twistor space construction promises us a hyperkihler metric on .#’, provided that
the normal bundle N (s, ) to each such section is a direct sum of copies of &'(1). This
condition on the normal bundle is the most delicate part of the story; we argue in
[1] that it is a consequence of the asymptotic conditions obeyed by the section .2~
as ¢ — 0.

5.3 Improvement of Singularities

So far we have described how to construct a “quantum-corrected hyperkéhler
metric” g on .#’'. The reader may be wondering why we have bothered to do
so much work. After all, we already had a perfectly good hyperkihler metric
gfon. .

However, g has one important deficiency (in all but the most trivial examples):
it is incomplete. The reason for this incompleteness is the fact that g* is defined
only on .#’, which has smooth torus fibers over all points of ' C %, but does
not include fibers over points of the “singular locus” D C 2. Typically one can
complete .7’ topologically to a natural .#, with a projection 7 : .# — 9B, such
that the fiber over a point of D is some kind of degenerate torus. One might then try
to extend g*' to a metric on the whole .#. This however appears to be impossible.

One answer to the question “why is g better than g*?” is that, if £2 is chosen
appropriately, we expect that g does admit an extension to a metric on .#, which
in many cases will be complete. So morally the statement is that the quantum
corrections “improve” the behavior of the metric near the singular locus D. We
will discuss an example in the next section.
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6 Ooguri-Vafa Metric

In [1] we discussed a model example of this phenomenon of improvement of
singularities. Fix some constant A € C (which enters the story in a trivial way:
itis safe to fix A = 1 if you prefer.) We choose our data as follows:

Data 1: 4 is the disc {|u| < |Al}.

Data 2: The discriminant locus is D = {u = 0} C 4. So A’ is the punctured disc.

Data 3: I' = I is alocal system of rank-2 lattices over Z8’. With respect to a local
basis of sections (Y, Ye), With (¥, ¥.) = 1, the monodromy around the
puncture u = 01S Yo = Ve, Ym —> Ym + Ye. It 1s trivial.

Data 4: With respect to the same local basis of sections, Z,, (v) = u, Z,,,(u) =
%(u log % — u). Note that analytically continuing around u = 0 we get
Zz,, —> 2y, + Z,, consistent with the monodromy of I"; in other words
Z is really globally defined.

Data 5: Since I7 is trivial, 6 is trivial.

1f € (Yo, —Vol,
Data 6: For all u, we have 2(y;u) = ory € {Ye, —Ve}

0 otherwise.

In this case our construction can be carried out very explicitly (for any value of
the parameter R): the integral equation (21) becomes simply an integral formula,
or said otherwise, the iterative procedure of finding a solution actually terminates
after a single step. So in this case we know the functions 2, exactly. Applying
our construction then yields an hyperkihler metric g on a torus fibration .#’' —
%', which can be written down explicitly (it involves Bessel functions, but nothing
worse). This is worked out in detail in [1].

Moreover, g admits an explicit smooth extension to a fibration .#Z — %, where
M\ M’ consists of the fiber over u = 0, a nodal torus. This extended g coincides
with the well-known “Ooguri-Vafa metric,” first written down in [15]. So in this case
our construction is a new picture of the hyperkéhler structure on this known space.

One important drawback of this example is that it is only local—it is incomplete
thanks to the boundary of the disc %, and (as far as I know) has no suitable extension
beyond this boundary. This drawback is eliminated in more interesting examples. On
the other hand this example is extremely simple and computable, thanks to the fact
that the y for which £2(y;u) # 0 generate an isotropic lattice for (, ). Sadly, this
virtue is also eliminated in more interesting examples.

7 More General Singular Loci

In more interesting examples we cannot so easily study the behavior of the metric
on .7’ near the singular loci on Z. Nevertheless, we expect that the Ooguri—Vafa
metric just discussed gives a kind of local model for what happens generally near the
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most generic kind of singular locus. Namely, consider some component Dy C D,
where

* Z,,(u) — 0 for some specific yo,

e 2(yo;u) = 1 for all u in a neighborhood of Dy,

* Yo is primitive (i.e. there exists some y’ with (yo, y’) = 1),

* the monodromy of I" around D, is of “Picard—Lefshetz type”, i.e.

y = ¥ + (¥, vo)vo. (29)

The most essential difference between this situation and the Ooguri-Vafa metric we
just discussed is that we no longer require that £2(y;u) = 0 for all y # *£y,. Still,
near Dy and for large enough R, the quantum corrections coming from the charge
Yo, With £2(yo; u) = 1, should dominate all others, and so g should become similar
to the Ooguri—Vafa metric. In particular, at least for large enough R, g should admit
a smooth extension over Dy. This remains to be rigorously understood. I emphasize
that it depends crucially on the condition £2(yo; u) = 1; otherwise we would have
no reason (either mathematical or physical) to expect such a smooth extension of g
to exist.

All of the above admits an extension to the case where y is not primitive, but
rather is k times a primitive vector. In this case, instead of being smooth, we expect
that the completed (.#, g) has some mild singularities: there should be k orbifold
singularities of type Ax—; lying over Dy. This is still a significant improvement over
the behavior of g*.

The behavior of g near higher-codimension strata on D is more mysterious and
should be very interesting. At the moment it is not clear (at least to me) how to use
our construction to get really new information about it.

8 Pentagon

The next simplest example is already much more nontrivial. We fix a constant A €
C* (which enters the story in a trivial way: it is safe to fix A = 1 if you prefer.)

Data 1: Z is the complex plane, coordinatized by u.

Data 2: The discriminant locus is D = {u = #2A%} C %. So % is the
twice-punctured plane.

Data 3: Introduce a family of complex curves

Y, =2 =2 -3A%%+u} cC%. (30)
For u € %', X, is a noncompact smooth genus 1 curve. Define I, =

H\(X,,Z). T, is arank 2 lattice, the fiber of a local system I" over #'. It
is equipped with the intersection pairing (, ). I'¢ is trivial.
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Fig. 1 The space 4 in the
example of Sect. 8, divided
into two chambers by a wall

Data 4:

Data 5:
Data 6:

—2A3 2A3

Introduce the 1-form A = y dz. A is a holomorphic 1-form on ¥, which
would be meromorphic if extended to the compactification of X, (it has a
pole of order 6 at the point at infinity, with zero residue). Then for y € I,

1
Z(y) = ;gﬁx. 31)
Y

Since 17 is trivial, 6 is trivial.
% is divided into two domains %, and B,y (also sometimes called
“strong coupling” and “weak coupling” respectively) by the locus

W = {u: Z(I,) is contained in a line in C} C A. (32)

See Fig. 1. Since %, is simply connected we may trivialize I" over %,
by primitive cycles yi, y» which collapse at the two points of D. We
choose them so that (y;,y,) = 1. The set {yi, y»} does not extend to
a global trivialization of I', since it is not invariant under monodromy.
However, the set {y1, Y2, ¥1 + V2, —V1, —V2, —¥1 — Y2} is invariant under
the monodromy around infinity. Therefore the following definition of 2
makes global sense:

1fory € {y1, =1, v2, —V2},
0 otherwise.

Foru € %, 2(y;u) = { (33)

Lfory € {y1,=v1,v2,=Y2, V1 + V2. =V1 — ¥2},

For u € Bouw. 2(y:iu) =
0 otherwise.

(34)

All of our conditions on the data are more or less trivial to check. The most
interesting one is the wall-crossing formula (Condition 7). Here the question is:
choosing uj, o to be two nearby points on opposite sides of W, and choosing V' to
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be a narrow sector which contains the rays £, (¢) and £,,(u) both for u = wuj, and
for u = uyy, do we have

Ay (uin) = 6, 7y, = Ky Koy Ky, = Ay (tou)- (35

This identity is indeed true: it is the “pentagon identity” given in [2]. This identity
can easily be checked by hand. We remark in passing that (as also noted in [2]) this
identity is also closely related to the five-term identity of the dilogarithm function
and its quantum counterpart (see e.g. [16, 17].)

This example has the virtue that for every u only finitely many $£2(y;u)
are nonvanishing. This may lead to some technical simplifications (although we
emphasize that there should be no essential difference between this case and the
case where there are infinitely many nonvanishing £2(y; u), so long as the £2(y; u)
grow slowly enough with y).

As we commented in the previous section, we expect that the metric g on .#” in
fact extends to a complete metric on a space .# , obtained from .#’ by adding nodal
torus fibers over the two points of D, and that the metric around either of these nodal
fibers looks like the Ooguri-Vafa metric.

We believe that this complete metric actually has another name: it is the metric on
a certain moduli space of rank-2 Higgs bundles on CP' with an irregular singularity
at oco. This point of view is discussed at some length in [7]. Also, for any ¢ €
C*, the complex manifold (.#, J(¢)) is isomorphic to a partial compactification
M5 of My s, consisting of 5-tuples of points (zi,. ... zs) on CP' where z; # 24
(with i taken mod 5). Our description of this space is then closely related to the
discussion in [18].

9 Hitchin Systems

Finally I briefly describe a more geometric family of examples, considered in [7].
Fix a compact complex smooth curve C. Fix n > 0 marked points z; € C, and

let C = C\{z1,...,2}. Also fix parameters m; € C and m? e R/2nZ associated

i
to the marked points. Assume the m; and ml(.?’) generic (in particular, the m; should
be linearly independent over Q.)

Data 1: 4 is the space of meromorphic quadratic differentials ¢, on C with double
poles at each z;, of residue m?. (So 4 is a complex affine space.) To stay
consistent with our previous notation we will use either « or ¢, to denote a
point of A.

Data 2: D C 4 is the locus of ¢, which have at least one non-simple zero. So %’
is the locus of ¢, having only simple zeroes.

Data 3: Let 7*C be the holomorphic cotangent bundle to C. For any fixed u € %,
consider the noncompact complex curve

2, ={zeCAeT*C): 1> = (2)} C T*C. (36)
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Data 4:

Data 5:

Data 6:
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Foru € #', X, is smooth. The obvious projection 7 : X, — C is a double
covering, branched over the zeroes of ¢,. X, has a natural compactification
¥, with a projection 7 : X, — C.

XY, is equipped with the involution A — —A. Define I, to be the subgroup
of H{(X,,7Z) odd under this involution. I, is the fiber of a local system
I" over #'. Tt is equipped with the intersection pairing (, ). It C I is the
radical of the pairing (, ), which has rank #. This radical does not undergo
any monodromy as we vary u, so we can think of I} as a single fixed lattice
rather than a local system. Finally, I, = I'/I5.

By slight abuse of notation let A denote the Liouville (tautological) 1-form
on T*C.

Then for y € I, define

1
ﬂw=;¢k 37

14

The 1-form A restricted to ¥, extends meromorphically to X, with simple
poles at the two preimages of z;; let zijE € X, denote the preimage at which
A has residue £m;. The lattice I} has one generator y; ¢ for each puncture
z;, given by the sum of a counterclockwise loop around zi+ and a clockwise
loop around z;. We define 6y by

Or(yig) = my. (38)
The invariants §2(y; u) are defined in terms of the quadratic differential ¢,,
as follows.

For any ¥ € R/2nZ, define a ¥-trajectory of ¢, to be a real curve
¢ C C such that, for any real tangent vector v to ¢, ¢»(v ® v) € e*"Ry;
call a ¥ -trajectory maximal if it is not properly contained in any other
U-trajectory. The maximal 9 -trajectories make up a singular foliation of
C, with three-pronged singularities at the zeroes of ¢,.

Define the mass of a maximal ¥-trajectory ¢ to be [ |/§2]. A generic
maximal ¥-trajectory has infinite mass; we are interested in the exceptional
trajectories which have finite mass. Let a finite ¥ -trajectory be a maximal
U-trajectory with finite mass, and a finite trajectory be a pair (c, ) where
¢ is a finite ¥-trajectory. Finite trajectories come in two types:

» Saddle connections: these are finite trajectories ¢ which “run from one
zero of ¢, to another,” i.e., their boundary ¢ \ ¢ consists of two points
(which are then necessarily zeroes of ¢,).

* Closed loops: these are finite trajectories ¢ with the topology of S'!.
When such a trajectory occurs it sits in a 1-parameter family of such
trajectories, sweeping out an open annulus on C.
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Given a finite trajectory (c, v), define its lift £(c,?) to be the closure of
77 !(c) on X. £(c,¥) has no boundary; it is a single loop if (c, ) is a
saddle connection (it is enlightening to draw a picture to see why), and
the disjoint union of two loops if (c, ) is a closed loop. The 1-form
e~'” ) is real and nonvanishing on £(c, 1%); hence it induces an orientation
on £(c, ). Note that if (¢, ¥) is a finite trajectory then (¢, ¥ + ) is as
well, and £(c, ¥) differs from £(c, ¥ + m) only by orientation reversal.
By construction, £(c, ¥) is invariant under the combination of the deck
transformation A — —A and orientation reversal.

For any y € I, let SC(y;u) be the set of all saddle connections (c, )
with [€(c,¥)] = y, and let CL(y;u) be the set of all isotopy classes of
closed loops (c, ¥) with [£(c, ¥)] = y. Now finally we can define

Q(y;u) =#SC(y;u) —2#CL(y;u). (39)

(The strange-looking coefficients 41 and —2 here are really necessary—
otherwise the wall-crossing formula (Condition 7) would not be satisfied!)

These data satisfy all of our Conditions 1-7. The most difficult to see are the
last two. Condition 6 follows from known results on quadratic differentials [19,20]
which say £2(y; u) grows at most quadratically as a function of the coefficients of y.
The wall-crossing formula (Condition 7) follows from a sort of inversion of the logic
we have followed up to this point: namely, below we will give a direct description of
the complex spaces (., J({)) and the functions £, (x, {) thereon which solve the
Riemann-Hilbert problem and are continuous except at the BPS rays. The existence
of such functions Z, (x, {) then implies the wall-crossing formula (following the
discussion of Sect. 4.4).

In [7] we argued that the hyperkdhler space .# in this example is a space of
solutions of Hitchin equations on C, with gauge group PSU(2), and with ramifi-
cation at the marked points z; (with semisimple residues). This is a much-studied
space, considered in particular in [21-24]. In particular, it is known that the
complex spaces (.#, J({)) are moduli spaces of PSL(2, C) connections on C, with
fixed eigenvalues of monodromy around z;, given by s+ = exp(£27i({~'m; —
m” — i),

The Z,(x,¢) in this example are essentially functions considered earlier by
Fock—Goncharov in [25], themselves complexifications of the “shear coordinates”
familiar in Teichmiiller theory. The main issue in identifying the Fock—Goncharov
coordinates with our Z, (x,{) is to prove that the Fock-Goncharov coordinates
have the correct asymptotic behavior as { — 0, 00. This is accomplished by
applying the WKB approximation to a family of flat connections on C of the form
V() =¢/¢+ D+ L.

There is a generalization of this story to encompass quadratic differentials with
poles of order greater than 2, also considered in [7]. This generalization in particular
includes the “pentagon” example of Sect. 8; it corresponds to considering quadratic
differentials ¢, = (z* — 3A%z + u)dz?> on CP!, with order-7 poles at z = co.
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Finally, we have extended many aspects of this story to the case of Hitchin
equations with higher rank gauge group PSU(K) [26]. In this case the coordinate
functions 2, involve more general coordinate systems than those which were
described explicitly by Fock—-Goncharov in [25]; conjecturally the 2, exhaust the
set of cluster coordinate systems.

10 DT Invariants

Finally let us briefly consider another viewpoint on this story, which is really
where it began. The physical perspective on our construction makes clear that it
should be closely related to the theory of generalized Donaldson—Thomas invariants
(henceforth just “DT invariants.”) In this section I briefly sketch that relation and a
few examples.

10.1 The Dictionary

In the theory of DT invariants, one begins with a triangulated category & and
constructs the space Stab(Z) of Bridgeland stability conditions on & [27]. Under
some further conditions* on 2, one then expects to be able to construct DT
invariants depending on a point of Stab(Z) [2, 3], whose dependence on the point
of Stab(2) is governed by the wall-crossing formula. In what follows I assume
some familiarity with this story and formulate the expected dictionary between the
hyperkéhler data in our construction and the theory of DT invariants. Many aspects
of this dictionary are also described in Sect. 2.7 of [2].
We need a few technical preliminaries to “harmonize” the two sides first:

* On the hyperkéhler data side: suppose given an example of our Data 1-6 obeying
our Conditions 1-7. Fix a basepoint uy € %'. Let %' denote the universal
cover of #’. Over this cover we may globally trivialize the local system I”, thus
identifying all of its fibers with I',,. The fiberwise homomorphism Z : I' — C
can thus be thought of as a family of homomorphisms from the fixed lattice I,
to C, depending on a point it € &/,

Z(ii) : I, — C. (40)

* On the DT theory side: suppose given an appropriate category Z. Stab(2) is a
complex Poisson manifold, carrying a natural “forgetful” map to Hom(XK(Z), C)

4Which I am unfortunately not competent to summarize.
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which is a local Poisson isomorphism [27]. We will consider a single connected
component Stab’(Z) C Stab(2).

We then have the following expected dictionary:

DT theory Hyperkihler data
K(©2) Ty

Euler pairing (-,

Stability functions Z : K(2) — C Zw):I,, > C
DT invariants of & c(y) € Q from (22)
A quotient of a Lagrangian I C Stab’(2) 4

717? B

77? Or

This dictionary has one especially awkward feature: starting from the category &
it is not at all clear how to choose the complex Lagrangian submanifold L. Because
of this problem, at the moment we do not really have a recipe which begins with
2 alone and constructs a corresponding hyperkihler space. In particular examples
which we do understand, L always has some nice geometric meaning (see the
next section). It would be very interesting to understand how to get L in a purely
categorical way.

10.2 Examples

For many examples of our construction of hyperkidhler metrics (probably in all
the examples that come from an underlying supersymmetric quantum field theory,
which includes all of the examples discussed so far in this note), we expect that
there is some triangulated category Z, fitting into the above dictionary. Let us now
describe a few examples:

e Let Z be the category of finite-dimensional modules over the Ginzburg dg
algebra of the A, quiver. In recent work of Sutherland [28], one connected
component Stab’(Z) C Stab(2) is identified with the universal cover of the
total space of a particular C* bundle over the moduli space .#;; of elliptic
curves. This result fits well into the above dictionary: indeed we claim that
the hyperkihler data corresponding to the category Z is that of the “pentagon”
example of Sect. 8 above. The elliptic curves appearing in Sutherland’s picture
are the curves X, of Sect. 8.

* Upcoming work of Bridgeland and Smith [29] is also relevant to this dictionary.

Begin with a real compact 2-manifold C, with » > 1 marked points. From
the combinatorics of ideal triangulations of the curve C, one can build an
associated quiver Q(C), using a superpotential function first written down by



372 A. Neitzke

Labardini-Fragoso [30].° Let 2(C) be the derived category of finite-dimensional
modules over the Ginzburg dg algebra of Q(C). Bridgeland and Smith
show (roughly—for the precise statement see [29]) that there is a component
Stab?(2(C)) C Stab(Z(C)), such that a point of Stab®(Z2(C)) corresponds to
a choice of complex structure on C and a meromorphic quadratic differential
thereon, with double poles at the marked points. Among other things, this
provides a family of nontrivial examples of categories 2 where one has a
geometric interpretation for at least a component of Stab(2).

This result fits in well with the dictionary proposed above: it is consistent with
the idea that the categories Z(C) correspond to the hyperkihler data described
in Sect.9. Moreover, revisiting Sect.9 we see that the mysterious Lagrangian
subspace L C Stab(Z(C)) appearing in the dictionary has a nice meaning here:
it corresponds to fixing a particular complex structure on C and a choice of
residues at the marked points on C.

Bridgeland and Smith also consider a generalization corresponding to
allowing meromorphic quadratic differentials with higher-order poles. This
generalization in particular gives another proof of Sutherland’s results from [28]
(by considering quadratic differentials on CP! with a single pole of order 7).

* More ambitiously, at least on physical grounds we expect that given a complete
non-compact Calabi—Yau threefold X, both sides of this dictionary should exist.
Roughly speaking, Z = 2(X) should be an appropriate version of the Fukaya
category of X; 4 should be the moduli space of complex structures in X; I”
should be H3(X, Z); Z should be the period map; c(y) should be DT invariants
counting special Lagrangian 3-cycles in X. The Lagrangian submanifold L is
the period domain of X; the fact that it is Lagrangian is essentially Griffiths
transversality. Finally, the hyperkéhler space .# built by our construction is
some version of the family of intermediate Jacobians of X (I say “some version”
because we are dealing with non-compact X).

The examples studied by Bridgeland and Smith, i.e. the examples of Sect.9
above, also fall into this class. The Calabi—Yau threefold X (C) in this case is a
conic bundle over the curve C, appropriately modified at the marked points; the
Fukaya category Z(X(C)) is equivalent to the category Z(C) mentioned above.
This equivalence will also be explained in upcoming work of Bridgeland and
Smith.

(Incidentally, following through our various claims about the hyperkéhler
space . in these examples, we see that on the one hand . should be a version
of the family of intermediate Jacobians of X(C), while on the other hand .#
should be the PSU(2) Hitchin system on C, with ramification at the marked
points. So our claims would imply that these two integrable systems the same.
This equivalence is not really novel: a version of it without the marked points
was described in [32], a fact which gives us some additional confidence in our
whole picture.)

3This quiver and superpotential also appeared in the physics literature [31].
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For general X, it is not clear a priori that the DT invariants will grow slowly
enough to satisfy our Condition 6. Nevertheless, on physical grounds we would
expect the hyperkéhler manifold .7 to exist for general X .® Thus we expect that
either the DT invariants do in fact grow slowly enough for us to prove that the
Riemann-Hilbert problem has a solution, or they grow more quickly but have
some hidden extra structure that allows the Riemann—Hilbert problem to have a
solution anyway.

* Finally let me describe a non-example. It is natural to ask: what if we let 2
be the Fukaya category of a compact Calabi—Yau threefold X —will there be
corresponding hyperkéhler data then? It seems that the answer is “yes”—we can
define the data by the same recipe as we use for non-compact X—but these
data would not satisfy precisely our Conditions 1-7. In particular, Condition 4
(positive definiteness) will certainly be violated. However, this violation is of
a rather controlled sort; there is just one negative direction. So, were this the
only difficulty, the expected consequence would be that the space .# we obtain
is not hyperkihler but pseudo-hyperkihler, with one negative direction. (.# in
this case is the family of intermediate Jacobians of X, fibered over the moduli
space of polarized complex structures on X. These intermediate Jacobians are
quotients of H>°@ H?'(X), and the negative direction is coming from H3°(X);
it is related to the fact that when equipped with its “Griffiths” complex structure,
the intermediate Jacobian is not principally polarized.) However, there is also a
second, more serious difficulty: the invariants §2(y) counting special Lagrangian
3-cycles in X are expected to grow very quickly as functions of y (roughly
Q(y) ~ expcl|ly|?), badly violating our Condition 6. As a result it is far
from clear whether our construction of hyperkéhler metrics should be directly
applicable to this situation.

This difficulty is in some sense anticipated in the physics literature. Indeed,
physics does not predict directly that there is an hyperkédhler manifold associated
to a compact Calabi—Yau threefold X. Rather it predicts the existence of a
quaternionic-Kdhler manifold. As in the hyperkihler case, it should be possible
to construct the desired quaternionic-Kéhler structure by beginning with a simple
“semi-flat” metric g*' and modifying it by quantum corrections.” The semi-flat
metric in this case was first described by Ferrara and Sabharwal in [33], and was
recently discussed by Hitchin in [34]. The description of the quantum corrections
has been studied intensely in physics, with various interesting partial results. In
particular, some of the quantum corrections are expected to be precise analogues
of the ones we have described in the hyperkdhler case, indeed related by a
“quaternionic-Kihler/hyperkihler correspondence” [35, 36]. However, one also
expects new quantum corrections in the quaternionic-Kihler case which do not

The idea is that .# is the moduli space of the IIB string theory formulated on the 10-manifold
X x S xR>!,

7In this case “semi-flat” means that g is locally invariant under a Heisenberg group of isometries,
replacing the torus group that appeared in the hyperkéhler case.
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have an hyperkihler analogue. As far as I know, there are no examples yet of X
where all quantum corrections have been fully described.
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Mirror Duality of Landau-Ginzburg Models
via Discrete Legendre Transforms

Helge Ruddat

Abstract We recall the semi-flat Strominger—Yau—Zaslow (SYZ) picture of mirror
symmetry and discuss the transition from the Legendre transform to a discrete
Legendre transform in the large complex structure limit. We recall the reconstruc-
tion problem of the singular Calabi—Yau fibres associated to a tropical manifold
and review its solution in the toric setting. We discuss the monomial-divisor
correspondence for discrete Legendre duals and use this to give a mirror duality
for Landau Ginzburg models motivated from the SYZ perspective and Floer theory.
We mention its application for the construction of mirror symmetry partners for
varieties of general type and discuss the straightening of the boundary of a tropical
manifold corresponding to a smoothing of the divisor in the complement of a special
Lagrangian fibration.

1 Strominger-Yau-Zaslow Fibrations and the Mirror
of (C*)"

We give a summary of the semi-flat picture of mirror symmetry following [9, §6-8]
and discuss the example of an algebraic torus. Further references for the material
are [4, 10-12, 20, 30, 31] and most recently [22]. Hitchin [28] first noticed the
importance of the Legendre transform in this context while a Legendre transform
already appeared in [2,27] in a closely related context without the awareness of
mirror symmetry and special Lagrangians.

Mirror symmetry has become intrinsic to the Calabi—Yau geometry by the work
of Strominger—Yau—Zaslow [37] (short: SYZ), suggesting to explain the mirror
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duality of two Calabi—Yau manifolds X, X asa duality of torus fibrations. There
are supposed to be C *°-maps

f:X—>B, f:X—>B

with fibres homeomorphic to (S')" for n = dim¢ X = dimg B, in fact if
£~ (b) = V/A for a real vector space V with lattice A =~ Z" then f~!(b) =
V*/A* where V* = Hom(V,R), A* = Hom(A,Z). Moreover, in the strong
form of Strominger—Yau—Zaslow, the fibres of f and f are required to be special
Lagrangian, so by definition the restriction to the fibres of the symplectic form
and the imaginary part of a fixed holomorphic volume form §2 vanish respectively.
The base B carries the structure of a real affine manifold in two ways as follows. The
transitions between coordinate charts of B are going to be elements of GL,, (Z) x R”
respectively.

One affine structure is determined by the complex structure of X and
alternatively also by the symplectic structure of X. The other affine structure is
determined by the symplectic structure of X and alternatively also by the complex
structure of X . Let v denote the vector field on f~1(b) given as a lift of a tangent
vector ¥ at a point b € B then the contraction of @ (respectively im £2) by v yields
a one-form (respectively (n — 1)-form) on f~!(b). That these are independent of
the lift chosen follows from f~!(b) being special Lagrangian. McLean showed ([9,
§6.1]) that these two forms on f ! (b) are both closed if and only if the infinitesimal
deformation v of f~!(h) preserves the special Lagrangian property (which is true
for a special Lagrangian fibration). Moreover, these two forms can be shown to be
Hodge-star dual on f~!(b), so first order Lagrangian deformations correspond to
harmonic one-forms on the Lagrangian. McLean proves that the moduli space of
special Lagrangians is unobstructed [32, Thm. 3—4]. One deduces from this that B
is locally the moduli space of the fibres of f as well as f . The just constructed
maps descend to isomorphisms on cohomology

Tsp =0 H'(f7'(b),R),

¢!

Tsb Zime H'(f71(D).R), )
which give the tangent bundle two usually different flat connections. To distinguish
the two, we denote the manifold B with the flat structure coming from f and w by B
whereas the manifold with flat structure derived from f and im £2 keeps the name B.
For either of these, we call a set of coordinates {y; } affine if 9, are flat with respect
to the respective flat structure. We also obtain a local systems of integral tangent
vectors Ag C Jp isomorphic to the integral cohomology H"~'(f~1(b),Z) C
H"'(f~Y(b),R) and similarly a system Ay C . A setof coordinates dy; on B
(resp. B) is called integral affine if dy; € Ap (resp.in d,, € Aj) and they form a

basis over Z. Thus, B and B are real affine manifolds with coordinate transitions in
GL,(Z) x R".
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We assume that the torus bundle f is oriented and obtain from the second
equation in (1), T3, = (H'(f7'(b),R)* = H(f~"(h),R). Under this
isomorphism, A g becomes H;( f ~!(b),Z), so we have X = J3/ A as topological
manifolds. Alternatively, we may also use 9; =~ H;(f~'(b),R) by means of the
first equation in (1) to reconstruct X. We summarize

75 1A

el

X imf:VQ 9B/AB. 2)

We can play the same game with f :X > Bin place of f : X — B and the
definition of SY Z mirror duality for X, X is the statement that this is supposed to
yield identical affine manifolds B, B with swapped roles, i.e. the flat structure on
B derives from the symplectic structure on X and the flat structure on B from the
holomorphic structure on X, see Fig. 1.

The work of Gross and Siebert on mirror symmetry by means of toric
degenerations, starting out with [23], was motivated by reverse engineering X
and X from B. The real difficulty arises when X, X are intended to be compact
since then f, f need to have singular fibres and the affine structures need to have
singularities as well. We will not deal with singularities before Sect. 6 but we adopt
the point of view of reconstructing X and X from B. In what we discussed so far,
at least topologically by (2), the reconstruction of X, X is straightforward once we
know Ap and A 5- In fact, this is a datum we need to fix in addition to B and B.
This topological picture can be enhanced as follows. Given the real affine manifold
B, we have

(A) a canonical symplectic structure on X = Ty [ A% locally given by 0 =
Zj dx;j Ady; where y; are affine coordinates of B and x; = d,,,

(B) a canonical complex structure on X := J/Ap locally given by complex
coordinates z; = x; + iy; where y; are integral affine coordinates of B,
X; =dy f andi = v/—1. The holomorphic volume formis £2 = dz; A+ - Adz,.
We set w; = >4,

Note that integrality of the coordinates only matters in (B). To obtain the
complementary parts, i.e., the symplectic structure on X and complex structure on
X , one uses the structure of a Hessian metric g on B. We obtain Kéhler manifold X
and X by applying (A), (B) on the respective dual side using g to identify the tangent
and cotangent bundle of B. More explicitly, g is locally given as g;; = d,,d,; K for
some smooth strictly convex function K : B — R. Mirror duality appears in this
setup in the disguise of the Legendre transform, see [9, Prop. 6.4]:

Definition 1. Given a real affine manifold B with Hessian metric g, the Legendre
transform is the real affine manifold B which is homeomorphic to B with
coordinates given by y; := d,, K (where y; are local affine coordinates on B and

K is a local potential defining g) and dual potential K:B—>R,

KRG ) = Y5795 = KOieeeo o)
j
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Note that also the integral structure dualizes: dual integral affine coordinates are
those that are the Legendre dual of integral affine coordinates.

The symplectic structure on X and the complex structure on X is given
directly by

a)=2iaa(K0f):’§Zgjdej A dZg, 3)
Zj =% +i0y,K,
see [20, Prop 3.2], [9, Prop. 6.15].

The manifold X (resp )f) is Ricci-flat (i.e., " = ¢§2 A £2 for some ¢ € C) if
and only if det(dy,d,, K) = det(g) is constant as follows from (3).

We discuss the following integrated version of the two affine structures which
was pointed out to the author by Denis Auroux. It gives a hint at why mirror
symmetry would exchanges periods and Gromov—Witten-invariants. Moreover, it
leads towards Landau—Ginzburg potentials. Let X be a Calabi—Yau with Kihler
form w and non-vanishing holomorphic volume form £2. The affine manifold B is
the moduli space of special Lagrangian tori in X, i.e., the moduli of manifolds L
homeomorphic to (S')" with w|; = 0 and im §2|, = 0 (more generally one allows
for a phase f € R, i.e.,im(e'?2)|, = 0). Moreover, X is given as the moduli space
of pairs (L, V) where L is special Lagrangian and V is a flat U(1)-connection of
the trivial bundle with fibre C on L. The information of V is equivalent to a map of
groups H{(L,Z) — U(1). The local integral affine coordinates on the base are then
given as

Yi :f['l.ws

4

where I; € Hy(X,L U L) are cylinders traced out by a basis {y;} of H\(L,Z)
as we move L to L’ and I';* € H,(X,L U L') are traced out by a basis {y*} of
H,_(L,Z)as wemove L to L’.

L

“b |
A
|

—_—
=0 y=Jpo

L/

Example 1 (The Mirror Dual of (C*)"). The simplest example is X = (C*)". Its
complex structure is indeed given as in (B) if we identify B = R", 3 = R" x R",
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Fig. 1 fqo, fg are logarithm X X
maps, f,, f, are moment ~ " —
maps T/ Ap =k 53//\5 Tg [ Ag =K ‘Z?/Aé

fo fo
fa \\ fo
% B

A = 7" where the latter is naturally contained in the second factor of 75. On the
universal covers of (C*)" and 73/ A we set z; = x; + iy; where z; are standard
coordinates on C", y; are standard coordinates on B, x; = dy; and w; = >’
are standard coordinates on (C*)". We thus obtain

-1
f:(CHH" - B, Wiy oooywy) > E(log|w1|,...,log|wn|) =V1,.s Vn).

The holomorphic volume from is given by (B) as follows, we additionally pick the
following symplectic form

2 1 dlogw; A --- Adlogw, = dz; A -+ A dzy,

= @niy

w = ﬁzjdlogrj AdO; =37 dx; Ady;

where w; = rje' %, This choice turns f into a special Lagrangian fibration with
y;j = ¥, as follows directly from (4). It determines K = % > yjz up to a constant
and g is the standard metric on B. We conclude from y; = y; and Jp = 7, that

the SYZ mirror dual of (C*)", 2, w) is (C*)", 2, w).

The setup in this example is very special in the sense that the two sets of affine
coordinates on B coincide. It is easy to check that indeed w = 2id9(K o f). More
generally, the situation can be diagrammed as in Fig. 1. As verified in [4], Prop. 4.2,
fw coincides with the moment map associated to w and the natural fibrewise (S')"-
actionon X = .7, 5 /A* and similarly for f,,. Moreover, as in the above example,
fo is expressible as the map ;—; log | - | componentwise in the complex coordinates
wionX = Jp/A.

Example 2 (Further Mirror Duals of (C*)"). While there aren’t any interesting
alternative algebraic choices for §2 in the previous example, there is a variety of
choices for w: for each equivariant embedding

@ (C)" = (€)"FC* (wiwa) e iy we™ e T W)
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we can take @ = @*wgs where wgs is the Fubini-Study form on P = (C"*!\
{0})/C* (normalized by [ @ = 1), i.e.,

7 wps = — 3 log ||| (5)
2

for ¥ : C"*!'\ {0} — P™ the natural projection. We want to compute f,,.
Let S+ = {z]|z]l = 1} denote the unit sphere in C"*'. A straightforward
computation shows that

(6)

_ 5 B
(00108 1212) g2 = (3, dzj A d5;)| -
We represent S = {¢**?|6 € R}, so Lie(S')* = R5;-097 (27dy is an integral
coordinate). In this basis, a moment map for the Hamiltonian diagonal action of St
on C"*+! with respect to the symplectic form =2 jdzj ndzjis

21—z

(by setting the constant to 1), cf. [15, §2.3]. In particular, by (5), (6), wgs is the
symplectic reduction of the form 5 3" dz; A dz; on C"*'.

In order to obtain the desired moment map for @, one may proceed as in [15,
§6.6] as follows. The (S')" action induced by ¢ on C”*! has moment map

m
Wo, - s Win) H—lejlzaj
j=0

with respect to 2'_7: Z; dw; Adw; and a Lie algebra basis as above, cf. [15, Exc. 9].
The diagonal S action commutes with the (S')" action and one can take successive
symplectic reductions. One deduces that the moment map of the natural (S')" action
on (C*)" with respect to w is

L (C) SR, we — ST
Jo () Sl )P

(N

see [15, §6.6], cf. [17, §4.2]. In particular, if we are given a projective toric variety
P4 containing (C*)" as a dense orbit and given by a lattice polytope A C R”, we
may choose the a; as the set of vertices of A which turns ¢ into the restriction
of the rational map P, — P induced by linear system of Op, (1) with the basis
of characters {z%/|a;is a vertex of A}. We denote the resulting map by ¢4 and wa
denotes the symplectic form obtained from the ¢4 by pulling back wrs as above. We
have im f,, = —Int(A) by [17, §4.2] which is bounded unlike in Example 1. Since
the complex manifold underlying the mirror is Iy a)/ A, we have
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Fig.2 K(y) = 3y and K(y) = z-log(l +e™*) = — 2 = du

the mirror dual of (C*)", 2, w,) is a poly-annulus with cross-section
exp(2n Int(A)),

see also [4, Prop. 4.2]. We obtain the potential K relating w, and §2 most easily by
comparing (3) and (5), i.e., solving

-qn0 l Q $
2i00(K o fo) = 5—0dlog Y _l¢; I
j=0

for K which yields
1 - =27 =27
K(yi,....yp) = Elog(z%-(e ML eT ),
j=0

Alternatively, we could solve the system y; = d,, K where y;, y; are as in (4). We
know y; = (fy); from (7) and y; = ;—; log |w;| from Example 1. Checking back
the above K, we find that indeed

P (7] G NN e e b

0y, K(y1,....yn) =
KO n) Am YT (e, em )2

m —4r Y i a; g
> =ole™ T =04k )q i = f,(e7™ i)
S e = T

-

The boundedness of im f,, is reflected in the asymptotic behaviour of the potential
towards infinity, see e.g., Fig. 2 on the right.

Figure 2 shows the potentials for the construction of the mirror of C* in
Examples 1 and 2 respectively. In the latter case w is obtained via the map ¢ : C* —
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(C*)?, ¢ = {1} xidc+,i.e.,ap; = 0,a;; = 1. This corresponds to taking A = [0, 1]
which is also the closure of all tangent slopes to K. Let us dwell on this for a moment
and motivate the next section. Consider the sequence of symplectic forms on C*
given by w,» for r € N. This corresponds to taking the sequence of embeddings
@', inducing a sequence of potentials K, (y) = % log(1 4+ e~#) = K(ry) whose
normalization has the limit

1 _
lim ~K(ry) = | 7 fory=0
r—>oo r 0 fory > 0.

®)
Thus, looking at Fig.2 on the right, the sequence of potentials approaches the
piecewise linear function indicated by the positive real axis and the dotted line.
Using this piecewise linear function, one can give a discrete version of the Legendre
transform as we do in the following section.

2 Large Volume and Large Complex Structure Limit

Theoretical physicists studied Calabi—Yau manifolds in order to construct conformal
field theories. To obtain such a theory from the more general concept of a quantum
field theory (also via a Calabi—Yau manifold), a certain function needs to vanish
(the B-function, see [9], §3.2.6.2) which can be enforced by taking a large volume
limit. Since mirror symmetry is really about conformal field theories (at least by its
origin), taking certain limits is an important step for its understanding. There are
two related types of limits we are supposed to take, namely referring to (4),

fr, w — oo large volume limit,
1

©)

/ r+im§2 — oo large complex structure limit.
1

Both of these limits amount to rescaling the affine base manifold B. Note that these
interchange under mirror symmetry: a large volume limit on X turns into a large
complex structure limit on X and vice versa.

We intend to take both limits simultaneously. One needs to be a bit careful about
how this works with the right choice of a potential: let us first rescale the coordinate
y in (B) by r and see how this changes everything. All data become r-dependant
which we indicate by making r an index. We set y, ; = ry; and have

1 1
Zrj =71z, 0Oy, = ;ayj, A= ;A and £, =r"$.

The potential is as before determined by @ and this in turn is determined by the
condition that the integral over a path scales by r: a priori, there are different ways
to obtain an r-dependant potential:
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—
Fig. 3 K(y) = tlog(1 +¢™*) and K (y) = - ((y + Dlog(y + 1) — ylog(—y))

1. The first option is to just take the pullback of K via y,; = ry;. This is
K (yr) = K(%y,.) = K(y). In terms of dual coordinates, this leads to ' (y,) =
dy,, Kl (yr) = ,l,ayj K(y) = ,%)7/‘ (%y,). This is not what we want because it
means that while enlarging the y-coordinates, we shrink the y-coordinates.

2. The next option is pulling back the dual coordinates via y,; = ry;, ie.,
set )5; ;= Vi (ll, y). With the previous calculation, it is easy to see that this
corresponds to taking for the new potential the scaled pullback K(y,) :=
rK;(yr).

3. Finally, in order to actually take the large volume limit simultaneously as the
large complex structure limit, we need to scale the dual coordinates as well, i.e.,

Vrj = ry;. This is realized by rescaling the pullback potential even more by
taking K, (y,) := r2K.(y,).

There are two types of limits that typically occur: metric limits and algebraic limits,
for a discussion, see [9, 7.3.6.]. In some sense, these are represented by the two
potentials shown in Fig.2. Note that if we choose K(y) = y?/2 then K,(y,) =
¥2/2, so this potential remains invariant under taking the simultaneous limit. The
effect is that the base B of f,, and f becomes longer and longer as one approaches
the limit. Rescaling the metric to normalize the diameter yields B itself as a limit
the Calabi—Yaus. For an elliptic curve with potential y2/2, the metric limit is thus
a circle, cf. [20], Conj.5.4. We are interested in algebraic limits and for such, the
non-self-dual second potential in Fig.2 is more relevant. Figure 3 illustrates how
the scaling of the potential (here by factor r) and the base coordinate (here by factor
s) influences the Legendre dual and dual potential. The diagram really only shows
part of all rescaling options where the remaining ones come from applying the given
ones on the dual side. In fact, in view of Fig. 3, the result of scaling by r on either
side results in scaling both potentials by r2 and both coordinates by r as we did in
(3). above. There is still the degree of freedom of scaling by s which has a reciprocal
effect on the dual. This explains why the limit we gave in (8) appears to be turned
into the limit » — O now. In truth, it was a limit with respect to the parameter s. The
important point is that in algebraic examples, there is a non-trivial rescaling by s but
it is non-homogenous along the base, i.e., in some regions it looks like a contraction,
in others like an expansion. We will see this in the algebraic degeneration of an
elliptic curve as well as in the mirror duality of P!. It is really this rescaling which
yields a discretization of the Legendre transform. Before we give an example, we
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relate 7 to the algebraic coordinate: on Jp/ }A, we consider the two potentials
derived from K,, K° but modified by some inhomogeneously rescaling by some s.
These potentials lead to symplectic forms w, wy via the first equation in (3) and we
have w = rwy. Reparametrizing |¢| = e~2"" for ¢ a coordinate on the unit disk, we
get

_ log |z
T 2n

Wy wo.

While o, is going to infinity as ¢t — 0, we will find that w, is bounded.

Example 3 (Elliptic Curve). The elliptic curve has been considered from an SYZ
perspective many times before. We mostly follow [20], §6, see also [9], §8.4.1:
We fix n € N and consider the affine manifold B = R/nZ with y being the
standard coordinate on R and obtain the elliptic curve X, = 5/ }A with periods
1 and irn. The family parameter r can be complexified: either ad hoc by using
the complex coordinate ¢ on the unit disc as before and then X, = 73 /%A
(note that we abuse notation here, we use the identification 93 = C/nZ via
(B)) or more conceptually by invoking the B-field as in [9], §6.2.3. The limit for
t — 0 can be filled by a cycle of P's of length n. This turns the total space of
the family into a maximally unipotent degeneration.! Siebert had the idea to use
log geometry to view the singular special fibre 2 as a (log) smooth Calabi—Yau.
Indeed, let us compute the logarithmic cotangent sheaf on Xp, i.e., the restriction of
the relative logarithmic cotangent sheaf Ky, = 2 )1(0 (log Xo) := .Q}%V / olog 20)| 2,
with O = unit disk. For each irreducible component P! of 27, we have K o; |p1 =
.QI;,I (log({0} U {o0})) = Opi and locally at an intersection point the pair (2", Zo)
is (Spec Clu, v], V(¢)) with ¢ = uv and thus

du

d d d
2L (og V() = (O @ 6:2) )00 (2 + &) = 0.
/G u \% u %

We deduce Kg;, = 0Og;, so %y is a log elliptic curve. To obtain a nowhere
vanishing global section 2 of K4, we can just extend the local section % in a
standard chart of one of the components. There is a (degenerate) Strominger—Yau—
Zaslow fibration 2y — B given as the compactification of the special Lagrangian
fibration (with respect to £2 and wy) on the dense subset of 2 whose intersection
with each P! is C* = P!\ ({0} U {o0}).

Let us discuss the potential K and Kéhler form. We already mentioned that K =
y2 /2 is not a useful choice here. In fact, Gross realized [20, §6], that if we take an
open cover of Xy in 2, the intersection of the nearby fibre with a neighbourhood of

anode approaches Jo,1)/ A, for r — oo whereas away from the nodes it approaches

!'This means 2 is flat over the base such that X = 2;, for some ty # 0 and T € End(H*(X, Q)),
the monodromy operator around the special fibre at ¢ = 0, satisfies (7 — id)"T' = 0 and (T —
id)"T! # 0 withn = dim X.
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0,01/ Ar, so all the mass in the complex geometry goes to the nodes. Conversely, all
the mass in the symplectic geometry should leave any small neighbourhood of any
node. This of course depends on the choice of potential which we make as follows.

In general, we want to have a relatively ample line bundle .Z on .2 and sections
S0, - - - » S Which are in bijection with the zero-dimensional strata (which are the
nodes of Xy in this example) vy, ..., v, in X, whose vanishing locus is contained
in X and such that s; vanishes along precisely those components of X, that do
not contain v;. In analogy to Example 2, we then define the family of two-forms
W, = 2’—7135_) log)" 18 [> on 2 that is fibrewise a symplectic form. Let w denote
the two-form on 2" \ X that restricts to wigy On the fibre X;. Its normalization is

—2r

=21
log |7]

In our example, this limit is the potential given by (8) on each P! component of
Xo (up to the addition of an affine function). Indeed, only two s; are non-vanishing
on this P! and they give the potential on the right of Fig. 2. For concreteness, let us
refine the example by considering the family of Fermat elliptic curves in P? given
by z0z122 + 1(zg + 73 + 23) = 0, then 2 is the blow-up of P? in the base locus
of the family, Xy = {z0z122 = 0}, B = R/3Z, £ can be chosen as (1) and
s;j = zj. The upshot is: the potential on B becomes a piecewise affine function with
non-linearity at the three integral points of B/3Z corresponding to the equators of
the components of Xj.

woy = w.

The example led us to the consideration of a piecewise affine potential in the
limit. We deal with a version of the Legendre transform for such potentials in the
next section. Moreover, so far we have been dealing only with the situation where all
fibres of the SYZ maps are smooth. Talking about compact manifolds with vanishing
first Chern class, this restricts one to the study of complex tori, e.g., the elliptic
curve just studied. For Hyperkéhler manifolds or Calabi—Yau manifolds in the strong
sense,” one has to allow singular torus fibres. The critical loci of these fibres play an
important role in the theory. There is another way of obtaining interesting geometry,
namely by allowing a boundary for the affine manifold over which the SYZ fibration
takes lower-dimensional tori as fibres, a typical situation for the compactifications
of moment maps from (C*)".

3 Algebraic Limits and the Discrete Legendre Transform
of a Tropical Manifold

We have already seen in an example that an algebraic large complex structure
limit with simultaneous large volume limit leads to a discretization of the Legendre
transform. A general definition of this has been given in [24] for an affine manifold

2This means h*(X, Oy) = h*(S", Q) for n = dim X.
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Fig. 4 A polytope is dual to a fan with piecewise linear function. The piecewise linear function is
given up to addition of a linear function by its slope changes along the rays as given in the diagram

with (a certain type of) singularities that behave well with regard to the piecewise
affine potential. A discrete Legendre transform on a vector space had been known
before, see [3, §14]. We are going to give a natural extension to manifolds with
polyhedral boundary. The simplest example of a discrete Legendre transform is the
correspondence

A< (X, 9)

of a polytope with a fan and piecewise linear convex function, well-known in toric
geometry, see [17], §3.4 as well as Fig. 4. The underlying manifolds are the polytope
A and a real vector space respectively. Note that ¢ now plays the role of the strictly
convex function K , but we need to weaken the assumption on K, K from strictly
convex as in the smooth case to just convex.

The definition of a piecewise linear function ¢ associated to a polytope A can be
given as

o(n) = max{(n,m)|me A} (10)

where (-, ) denotes the pairing of a vector space with its dual space. If we take
K = 0 for the piecewise linear function on the polytope, this coincides with the
previous definition since one can check (e.g. [3, §14]) that

K(3) = max{}_Jiyi = K()}-

Note that [17] uses ¢(n) = —inf{(n,m)|m € A}. We should make a remark on
sign conventions here that also explains the minus sign in (7). Since our discussion
is governed by the Legendre transform and this associates to a point the tangent at
a convex function over the point, positive directions should get mapped to positive
directions under this transform unlike in [17] where concave functions are used.

3Confusingly in the discrete world (e.g. [17]), for a piecewise affine function on a polyhedral
complex the notion strictly convex is used for the property where the maximal cells coincide with
non-extendable domains of linearity of the function. This is actually the type of function we want.
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Fig. 5 An example of a discrete Legendre transform

The general construction of a discrete Legendre transform is obtained from
patching this example in both directions: assume we have an integral affine manifold
B, i.e., a real affine manifold with an atlas whose transition functions are in
7" x GL,(Z). Moreover, we assume to have a polyhedral decomposition & of
B, ie., & is a set of lattice polytopes each of which comes with an immersion
in B, the set & covers B, is closed under intersection in B and two polytopes in
& coincide if there image in B does. We also need a polarization ¢ which is a
section of PAC(B, R)/Aff(B, R), the sheaf of piecewise affine convex functions on
B (piecewise with respect to &?) with rational slopes modulo the sheaf of affine
functions on B (both with rational slopes). We require that the non-extendable
domains of linearity of ¢ coincide with the maximal cells in &. We also require
the boundary of B to be locally convex, more precisely, near each point in 9B, the
pair (B, 0B) looks like an open subset of a lattice polytope with its boundary. Such
a triple (B, &, ¢) is called a tropical manifold. The discrete Legendre transform
(DLT) associates another tropical affine manifold to (B, &, ¢) and is a duality:

(B, Z,¢) «— (é, @’ Q).

The dual is constructed as follows: The neighbourhood of each vertex v in & can
be identified with a neighbourhood of the origin of a fan X, and ¢ restricts to a
piecewise linear convex function on its support. Thus from the duality in Fig.4,
we obtain a lattice polytope v. On the other hand, for each maximal cell ¢ in &2,
again by the duality in Fig. 4, we obtain a fan ¥, with a piecewise linear function
¢ Finally, B is given by gluing all these polytopes and fans according to their
adjacency, see Fig. 5 for an example.

Example 4 (Duality of Cones as a DLT). Note that the duality of cones is a special
case of a DLT: Let 0 C R” be a rationally generated polyhedral cone containing no
non-trivial linear subspace and

o = {n € Hom(R",R) |n(m) > 0 for all m € o}.
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Taking trivial piecewise linear functions and for the polyhedral decompositions the
set of faces respectively gives a discrete Legendre transform

0 «—> —§.

Note that this is more general that the polytope-to-fan duality (e.g., Fig. 4) because
given a polytope A, we may take o to be

Cone(—A) = {(rm,r)|m e —A,r e R5o} CR" xR,

the cone over —A. Then (X, ¢), the DLT of A, is obtained from the dual cone
¢ € Hom(R" @ R, R) as follows: X is the projection of the proper faces of ¢ under
the restriction

Hom(R"” & R, R) — Hom(R", R)

and the graph of ¢ is the section of this projection given by d5.

We will come back to this example later.

It is quite remarkable that the construction of the discrete Legendre transform
even works if the tropical manifold has singularities as long as the local monodromy
around the singularities respects the polyhedral decomposition, see [24]. The
discriminant loci in B and B are then homeomorphic. Singularities are an important
feature of the story. If one wants to study compact Calabi—Yau manifolds, the base B
of the SYZ fibration needs to be a homology sphere, see [24, Prop. 2.37]. Therefore,
the fibration needs to have singular fibres which are reflected in the base as singular
locus of the affine structure of codimension two. The singularities only affect the
affine structure, the underlying topological space will still be a topological manifold
(with boundary). The local monodromy on the tangent bundle 75 around a branch
of the discriminant coincides with the monodromy in the cohomology of a nearby
smooth torus fibre for case (A) and the homology for (B). See [19] for a systematic
account on how to obtain a DLT from reflexive polytopes and nef partitions. For
further examples on affine manifolds with singularities, see [12,29,34,39].

Before closing this section, we would lilge to introduce natural refinements of
the cell decompositions (B, &) and (B. ) that give topologically a common
refinement on the interiors of B and B. This is given by the barycentric subdivision
(cf. [24, Def. 1.25] for the compact case and [38, Def. 3.2] for an alternative
definition in the non-compact case with the draw-down that doesn’t seem natural in
the context of SYZ fibrations). The definition we give requires that each unbounded
cell T € 2 has the property that the convex hull of its vertices conv(z!”) is a face
of . This is satisfied in Fig. 5.

We define a triangulation 2% of B which introduces one new vertex in each
relative interior of a compact cell 7 € 2. This vertex is the barycenter of the
cell and is defined as the average of the cell’s vertices V3% = m Y veol v Where
0% denotes the set of vertices of . We may use the same definition to associate a
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Fig. 6 The barycentric |
subdivision of the left hand
side in Fig. 5 indicating by !

bold lines how to obtain the -
cell decomposition given by y
its right hand side

barycenter to an unbounded cell, so for t unbounded we have vtr”'I = V?gfm[()]. We
then set
bar __ bar bar bar
PP ={conv{vy', . v 0 & G e T € Pk > 03 U P inded

where conv means taking the convex hull and ﬁgﬁgounded will be empty if each cell
in B is bounded. It is defined as

k
P ed = {conv{vlr’;‘r, cees vlr’:r}—i—z Rsop; [0S ... S, T € P, 1; is unbounded}
i=1

where p;, is the sum of all primitive integral generators of the rays in 7;, so
Zle R>0py is a cone generated by such rays and its sum with conv{vlr’;“, ey vl;fr
should be read as a Minkowski sum (i.e., pointwise sum).

Note that indeed Z?* is a refinement of the polyhedral decomposition & of
B and, after removing the boundary respectively, topologically also of & of B,
namely by respectively merging all cells in £?°" which contain a vertex that is in
2 but not in 2°*, See Fig. 6 for an example.

4 The Degenerate Calabi—Yau Fibre and the Reconstruction
Problem

As in the case of the elliptic curve, the tropical manifold (B, &, ¢) encodes a
degenerate fibre as follows [24]: each cell 0 € &7 gives a projective toric variety

P, = ProjC[Cone(c) N (Z" & Z)]

where Cone(o’) was defined in Example 4. This is functorial for inclusions of cells:
T C o0 = P, € P,, so we may form the limit

Xo(B, 2, p) = h_n)l Py
oeEP
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which is called the degenerate Calabi—Yau in the cone picture. This should be
thought of as a degeneration of (A) in Sect. 1. Dually, concerning a degeneration
of (B), for each 0 € &, we may consider the fan along o by which we mean
the following. Let U, be a sufficiently small neighbourhood of the relative interior
of 0. The image of {r € & |0 C t} under the projection U, —» U,/o (where
two points are identified if their difference is parallel to o) gives a neighbourhood
of the origin of a fan X, in R"~4M? unique up to isomorphism. Let X5, denote
the corresponding toric variety. This construction is contravariantly functorial for
inclusions: T € 0 = X5, C Xy, so we may form

X()(B,@,QD) = 1(21 XE(,

0EP

which we call the degenerate Calabi—Yau in the fan picture. It is not hard to see that
in fact

Xo(B, 2.¢) = Xo(B, 2, )
which should be compared to Fig. 1: indeed, there is a continuous map
fo: Xo(B.2.9) > B

by taking a direct limit over all moment maps f,, : P, — o foreach o € &, see
Example 2 for the definition of w,. This does not coincide with the limit map fo,
discussed in Example 3 but it is f,, restricted to the central fibre. The meaning of
fo could be understood as this: suppose we have a nearby fibre X,, then we can use
symplectic parallel transport to get a retraction map X, — X, and we can compose
this with f,, to get a Lagrangian fibration X, — B.ltis currently not clear how to
turn this into a special Lagrangian fibration. We have a diagram:

XO(BN@v(p) XO(éaﬁv(p)
lfw ifm
(B,2,9) <" (B, 2,)

We have called X((B, &, ¢) and )ZO(B, P, ¢) Calabi-Yau. This is justified if its
canonical bundle is trivial. These spaces have a log structure would be entirely
encoded in & for the first and in ¢ for the second if were no singularities in the
affine structure. The singularities however contribute non-discrete moduli of the
log structure encoded in so-called slab functions, see [26]. We will not go into
defining log structures, but recall that in the case of the elliptic curve we constructed
a sheaf of log differential forms which was trivial. This generalizes as long as
the transition functions of B can be chosen in Z" x SL,(Z), i.e., B is orientable.
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The log differential forms restricted to each component P, of )?O(B, P, ) are
just Q{an (log D,), the differential forms with logarithmic poles along D, where
D, is the complement of the dense torus in P,. These sheaves glue to a sheaf
QF = Q;‘?O(B, P 01/ SpecCH’ though the gluing is non-trivial whenever singularities
appear (the dagger indicating the presence of a log structure), see [25, 35, §3.2]. If
B is orientable, £2" is trivial and a section gives a global holomorphic volume form
with logarithmic poles.

The reconstruction problem is the question of whether one can reconstruct
a smooth (or at most orbifold) Calabi—Yau X; from its degeneration Xj; more
precisely, whether we can lift Xy from a space over a point to a flat family 2~
over the unit disk whose non-zero fibres have at most orbifold singularities. In
general, so in presence of singularities, this is a very difficult problem towards
which Gross and Siebert accomplished a major break-through in [26] by proving
a canonical liftability to Spec C[¢] assuming that the local monodromy of the
affine singularities of B cannot be factored (locally rigid). The parametrization
of the disk is also important and Gross and Siebert obtain the one trivializing the
Gauss—Manin connection (flat coordinates). Their proof is constructive and involves
wall-crossings. We will come back to this in a later section.

We now treat an easy case: Assume that B is a lattice polyhedron in R” and & a
subdivision of it given by a piecewise linear function ¢. So in particular, we have no
singularities. It is not hard to see that the dual (B, 2, ) also has the property that
it globally embeds in a vector space (the dual space). The DLT here can be worked
out as follows. Let A(B, &, ¢) be the polyhedron in R” & R given as

A2y ={(m,r) € R" @ Rlp(m) > r}

and let
X,24) = {0} U {Cone(r) |7 € &}

be the fan in R” @ R where Cone(r) denotes the closure of Cone(7) in R” @ R. We
define the piecewise linear function ¢ 2 ) (m,r) = ro(m). We have a DLT

Aw.29) < (X5 545 9595

which is really just the classical toric story as in Fig.4. The original DLT
(B, Z,¢) < (E, &, @) is contained in this as a “sub-DLT” by intersecting with
R"x{1}. Moreover, this picture solves the reconstruction problem: The fan X' (g 5 o)
maps to the fan of A! by the projection to the second factor R” @ R —» R, so we
have a map of toric varieties

2 Z(B,Z,9):= X545, —> SpecClt]

such that f~1(0) = Xo(B, Z,¢) and f~!(¢) is irreducible for 1 # 0. In fact
f7(t) is isomorphic to the toric variety given by the asymptotic fan of (B, 2, ¢)
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which is just the sub-fan of ¥ 2 ,) contained in R” x {0}. So if this gives a smooth
toric variety, a general fibre of f is smooth. This is the total space description for
the fan picture. 5

There is a dual version, the cone picture 2~ (é P, @) of the total space satisfying

2 (B, P,¢) = 2 (B, 2,9).

Gross and Siebert use this cone picture description to prove the more general
reconstruction (non-embedded situation). Those familiar with toric geometry will
know that we have

2 (B, 2, ¢) = Proj C[Cone(A5.5 ) N 7',

Let us recall how this works by gluing charts: To each vertex v of Ap 2 ) we
associate the ring R, = C[Rx¢(A(p,.,4) —v) N (Z" & Z)] which is naturally a C[¢]-
algebra by mapping ¢ to the monomial given by the unique generator of the second
summand in Z" @ Z (indeed, it is contained in Ap # ) — v). The affine varieties
Spec R, will give an open cover of 2. The intersection of two such, Spec R, and
Spec Ry, is empty if no cell in & contains both v and w and otherwise for t being
the minimal cell containing both, we may localize the rings R, and R,, by inverting
all elements that are sums of monomials with exponents contained in R>o(t — v)
(respectively R>o(7z — w)). Denoting the resulting rings R, and R, ,, we have a
natural isomorphism R, ; — R,,; induced by

RzO(A(B,ﬁ,w) —v)+R(rt—v) = Rzo(A(B,gz,(p) — W) + R(‘L’ —w).

All these isomorphisms are compatible and glue to give z (B, Z,¢) and a map
f: Z(B,2,p) — Csuchthat f~1(0) = Xo(B, Z,¢). To see the latter, note
that we identify

Proj C[Cone(o) N (Z" & 7)] = ProjC[Cone(p(0)) N (Z" & Z) ® Z)]. (11)

5 Compactifying Divisors and the Landau-Ginzburg
Potential

We have already dealt with the situation where B has a boundary when we discussed
discrete Legendre transforms. We now want to match it with the discussion of SYZ
fibrations from Sect. 1. For this, let us consider the mirror dual of P!. We have
already treated the mirror dual of C* with respect to its Fubini—Study-metric coming
from the embedding in P!, we have

R cr 2 (0.1).
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The map f,, naturally extends to P' — [0, 1]. We may think of the compactifying
divisor D = {0} U {oo} as adding (partially) contracted SYZ fibres. In fact, we
contract the 1-cycle which we used to define our base coordinate via the first integral
in (4). Phrased differently, the holomorphic cylinders* which we used to define
the base coordinate y on (0, 1) becomes a holomorphic disk. By the maximum
principle, there are no holomorphic disks in C*, but they do appear as we compactify
to P!, It is insightful to interpret the presence of holomorphic disks from the point of
view of Floer theory, see [5] for a detailed account. We already mentioned that the
mirror X of X = C* can be considered as the moduli space of pairs (L, V) where
L special Lagrangian tori with a U(1)-connection V on L x C. Fukaya—Oh—Ohta—
Ono [16] give an obstruction for the intersection Floer homology complex to be a
complex. If we are interested in the Floer homology HF*(%,.Z) of & = (L, V)
with itself, the obstruction is

mo(L) =Y. np(L)zp(L) (12)
BEMY(X,L)
n(p)=2

where ng(.Z) is the (virtual) number of holomorphic disks of homotopy class
B which contain a pre-determined general marked point in L, u(f) denotes the
Maslov index of 8 and

28(L) = exp(— /}3 w)holy (3B) € C* (13)

for holy (dB) the holonomy of V along df. The important observation is that zg (.£)

gives a holomorphic function on X. Just note its similarity with the holomorphic
coordinate

w; :exp(27ti(xj+i/ w))
I

on X given in Sect. 1. By [4], Lemma 3.1, the condition w(f) = 2 is equivalent
to B.D = 1 where D is the compactifying divisor and the dot denotes the
algebraic intersection number. We learn that a partial compactification of X
yields a holomorphic function m, on X (assuming that (12) has finitely many
summands or converges). Motivated by physics, this function is called a Landau—
Ginzburg-potential (LG potential) and denoted W. The pair ()? , W) is called a
Landau—Ginzburg model (LG model). In fact more generally, an LG model will
simply be a variety with a flat holomorphic function to C as well as a restriction of
such to an open subset in the analytic topology. Coming back to the example of P!,
the two-point compactification of X, we obtain a LG potential on

“It is possible to choose them holomorphic, in fact there is a natural choice.
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Fig. 7 The two holomorphic P! P!
disks giving the LG potential
of the mirror of P!

X ={weC*|e¥ < |w| < ™}

given by W = e (w + 1), see Fig. 7. We could have gotten rid of the factor e*"
had we rescaled m. This generalizes to smooth toric Fano varieties, see [5], Prop.
2.5:

Proposition 1. Given a smooth projective toric Fano variety P ,, the LG potential
on its mirror is given by

W = Z 6—27101r an

TCA isafacet

where n, € Hom(R", R) is the primitive integer inward normal vector to t, such
that t is given by intersecting the affine hyperplane n, + o, = 0 with A. Moreover,
7"t is the character associated to n. for the torus containing the poly-annulus which
is the mirror of the dense (C*)" in P 4.

Note that we may also study non-compact Fanos, e.g., by embedding C” in P", we
have that the mirror dual of C” is the LG model

) +.“+ )
{Wis oo W) € (CH |1 < |wi| < ey "™

C.

Let us now consider the large volume limit of this picture. By taking lim, o, rw, we
enlarge the mirror poly-annulus until it becomes all of (C*)". The potential will also
move to infinity, but can be normalized similarly as we normalized the symplectic
form previously, see [4], §4.2. Under normalization, it remains the same and we
have in the large volume limit

the mirror dual of (C)", $2, ) is the LG model (C*y" % ¢,

Let us now see how we find the LG potential in the context of the discrete
Legendre transform, i.e., in the degeneration limit.
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Example 5 (LG Potential on the Mirror of P'). We consider the example of P!
again, which is given by the cone picture

P' = Xo([-1,0], {1}, {0}, [-1,0]},0)

and the DLT of B = [—1, 0] is the fan of P! with piecewise linear function ¢ whose
slope changes by 1 at the origin. We have for the mirror degenerate Calabi—Yau the
fan picture

Xo := Xo([=1,0] {{—1}.{0}. [-1,0]},0) = A' gy A' = V(uv) € A’

We take the potential Wy = u + v, i.e., the standard coordinate on each Al. The
reconstruction of Xy is given by 2~ = A? — Al (u,v) — uv. Let us view vthe same
from the perspective of the cone picture. We denote the DLT of B by (é, P, ) and
may assume ¢(0) = 0. We have the monoid algebra

Z = SpecC[P], P = A(é@,@ N(Z & 7).

Let ey, e, be generators for the two summands of Z @ Z respectively. We set w = z°!
and t = z%2. Since e, € P, C[P] is a C[t]-algebra giving the map Spec C[P] —
Spec C[t] = A'. The generators of the P are e; + ¢(e1)e; and —e; + ¢(—ej)es, 50
the generators of Spec C[P] are wt#“!) and w=!¢#(=¢)). Denoting these by u, v, we
have C[P] = Clu, v]. We claim that the sum u + v is the reconstruction of the LG
potential:

W = Wt‘/’(el) + W_ll(p(_el).

Indeed this restricts to W, on Xj. Inserting the ¢ as given by (10) from A = [—1, 0],
we get fort # 0

W=w+wlt

for the potential on X, = V(xy —t) = C*. Taking r = 1 reproduces the mirror of
P! constructed before Proposition 1 up to a factor of > and up to the restriction to
an annulus.

What we did for P! here generalizes directly to the case of a general (B, 2, ¢),
see [13]. The potential W, on a component P, of XO(B, 2, ) is 0 if o is compact.
Otherwise, let rays(o) denote the set of equivalence classes of (unbounded) extremal
rays of o up to translation. The potential on P, is given by

Wole, = Y, ¢ (14)

(no+Rxon) Erays(o)

where (19 + R>on) denotes a representative of an element in rays(o) for which we
require 7 to be a primitive integral vector. Clearly " doesn’t depend on the choice of
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representative. These local potentials glue to a LG potential W, on X o(B, Z,¢).See
[13] for a solution of the reconstruction problem for this potential. We again restrict
ourselves to the easy case: Let us assume that (B, &, ¢) is embedded in R". Recall
from the end of Sect. 4 the local description of the total space 2" = Z (B, Z, ¢)
of the smoothing of )ZO(B , P, ). For each vertex v € &, we have an affine chart
Spec R, of 2 . The reconstructed potential W : 2 — Cis given in each R, by the
sum

W= Z Zntw(n-‘rno)—w(’l())' (15)
(no+Rxon) € U{rays(o)|o€ 2}

It can be shown that p(n+ny)—@(no) is an invariant of the equivalence class of ny+
Rxon. Note that this indeed restricts to W, on X, making use of the identification
(11). It is also in line with the above example for the mirror of P! where the sum
was u + v and we had ¢(ng) = ¢(0) = 0. More generally in the presence of
singularities of the affine structure, one needs to sum over all broken lines which we
have implicitly done here, too. Broken lines are an analogue of holomorphic disks
in tropical geometry. See [13,21] for more details.

6 Mirror Duality for Landau—-Ginzburg Models

We are now in the position to study a duality of Landau Ginzburg models. We
understood in the first section that the mirror dual of (C*)" is again (C*)" or
some analytic open subset thereof depending on the choice of symplectic form.
We understood in the previous section that partial compactifications on one side
lead to a LG potential on the other side. LG models are well-known to be the
mirror duals of projective Fano varieties, some of which are compactifications of
(C*)", some others (possibly all) can be degenerated torically such that the mirror
is also obtained from the given discrete Legendre transform construction. However,
in principle, there is nothing stopping us from looking at partial compactifications
of (C*)" on both sides as in Fig. 5, e.g., the reader will meanwhile hopefully agree
with the slogan

. wit...+wy, . wi+...+w,
the mirror dual of C' —— C is C'——5C.

The discrete Legendre transform underlying this slogan is the duality of very
simple cones, namely

DLT
n n
RYy <— —RS,,
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more precisely, one RZ, sits in the dual space of the vector space containing the
other. While the DLT provides a very general framework for the construction of
very sophisticated Landau—Ginzburg models (e.g., with singularities in the affine
structure), we give here a simple and yet very useful subset of the wide range of
DLT duals.

Let us fix a free abelian group M =~ Z", Mr = M ®z R, N = Homy(M, Z),
Nr = N ®z R. Consider a strictly® convex rational polyhedral cone 0 € My with
dimo = dim Mg, and let & € Ng be the dual cone,

0:={n € Ng|{n,m)>O0forallm € g}.

We already explained in Example 4 that the duality 0 <> —¢ constitutes a DLT. For
the simplicity of the exposition, we remove the minus sign from ¢ in the following
and call 0 < ¢ and related constructions a DLT. Note that in this notation, the
previous slogan results from starting with the cone 0 = Rx>pe; @ ... D R>pe, where
el,...,e,isabasisof M.Notethatifey,...,e, were only a basis of M ®zQ but not
of M, we would already be studying an interesting duality of quotient singularities
(in fact this relates to the Berglund—Hiibsch construction [6]), cf. [7]. Let us remain
in the smooth world. So since the corresponding toric varieties

Xo(5) = Xo(0) = X4 = SpecC[§ N N]
Xo(0) = Xo(5) = Xz = SpecC[o N M]

are usually singular, we choose toric desingularizations by choosing fans ¥ and b))
which are refinements of o and & respectively, with ¥ and by consisting only of
standard cones, i.e., cones generated by part of a basis for M or N.

We now obtain smooth toric varieties Xz and X ;.. However, the resolution has
broken the DLT property: X' is not the DLT of Y in general. This can be fixed as
follows. We may assume that we have chosen resolutions given by a piecewise linear
functions ¢, ¢ respectively. Then there are polytopes P € Mg, P C Ng such that
we have DLTs

(0.2.¢) & P (16)
(0,%,9) < P.
Moreover, these have the property that

Cone(P)N Mg =0
Cone(P) N Ng = &,

3This means it doesn’t contain a non-trivial linear subspace.
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where the overline means taking the closure and the cones are contained in M & R
(resp. Nr @ R) so that intersection with My (resp. Nr) nvlakes sense. Note that we
have the fan pictures Xy = Xo(0, X, ¢), X3 = Xo(G, ¥, (,Z)) By the construction

in the Prevmus section, we obtain reconstructed potentials W2 (0,2, 90) = C,
W Z(,X,9) — C, which make sense to write down as elements

W= Y R gnisarayin £ 219" e C[Cone(5) N (N & Z)] = C[5 N N] ®c C[r]
REN is primitive

W - ZREOmisamyinE th(p(m) S (C[COI’IC(U) n (M @ Z)] = C[O- n M] ®(C (C[Z].

MEM is primitive

So the potentials pull back from X, x A!, X5 x Al respectively. For a fixed 7, we
have diagrams

X5 Xz
. | ™
(CWXG X&?C

a7

One needs to take a close look to observe that this duality is actually “balanced”
in the following sense. One might wonder what happens if one chooses a different
resolution Yy, instead of X'. Then X5 becomes X 5, but the potential W remains
“the same” (being the pullback of the same potential on X, ). However, while on the
dual side X ;. remains the same space, its potential /4 changes to Wiew because
it is a sum over all rays in X.. So it is not possible to change only one side
by adding exceptional divisors. Of course, the geometry of Xy might be very
different from that of X5, e.g., one of them might have a trivial canonical bundle
while the other has a more positive one. To ensure that the geometry of X5 doesn’t
differ considerably from that of X,, we would want X5y — X, to be a crepant
resolution. Such does not always exist in the category of smooth schemes, however
it does exist in general in the category of orbifolds which should be the slightly more
general framework to be used here.

While the balancing argument just given is a weak one to rectify mirror

symmetry, we should actually argue by the discrete Legendre transform. There
are four DLTs in place three of which we have seen already, see Fig. 8. It has
been shown in [18] that there exists a (non-unique) DLT pair (B, Z,¢)
(E, P, @) which “dominates” the two DLTs gi\v/en in (16). Most importantly, the
potentials constructed for (B, &, ¢), Z (é, &, @) viathe previous section agree
with W, W respectively in the following sense: the space 2 (B, &, ¢) relates
to Z (0, Z,¢) by a deformation, i.e., there is a flat family with general fibre
isomorphic to 2 (0, &, ¢) and special fibre given by 2 (B, &, ¢). Moreover this
family is birational to the trivial family with fibre 2" (o, &, ¢) and the potential on
Z (B, Z, ) is the pullback of the potential W from the trivial family.
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c,X,0) d
- ( ) s
(B,Z,9)

DLT DLT

v d ——-P& ~ M\
(o) (B,Z,)
T Ay —

Fig. 8 Tropical manifolds and their relationships: DLT marks a discrete Legendre transform (up to
sign convention), s marks a subdivision, d marks a deformation/degeneration

The mirror duality of Landau—Ginzburg models given in (17) has been used
in [18] to construct mirror duals for varieties which are not necessarily Fano or
Calabi—Yau, e.g., for varieties of general type. A notion of mirror symmetry for
such varieties didn’t exist before the cited work had been started, so this relatively
simple construction for duals is already quite powerful, cf. [1, 8, 14]. Note also that
the famous mirror construction of Batyrev—Borisov is reproducible from this duality,
see [18]. Note that the potentials in loc.cit. had been permitted to have more general
coefficients, i.e.,

W = Z CmZ"

R>qmisarayin ¥
mEM is primitive

for some (general) ¢, € C and similarly for /4 (independently of the coefficients of
W). This can be argued to make sense by changing the (complexified) symplectic
form on either side, recall from (13) that the monomials are integrals of the
symplectic form.

There is yet one flaw in the picture: The potential which we give in (15) is
the “naive potential”. It agrees with the Floer theoretic one in the Fano case by
Proposition 1, however Xy, Xy are rarely Fano. More generally, there will be
non-rigid rational curves in Xy or Xy and these cause disk bubbling and non-
geometric virtual counts of holomorphic disks (see [5]). Such give rise to (possible
infinitely many) additional Maslov index two holomorphic disks and thus terms in
the potential. To keep this under control, the authors of [13] required the boundary
of B and B to be smooth. In fact they suggested to smooth the boundary by
trading “corners” in B (or é) for singularities of the affine structure of B (or é),
see Fig.9.

The advantage is that the tropical potential (the generalization of (15) to affine
manifolds with singularities) for a smooth boundary of B (or B ) seems to agree with
the Floer theoretic one. The additional terms arise from holomorphic disks attaching
to the singularities in the SYZ fibration and these can be accounted for tropically.
We shall study this for an example in the next section. Let us record here the main
result of [18] which supports the mirror duality (17) from a cohomological point of
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A . <
singularities smooth boundary

Fig. 9 The cone picture of P? and how to trade corners for singularities

view. For this, the general setup of (17) is restricted to the situation where o has the
special shape of a Gorenstein cone, i.e., there is a lattice polytope A such that

o = Cone(A).

For this to make sense, we need to write My as (My ® Z) @z R where M, =~ Vit
and A C M, ®z R. Note that the existence of a toric crepant resolution Xy — X,
is equivalent with the existence of a triangulation & of A into simplices for which
the edges emanating from a vertex in each form a basis of M,. The authors of [18]
prove the following:

Theorem 1. Assume that A has at least one interior lattice point, P4 = Proj Clo N
M] is smooth and that there is a projective crepant toric resolution Xs — X,
factoring through the blowup of the origin X5 — Bly X, — X, then the blow-up
of the origin X y. = Blg X5 — X5 is a toric resolution. The diagram (17) specializes
to

%65 Tot(Op,(—1))
A T
C <T Xg X(; —_— C.

where Tot(£') = Spec(Sym(Z 1Y) denotes the total space of a line bundle. The
critical locus of W is a hypersurface S C P x which is smooth if the coefficients of
W were chosen general. The Kodaira dimension of S is

«(S) = min{dim A’, n — 2}
where A’ is the convex hull of the lattice points in the interior of A. We have that

w='0) =D, U...UuD, UW,



Mirror Duality of Landau—-Ginzburg Models via Discrete Legendre Transforms 403

is normal crossings, W, is the strict transform of the zero fibre of W : X, — C
and D,, are toric exceptional divisors of Xz, — X, projecting to the origin. They
are indexed by the lattice points in the interior of A. The critical set near the origin
S = Sing WY(0) supports the sheaf of vanishing cycles Fs = (¢pwoC)[1] which
carries the structure of a cohomological mixed Hodge complex. Denoting

hP4(S, F5) = dimGrl HPT(S, ),
we have
hPa(S) = hi=P9(S, F¢)

where d = dimS =n — 2.

7 Moving the Compactifying Divisor and Corrected
Potentials

We already mentioned the concept of trading corners for singularities, see Fig. 9.
Geometrically this means the following: Recall that we started our discussion
with the mirror duality of (C*)"” and continued by partially compactifying it to a
toric variety Xy using a toric divisor D = Xx\(C*)". The special Lagrangian
fibration (SYZ fibration) is still entirely given on (C*)" with parts of the torus fibres
contracting towards D. There are moduli of the pair (X, D) by moving D in its
equivalence class, in particular D becomes non-toric by doing so. It is not known
whether X 3\ D for such a non-toric D still supports a special Lagrangian fibration
(using for £2 a section of §2 31(2 (log D)). This is already unknown for the complement

of a smooth cubic in P2, Nonetheless, we already have a good expectation of what
the affine base of such a special Lagrangian fibration should look like. In the case
of P2, we depicted it on the right of Fig.9. See [33] for a treatment of the case of
a partial smoothing of the hyperplanes in P2, see also [11]. What happens to the
mirror as we smooth D? We have a natural bijection between the components of
D and the terms in the potential of the mirror WX 5 — C, so by smoothing D,
we expect only one monomial to contribute to the mirror potential near D. On the
other hand, the special Lagrangian fibration on X 3\ D—should such exist—or at
least the affine model for its base acquires singularities there are additional disks
attaching to these singularities and to D. It can be checked in simple Fano examples
that the monomials in the potential remain the same (up to changing coefficients)
when smoothing the toric boundary divisor. Summing over rays in (14) is replaced
by summing over broken lines in the presence of singularities [13], see Fig. 11.

The singularities emanate walls (indicated dashed in Fig. 11) into the affine
manifold which ought to contain the image of Maslov index zero holomorphic
disks under the SYZ map fg should such exist. These can be attached to the
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(1,0)

Fig. 10 The four DLTs for Tot(Op1 (—k))

singularities move
sum of rays sum of broken lines in from infinity
smoothing the
B - - - - toric boundary

Fig. 11 Fan pictures for the minimal crepant resolution of the singularity uv — z3 = 0 with and
without smoothing of the toric boundary divisor. Interpreted dually, these are cone pictures for a
degeneration of the singularity C2/{; where {3 is a primitive third root of unity acting diagonally.
The monomials in the LG potential on this singularity remain the same when smoothing the toric
boundary divisor of the mirror dual: summing over rays becomes summing over broken lines

holomorphic disk touching D and give rise to further terms in the potential. As
long as D itself does not contribute such walls, the tropical potential obtained in
this way by counting broken lines is expected to be the correct potential meaning
that it agrees with the one given in (12). Moreover the smoothing of D makes W
proper as has been argued in [13]. The process of pulling in the corners is very ad
hoc and hasn’t been systematized yet. This will be treated in [36]. In non-Fano
cases, where Proposition 1 possibly fails, the right count of holomorphic disks
seems more accessible when the boundary divisor has been smoothed by means of
counting broken lines. We close this article by studying the corner-pull-in-process
in an example:

Example 6 (Corrected Potential for Tot(Opi(—k)) and Its Mirror). Let ¢ =
Cone(A) with A an interval of length k and X' be the unique subdivision giving
a crepant resolution of X,. Let ¢ be the dual cone of ¢ and Y be the fan of
Tot(Op1 (—k)) which resolves X;. See Fig. 10 for a how the diagram in Fig. 8
visualizes for this setup. We start from the DLT pair (B, &2, ¢) < (B, P, @) and
straighten out the boundary in these each at a time. See this process in Fig. 12. Even
though we started with very simple cones, we eventually obtain a fairly interesting
DLT pair whose singularities will feature scattering. The upshot of this example is
that the corrections that come to the potentials don’t impact the critical locus of the
potential. This can be deduced from the positions of the invariant directions of the
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singularities move boundary is smooth
l/ in from infinity all rays are parallel all rays are parallel

\$ i DLT DLT i DLT

| AoA A AN A by
A | P

corners are boundary is smooth boundary is smooth

are pulled in all rays are parallel

Fig. 12 Flattening the boundary

singularities towards the direction of the boundary divisor in the respective cone
pictures. The critical loci together with the sheaf of vanishing cycles were the main
objects of study in [18].
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Mirror Symmetry in Dimension 1
and Fourier-Mukai Transforms

Nicolo Sibilla

Abstract In this paper we will describe an approach to mirror symmetry for
appropriate one-dimensional DM stacks of arithmetic genus g < 1, called fcnc
curves, which was developed by the author with Treumann and Zaslow in Sibilla
et al. (Ribbon Graphs and Mirror Symmetry I, arXiv:1103.2462). This involves
introducing a conjectural sheaf-theoretic model for the Fukaya category of punc-
tured Riemann surfaces. As an application, we will investigate derived equivalences
of tcnc curves, and generalize classic results of Mukai on dual abelian varieties
(Mukai, Nagoya Math. J. 81, 153-175, 1981).

1 Introduction

As originally formulated by Kontsevich [12], Homological Mirror Symmetry (from
now on, HMS) relates the derived category of coherent sheaves on a Calabi—Yau
variety X, D? (Coh(X)), and the Fukaya category of a symplectic manifold X, by
stating that if X and X are mirror partners, then D?(Coh(X)) = F uk(X ). Since its
proposal, much work has been done towards establishing Kontsevich’s conjecture
in important classes of examples, see [23,25,29], and references therein.

One of the main obstacles for tackling Kontsevich’s conjecture is gaining a
sufficient understanding of the Fukaya category.' Starting in 2009, in various talks,
Kontsevich has argued [13] that the Fukaya category of a Stein manifold should have
good local-to-global properties, and therefore conjecturally could be recovered as

!For foundational material on the Fukaya category, the reader should consult [9, 24].
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the global sections of a suitable sheaf of dg categories.” This is in keeping with
previous work of Nadler and Zaslow who, in [18, 21], establish an equivalence
between the Fukaya category of exact Lagrangians in a cotangent bundle 7*X,
and the dg category of (complexes of cohomologically) constructible sheaves® over
X, Sh(X).

Following Kontsevich’s insight, in [32], joint with Treumann and Zaslow, we
equip the Lagrangian skeleton of a punctured Riemann surface X' with a sheaf of
dg categories, called CPM(—),* such that its local behavior is dictated by Nadler
and Zaslow’s work on cotangent bundles, while its global sections are conjecturally
quasi-equivalent to the Fukaya category of exact Lagrangians in X, Fuk(X).
Further, in [32], using this model as a stand in for the Fukaya category, we prove
a version of HMS in dimension 1 which pairs suitable stacky, degenerate elliptic
curves, called fcnc curves (see Sect. 3.1), and punctured symplectic tori.

In this paper we review the results contained in [32], by focusing on motivations
and examples, and keeping the presentation of the arguments as explicit and
concrete as possible. Then, we will apply this framework to investigate derived
equivalences of tcnc curves. A more detailed outline of the paper is given below.

In Sect. 2, after reviewing the necessary background, we define CPM(—) as a
sheaf of dg categories on a suitable Grothendieck site of decorated ribbon graphs,
and open inclusions. The applications to mirror symmetry are explained in Sect. 3.
Given a tenc curve C, we explain how to construct a ribbon graph D, which
arises as the skeleton of a punctured symplectic torus C, and we prove that there
is an equivalence Perf(C) = CPM(C ). Granting the conjectural equivalence
CPM(Ds) = F uk(C ), we obtain an HMS statement relating C and C.

The HMS statement proved in [32] can be used to explore the algebraic geometry
of tene curves.® In Sect.4 we prove that, up to derived equivalence, tcnc curves
are classified by the sum of the orders of the isotropy groups at the nodes. This
generalizes work of Mukai on derived auto-equivalences of smooth elliptic curves
[17], and of Burban and Kreussler who considered the case of the nodal P' [6].
From the stand-point of mirror symmetry, this result corresponds to the simple fact
that the Fukaya category of a punctured Riemann surface depends exclusively on
genus, and number of punctures.

2For relevant work in this direction, see also [19, 20, 26,27].

3From now on, we will refer to objects in Sh(X) simply as ‘constructible sheaves.” See [11] for a
comprehensive introduction to the subject.

*CPM stands for ‘constructible plumbing model,” as this framework can be more generally applied
to investigate the Fukaya category of a plumbing of cotangent bundles, for which see also [1].

SLagrangian branes in Fuk(X) are further required to be, in a suitable sense, ‘adapted’ to the
skeleton, and thus in particular compact when I’y is. Also, when referring to the ‘Fukaya category,’
we shall mean the split closure of the category of twisted complexes over the Fukaya category, see
[24].

6See also [30,31]. In [30] we define an action of the mapping class group of a torus with n punctures
on Perf(X, ), where X, is a cycle of n projective lines.
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2 A Model for the Fukaya Category of Punctured Riemann
Surfaces

In this section we review the construction of CPM(—). We will follow quite closely
the exposition of [32], but we shall gloss over many technical aspects of the
theory, for which we refer the reader to the original paper. Section 2.1 contains
a brief overview of definitions and results from microlocal sheaf theory which
will be needed later, and a preliminary, ‘local,” definition of CPM(—). Section 2.2
discusses a useful dictionary between category of sheaves, and categories of quiver
representations. In Sect. 2.3 we introduce the notion of chordal ribbon graph, and
give the full definition of CPM(—), as a sheaf of dg categories over the Grothendieck
site of chordal ribbon graphs.

Before proceeding, it might be useful to clarify what we mean by sheaf of dg
categories. Recall that, after Tabuada [33], the category of small dg categories,
dgCat, can be equipped with a model structure. A sheaf on a site C with values
in a model category D is a pre-sheaf F, such that, whenever S = {U;} is a covering
sieve for U € C, the diagram

F(U) — [ FU;) = T F(Uy) S ...

is a homotopy limit in D. The sheaf property can be verified in practice quite easily,
using the following description of equalizers in dgCat.

F
Lemmal. LetC — C’ be a diagram in dgCat, and denote £ the dg category
having

* as objects, pairs (C,u), where C € C, andu : F(C) — G(C) is a degree zero,
closed morphism, which becomes invertible in the homotopy category,

* as morphisms, pairs (f,H) € hom*(C,C’) & hom*'(F(C),G(C")), with
differential given by d(f, H) = (df ,dH— (' F(f) — G(f)u)). The composition

is obvious.

Then &, endowed with the natural forgetful functor £ — C, is a homotopy equalizer
for F and G.

Proof. Lemma 1 depends on the availability of an explicit construction of the path
object P(C’) for C’, which can be found in Lemma 4.1 of [34]. This allows us to
compute the homotopy equalizer in the usual way, by taking appropriate fibrant
replacements. We leave the details to the reader.

2.1 Microlocal Sheaf Theory in Dimension 1

Let X be a manifold, and let Sh(X) be the category of constructible sheaves over
X . In [11], Kashiwara and Schapira explain how to attach to a constructible sheaf
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F € Sh(X) a conical (i.e. invariant under fiberwise dilation) Lagrangian subset of
T* X, called singular support, and denoted SS(F). Informally, SS(F) is an invariant
encoding the co-directions along which F does not ‘propagate.” Rather than giving
the general definition, for which we refer the reader to Sect.5.1 of [11], we will
describe the singular support in the simpler set up which will be needed in the
following.

Assume that X is a one-dimensional manifold equipped with affine structure.
Let x be a point of X, and let f be an affine R-valued function on X around x. For
€ > 0 sufficiently small let A be the sublevel set {y € X | f(y) < f(x) + €} and
let B be the sublevel set {y € X | f(y) < f(x) — €}. We define a functor 1, s :
Sh(X) — C-mod to be the cone on the natural map I'(A4; F|4) — ['(B; F|p).

Since every constructible sheaf F is locally constant in a deleted neighborhood of
x, this functor does not depend on € as long as it is sufficiently small. Clearly pi ¢
depends only on x and df .. When (x,§) € T*X we let u,¢ denote the functor
associated to the point x and the affine function whose derivative at x is §.

Definition 1. For each F' € Sh(X) we define SS(F) C T*X, the singular support
of F, to be the closure of the set of all (x, &) € T*X such that u, ¢ F # 0.

Note that, as py¢ = pye wWhen t > 0, the set SS(F) is conical. In fact, if
(x,&) € SS(F) and t € R.g, then (x,z - §) € SS(F). Further, SS(F) is one-
dimensional and therefore a Lagrangian subset of 7*X with its usual symplectic
form.

Definition 2. Suppose A C T*X is a conical Lagrangian. Define Sh(X, A) C
Sh(X) to be the full triangulated subcategory of sheaves with SS(F) C A.

Example I. Let A = XUTXU---UT; X be the union of the zero section and the
cotangent spaces at finitely many points {si, ..., s,}. Then Sh(X, A) is the category
of sheaves that are locally constant away from {sy, ..., s,}.

If F is a sheaf in Sh(X, A), and § # 0, . ¢(F) € C-mod should be thought of
as the (microlocal) ‘stalk’ of F over (x, §) € A\ X. This suggests that sheaves with
singular support in A have a local nature over A, as well as over X. The locality of
Sh(X, A) over X can be encoded in the claim that the assignment

U CP" X s Sha(U) := Sh(U, T*U N A),

defines a sheaf of dg categories over X . In an analogous fashion, in Definition 3 we
will introduce a sheaf of dg categories, denoted CPM(—), which, in an appropriate
sense, is an extension of Sh,(—) to A. In particular, we will have CPM(A) =
Sh(X, A).

Let U C T*X be an open subset, and let P(X, U) be the Verdier quotient
of Sh(X) by the thick subcategory of all sheaves F with SS(F) N U = @ (see
[11], Sect.6.1). Consider the full subcategory of P(X, U) spanned by sheaves F
with singular support in A, and denote it P4 (X, U). Both P(X, —), and P4 (X, —),
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naturally define pre-sheaves of dg categories on 7*X. We can therefore consider
the sheafification of P4 (X, —) over T* X, which we denote MSh(—).”

Definition 3. Define CPM(—) to be the sheaf of dg categories over A obtained by
pulling back MSh(—) along i, CPM(—) = i *MSh(—).

2.2 Microlocal Sheaves and Quiver Representations

Assume that X is a one-dimensional manifold and A < T*X is a conical
Lagrangian subset. The category Sh(X, A), and the sheaf CPM(—) over A, can be
very explicitly described in terms of quiver representations.

Let us call the connected components of A — X the spokes of A. They are divided
into two groups depending on which component of 7* X — X they fall into. Using an
orientation of X we may label these groups “upward” and “downward.” The conic
Lagrangian A determines a partition P4 of X into subintervals (which may be open,
half-open, or closed) and points. Let us describe this partition in case X = R, the
general case is similar. Each spoke of A is incident with a point x € R, which we
may order x| < ... < xx. We put {x;} € P, if x; is incident with both an upward
and a downward spoke. We put an interval / from x; to x;4; in P4 whose boundary
conditions are determined by the following rules

e If x; is incident with an upward spoke but not incident with a downward spoke,
then x; is included in /. Otherwise x; is not included in /.

e If x; 4, is incident with a downward spoke but not incident with an upward spoke,
then x;4, is included in 7. Otherwise x; 4+ is not included in 7.

We put (—o0, x1) in P, if x is incident with an upward spoke and (—oo, x;] in
P, if x is incident with a downward spoke, and similarly we put (xi, 00) (resp.
[xr,00))in P, if x; is incident with a downward (resp. upward) spoke.

Define a quiver (that is, directed graph) O 4 whose vertices are the elements
of P, and with and edge joining / to J (in that orientation) if the closure of J has
nonempty intersection with 7. If there are n spokes then this is a quiver of type A4, +
(i.e. shaped like the Dynkin diagram A,4;) whose edges are in natural bijection
with the spokes of A: an upward spoke corresponds to a left-pointing arrow and a
downward spoke to a right-pointing arrow.

Theorem 1. There is a natural equivalence of dg categories
Sh(M ; A) = Rep(Q 1)

If (x, &) belongs to a spoke of A corresponding to an arrow f of Q 4, then under
this equivalence the functor iy ¢ intertwines with the functor Cone(f).

"Note that, if 7 : T*X — X is the natural projection, then 7, MSh(—) = Shs(—).
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Example 2. 1. Let J—Fr C T*R be the union of the zero section, the fiber at 0, an
upward spoke at some x_ < 0 and a downward spoke at some x4 > 0. Then

Sh(R,47) = Rep(e < o < o — o — o).

2. LetA=S'U Tx”(‘) S! < T*S! be the union of the zero section, and the cotangent
fiber at some xo € S'. Then

Sh(S', A) = Rep(e =3 ).

Proposition 1. Let M be a one-dimensional manifold and let A\ and A, be conical
Lagrangians in T* M . Suppose that in each connected component U of T*M — M,
A1 NU and A, N U have an equal number of components (i.e. Ay and A, have an
equal number of spokes in each group). Then Sh(M ; A1) = Sh(M; Ay).

Proof. For a general quiver Q, if a is an arrow let s(a) and #(a) denote the source
and target of a, respectively. A vertex v of Q is called a sink (resp. source) if all the
arrows incident to it have 7 (a) = v (resp. s(a) = v). If x is a sink or a source, then
Bernstein—Gelfand—Ponomarev [4] define a new quiver Sy Q obtained by reversing
the orientation of all the arrows in Q incident to x.

Let Q be a quiver, and let x € Q be a sink or a source. It follows from [4] that
there is an equivalence of dg categories Rep(Q) = Rep(Sx Q). Thus, if Q; and
Q> are quivers with same underlying undirected graph, then Rep(Q1) = Rep(Q>).
Proposition 1 follows by applying this theorem to quivers of the form Q 4.

We conclude this section, by showing how Theorem 1 yields a very explicit
description of the sheaf CPM(—). For concreteness, we focus on the example
X = S'and A = S' UT}S', the general case is similar. Denote R* and R~
respectively the up-ward and down-ward spoke of A. We shall describe the sections
of CPM(—) on contractible open subsets U C A, and the assignment defining, on
objects, the restriction functors

Resy : CPM(A) = Sh(X, A) = Rep(e =3 o) — CPM(U).

The definition on morphisms will be obvious. This is sufficient to reconstruct
CPM(-).
f
Assume that M = 'V T'E is an object in Rep(e =z o). Then
e if U C S!',CPM(U) = C-mod, and Resy (M) = V>,

e if U C RT,CPM(U) = C-mod, and Resy (M) = Cone(f),
e ifU C R7,CPM(U) = C-mod, and Resy (M) = Cone(g),

. ifxo € U, CPM(U) = Rep(e < o — o), and Resy (M) = V3 2V, 5 ;.
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2.3 Chordal Ribbon Graphs and CPM

Recall that a cyclic order R on a set S is a fernary relation on S, which allows us
to speak unambiguously about ordered triples, and satisfies the obvious properties
enjoyed by a set of points arranged on a circle. We shall define a graph to be a pair
(D, Vp), where D is a one-dimensional CW-complex, and V), is the set of 0-cells,
called vertices.

Definition 4. Let (D, Vp) be a graph in which every vertex has degree > 2. A
ribbon structure on (D, Vp) is a collection {R,},ey, where R, is a cyclic order
on the set of half-edges incident with v. We call a graph equipped with a ribbon
structure a ribbon graph.

Definition 5. A chordal ribbon graph is a pair (D, Z) where

* D isaribbon graph.

e Z is aclosed, bivalent subgraph containing each vertex of X.

* Let R, denote the ternary relation defining the cyclic order on the set of half-
edges incident with v. If e and f are the two half-edges of Z incident with v,
then there is at most one half-edge g so that (e, g, f) € R, and at most one
half-edge & so that (f,h,e) € R,.

In particular, the last condition requires that each vertex of a chordal ribbon graph
has degree at most 4. We refer to Z as the zero section of the chordal ribbon
graph.

Let Chord denote the category whose objects are chordal ribbon graphs, and
where Hom((C, W), (D, Z)) is given by the set of open immersions j : C < D
with j(W) C Z and preserving the cyclic orders at each vertex. We endow Chord
with a Grothendieck topology in the evident way.

The simplest examples of chordal ribbon graph, called fishbones, are pairs of
the form (A, X N A), where X is a one-dimensional manifold, and A C T*X
is a conical Lagrangian subset. Section 2.1 gives a recipe for constructing a sheaf
CPM(—) on any fishbone (A, X N A) (see Definition 3). As the full subcategory
of fishbones is a basis for the Grothendieck topology on Chord, we can make the
following definition.

Definition 6. Denote CPM : Chord — dgCat the sheaf of dg categories on Chord
whose restriction to the sub-category of fishbones recovers Definition 3. We call
CPM(D, Z) the constructible plumbing model of the chordal ribbon graph (D, Z).

Chordal structure and restriction on valency are just convenient technical
assumptions which could be removed as CPM(—) is expected not to depend on
them. More precisely, up to quasi-equivalence, the constructible plumbing model
of the chordal ribbon graph (D, Z) should be a function solely of the ‘deformation
class,” appropriately defined, of the ribbon graph D. A sketch of the full theory,
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which will take as input (suitably graded) ribbon graphs of any valency, is discussed
in the last part of [32]. Work is in progress to fill in the remaining details.’

Setting technical complications aside, let’s assume for the moment that CPM(—)
can be evaluated on a general ribbon graph. Then the expected relationship with
the Fukaya category can be formulated as in Conjecture 1 below. Recall that ribbon
graphs label cells in the moduli space of punctured Riemann surface (see e.g. [10,
22]). Further, if X' lies in the cell labeled by Iy, there is an embedding Iy, «— X,
and a nicely behaved retraction of ¥ onto I'sx. In the language of Stein geometry,
I's is the skeleton of X.

Conjecture 1. Let X' be a punctured Riemann surface with skeleton Iy, then
CPM(I'y) is quasi-equivalent to Fuk(X).

3 Homological Mirror Symmetry for tcnc Curves

In this section we will prove the main theorem of [32], which establishes a version
of homological mirror symmetry for a class of nodal, stacky, curves of genus g < 1,
introduced in Sect. 3.1 below. The proof of HMS will be discussed in Sect. 3.2, and
will make use of the model for the Fukaya category supplied by the sheaf CPM(—).

3.1 tcnc Curves

Let P!(ay,a,) be a projective line, with stacky points at 0, and oo, and isotropy
groups isomorphic, respectively, to Z,,, and Zuz.g We call ]Pl(al, ay) a Beilinson—
Bondal (or, BB) curve.

Definition 7. A tcnc curve C is a connected, reduced DM stack of dimension 1,
with nodal singularities, such that its normalization C 5 Cisa disjoint union of
n BB curves Py,..., P,. Further, if Z — C is the singular set, we require that
7~ 1(Z) interesects each P; in at most two points.'”

81n fact, any ribbon graph is deformation equivalent, in the above sense, to a ribbon graph admitting
chordal structure. This gives us a concrete, although not ‘functorial,” way of computing the global
sections of CPM(—) on a general ribbon graph up to quasi-equivalence.

°Note that our conventions differ from the ones commonly found in the literature. Weighted
projective lines, which are denoted P!(a,, a,), are usually defined as quotients of C> — {0} by
C* acting with weights a1, a;. According to the latter definition, if gcd(a;,as) # 1, Pl(a;.ay)
has non-trivial generic isotropy group. However, the two definitions agree if gcd(a, ax) = 1.
10The scheme-theoretic notions employed in the definition, such as ‘normalization,’ can be easily
adapted to DM stacks. We leave it to the reader to fill in the details.
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P Z,
zz\ /Zg
O

Fig. 1 Above is a picture of the tcnc curves considered in Example 3. The labels indicate the
isotropy subgroups at the stacky points

It follows from the definition, that the coarse moduli space of a tcnc curve must
have arithmetic genus ¢ < 1, and thus be equal to a cycle of rational curves (i.e., a
Galois cover of a nodal P'), if g = 1, and to a chain of rational curves if g = 0.

A tene curve C is uniquely determined by its genus, together with a tuple of
positive integers, which we shall call the W-vector, and which specifies the orders
of the isotropy groups at points 0 and oo, on the different irreducible components of
C. We will not give a formal definition of the W -vector, as it easier to see how this
works in an example.

Example 3. Consider the weighted projective plane P?(1,2,3) = [(C? —{0})/C*],
where C* acts with weights 1,2, 3.

s Let C < P%(1,2,3) be the sub-stack defined by the equation xox; = 0. C is a
tcne curve of genus 0, and can be encoded in the W-vector (1,2, 3) € N3. Note
that the reverse tuple (3, 2, 1) is an equally valid W -vector for C.

* Let C’ < P*(1,2, 3) be defined by xox;x, = 0. C’ has genus 1, and is described
by the W-vector (1,2,3) € N3. As before, because of the evident symmetries
of C’, there are other viable choices of W-vector for C’, such as for instance
2,3, 1).

Definition 8. Denote C/; the tenc curve of genus i € {0, 1}, with W-vector A €
Zo-

Theorem 2 gives a description of the category of perfect complexes over a tcnc curve

which will play a key role in our proof of homological mirror symmetry.

Theorem 2. Let C be a tcne curve with singular set Z,'' and normalization w :
C — C. Let 0,7 be two non overlapping sections of m~'(Z) — Z, then the
diagram

"Note that Z is a disjoint union of classifying stacks of the form [Spec(C)/ i, ].
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Perf(C) —— Perf(C) — Perf(Z)

is an equalizer in dgCat.

We will not prove Theorem 2 in full generality. Instead, we show below, see
Theorem 3, that the analogous statement holds for all nodal curves. This in particular
implies Theorem 2 when C is an actual scheme, i.e. its W-vector is a tuple filled
with 1-s. The general case of Theorem 2 follows easily from here, but we refer the
reader to [32] for a complete proof.

Lemma 2. Let C be a nodal curve, with norryalization? 5c , then for every F
vector bundle on C and isomorphism u : 6*(F) — t*(F), the assignment:

U C?" C > {s € F(x " (U))|u(c*(s)) = 7%(s)}

defines a vector bundle F“on C such that * (F") = ~.7-~'. Conversely, if F is a
vector bundle on C such that x*F = F, then F = F" for some isomorphism
u:o*(F) — t*(F).

Proof. See Proposition 4.4 in [14].

Theorem 3. Let C be a nodal curve, with singular set Z, and normalization 7 :
C — C. Leto,t : Z — C be two non-overlapping sections of 1~ (Z) — Z, then
the diagram

Perf(C) —— Perf(C) — Perf(Z)

is an equalizer in dgCat.

Proof. Recall that Perf(—) satisfies Zariski descent, see Proposition 11 in [35]. As
a consequence, it is sufficient to prove the claim for affine C, and we will rectrict to
this case. Let E be the equalizer of the diagram

Perf(C) = Perf(2)

constructed according to the prescriptions of Lemma 1. Recall that the objects of E
are pairs (F.u), where F is an object of D? (Coh(C)),and uisa degree zero, closed

morphism o*F = t*F, which becomes invertible in the homotopy category. The
morphisms of E are pairs (f, H) € hom"(F,G) & hom" " (c*n*F,t*7*G), and
the differential is given by d(f, H) = (df,dH — (W'o*(f) — t*(f)u)).

Fix a natural equivalence o : o*n* = t*n*. As Perf(C) is generated by line
bundles, and E is generated by objects of the form (F.u) with F a line bundle
on C, it is sufficient to define a (quasi-)equivalence ¥ between these two linear
sub-categories. Define i as follows,
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« if Fisaline bundle on C, then ¥/(F) = (7*F,c*n*F <> t*n*F),
« if F, G are line bundles on C, and f € hom* (F,G), then Y (f) = (* £,0).

Consider a line bundle F over C. It follows from Lemma 2 that the set of
isomorphism classes of line bundles F on C such that 7*F =~ F carries a transitive
action by (C*)I! (given by pointwise rescaling the ‘compatibility” isomorphisms u,
see Lemma 2). Further, the same is true for the set of isomorphism classes of objects
of (G,v) € E, such that (G,v) = (F,u) for some u € hom®(c*F, t*F). Essential
surjectivity follows from the fact that ¥ defines a (C*)/4/-equivariant map between
these two sets of isomorphism classes.

We shall prove next that v is quasi-fully faithful, i.e. that the map between hom-
complexes defined by v induces an isomorphism in the homotopy category. Denote
HoFE the homotopy category of E. It is sufficient to show that for all line bundles
FonC,andforalli € N,

Y : Homi-(Oc, F)(= H(F)) > Hontly,py(¥/(Oc), ¥ (F)).

Note that, as C and C are affine, cohomology vanishes in positive degree. It follows
that Homl, (Y (Oc), ¥ (F)) = 0 for all i > 0.'? Further, in degree-zero, the hom-
space fits in the following short exact sequence

0— Hom?_IoE(l//((’)c), Y(F)) — Hom% Og, 7*F) — HomOZ(O*Oé, *n*F) — 0.
Thus, proving fully faithfulness boils down to showing exactness of
0— HA(F) > HY(x*F) - HY(*7*F) — 0. (1)
Now, (1) is obtained by taking global sections of the sequence
0> F = m:(n*F) > metat (7™ F) = 0,

which is exact (see the proof of Proposition 4.4 of [14]). Since C is affine, taking
global section is an exact operation, and this concludes the proof of Theorem 3.

3.2 Wheels, Dualizable Ribbon Graphs, and HMS

A wheel is a conical Lagrangian A in 7*S' that contains the zero section. We can
equip a wheel with canonical chordal structure, given by the pair (Z = S!', A).

2Note that Homl, (¥ (Oc), ¥ (F)) vanishes, since it is isomorphic to the quotient of
HomY (0*Og, t*w* F) = C by the image of the differential, which is easily seen to be surjective.
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Recall from Sect. 2.3 that a choice of orientation on S' yields a subdivision of the
spokes of A into two groups, called respectively “upward” and “downward.” We
will denote a wheel with a; upward spokes, and a, downward spokes, Ag, 4,-

Theorem 4. If a;,a; € N.g, there is an equivalence Perf(P'(ai,as)) =
Sh(SY, Agyar)-

Proof. Theorem 4 is due to Bondal [5], who first suggested this should be inter-
preted as an instance of mirror symmetry. Partially inspired by Bondal’s insights,
Fang, Liu, Treumann and Zalow develop an approach to HMS for (stacky) toric
varieties [7, 8], which in particular implies this result, and is the starting point
for the project pursued in [32]. Note that when a; = a, = 1, this recovers
the classic result of Beilinson [3], according to which there is an equivalence
D?(Coh(P')) = Rep(e =3 o). In fact, Theorem 1 gives an equivalence Rep(e =
o) = Sh(S', Ay).

Remark 1. Theorem 4 can be refined, by requiring that the equivalence intertwine
appropriate ‘stalk functors.” More precisely, take i € {1,2}, and let j; : [*/Z,,] —
P'(ay, a;) be the inclusion. If y is a character of Zg;, we denote S )’( the following
composition

S; : Perf(P' (ay, a2)) N Pert([*/Zg,]) %, C-mod.
We can label the upward (resp. downward) spokes of A,, ,, with characters of Z,,
(resp. Zu1)~13 We denote Ré( the upward (i = 2), or downward (i = 1), spoke of
Ag, 4, labeled by y. Note that there is a restriction functor

Res; : CPM(Aq, 0,) — CPM(R;) 2~ C-mod.

The claim is that we can define @ : Perf(P!(a;, ay)) = CPM(A,, 4,) in such a way
that we get commutative diagrams of dg categories

S[
Perf(P'(ay,ar)) —— C-mod

|k

CPM(Aqg,.q,) — CPM(R)).

The chordal ribbon graphs which are most relevant in the context of mirror
symmetry have special properties, and are called dualizable. Dualizable ribbon

13Both the set of characters and the set of up-/down-ward spokes come with natural cyclic orders
(the spokes inherit it from the ribbon structure on A, 4,). The labelling cannot therefore be entirely
arbitrary, as it must preserve this cyclic order, see [32].
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graphs are obtained by gluing together wheels along matching sets of in- and out-
going edges. We will limit ourselves to explain the geometry of dualizable ribbon
graphs through concrete examples, while referring the reader to [32] for rigorous
definitions. Also, we will mostly consider trivalent dualizable ribbon graphs, as this
will somewhat simplify the exposition, and will not reduce generality in any serious
way (in fact, any chordal ribbon graph is, in an appropriate sense, ‘deformation
equivalent’ to a trivalent graph, cf. Footnote 8).

Let a € N.y, and denote R, the chordal ribbon graph given by a disjoint
union of positive rays, with empty vertex set, and trivial chordal structure, R, =
(JI1 =i < aRsg, D). If Ay, 4, is a wheel, we can choose morphisms in Chord

i~ i
Raz - Aal,az < Ralv

mapping homeomorphically the components of R,,, and R,,, respectively onto the
upward, and downward, spokes of Ay, 4,-

Example4. 1. Let A = (1,2,3) € N3, and denote A% = (DY, Z 4) the chordal
ribbon graph obtained as the push-out of the following diagram in Chord,

That is, Dg is the push-out of the underlying one-dimensional CW-complexes,
and is equipped with the unique chordal structure rendering the natural inclusions

A1,2 —> A(/)l < A2’3

morphisms in Chord. Thus, Z,4 is the disjoint union of two circles. Note that
DY is the non-compact skeleton of a punctured curve of genus 0, endowed with
appropriate Stein structure.

2. Let A = (1,2,3) € N?,and let A, = (D, Z) be the push-out of the following
diagram in Chord

The ribbon graph D}4 is isomorphic to the skeleton of a Stein torus with 6
punctures.
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0 1
iy Ay

Fig. 2 The dualizable ribbon graphs considered in Example 4(1) and (2) are sketched above. We
have signaled the chordal basis by drawing it with a thicker line

Dualizable ribbon graphs are constructed by joining together wheels as in the
two examples above.!4 Recall, after Proposition 1, that the sections of CPM(—)
on a wheel A, ,; depend exclusively on a; and a;. That is, we can assume that
Aq; a; has any convenient shape, so long as we do not change these two integers.
As a consequence, given any dualizable ribbon graph, all the geometric information
which is required to compute the sections of CPM(—) over it can be encoded in a
discrete set of data.

Namely, disregarding finer geometric features which do not affect the sections
of CPM(—), dualizable ribbon graphs are identified by their genus, which is equal
to 0 or 1,'5 and by a tuple of positive integers recording the number of edges
connecting the different connected components of the chordal basis, Z. This is
entirely analogous to the case of tcnc curves, which was discussed in Sect. 3.1.

Leti € {0,1}, and let A = (ay,...,a,) be a tuple of positive integers, and
denote A’, any dualizable ribbon graph whose geometry fits these numerical data,
in the manner explained above.

Theorem 5 (HMS). There is an equivalence of dg categories
Perf(CYy) = CPM(AY).

Proof. There is a covering of A’;q given by wheels W; = A, 4, Then, by the
sheaf property of CPM we have an equalizer diagram

CPM(C) — CPM(] [ Wi) = CPM(] [ Wi 0 Wit).

141t is important to point out that, as shown in Fig.2, in a dualizable ribbon graph the strands
joining together the components of the chordal basis cannot be (non-trivially) ‘braided.” This can
be translated in appropriate conditions of coherency on the maps R,, — A;. We refer the reader
to [32] for further details.

5The genus of a ribbon graph D can be described geometrically as the genus of any surface
in which D can be embedded, in a way compatible with the ribbon structure, as a deformation
retract. Thus DY in Example 4(1) has genus 0, while D in Example 4(2), has genus 1. For a
formal, combinatorial definition of the genus of a ribbon graph, see [32].
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The theorem then follows immediately from Theorem 4 (and Remark 1), and
Theorem 2.

As discussed above, dualizable ribbon graphs A’, arise as skeleta of punc-
tured curves of genus i with appropriate Stein structure. Granting Conjecture 1,
Theorem 5 can therefore be interpreted as a HMS statement, relating punctured
symplectic surfaces, and degenerate, nodal algebraic curves, having equal genus
i € {0, 1}. In particular, this confirms the well known mirror symmetry heuristics
according to which the mirror of a symplectic torus with n punctures should be a
cycle of n rational curves.'®

4 Tcnc Curves and Fourier—Mukai Equivalences

The Fukaya category of a punctured Riemann surface X' should depend solely on
the symplectic geometry of X', which is encoded in its genus, and in its number of
punctures.'” In view of Conjecture 1, this suggests that if D and D’ are (chordal)
ribbon graphs arising as skeleta of a unique punctured surface X' equipped with two
different Stein structures, there should be an equivalence CPM (D) =~ CPM(D’).

In this section we sketch a proof that this is indeed the case for dualizable ribbon
graphs, by introducing a simple graphical calculus which will enable us to construct
this equivalence in a step-by-step fashion. A precise statement of our theorem is
collected below. If n € N, we denote 1(n) € N” the tuple filled with 1-s. By slight
abuse of notation, we shall also denote (a, 1(n), b) a tuple of length 2 + n, of the
form (a,1,1,...,1,b).

Theorem 6. If A = (ay,...,a,) is a tuple of positive integers, there are
equivalences

1. CPM(AY) == CPM(AY)), where A’ = (a1, 1(az + -+ + am—1), am),
2. CPM(AY) = CPM(A)), where A’ = 1(ay + -+ + a,).

Our interest in this result depends on the fact that, using the dictionary provided

by Theorem 3, it can be translated in a statement regarding derived equivalences of
tenc curves.

Corollary 1. If A = (ai,...,an) is a tuple of positive integers, there are
equivalences

1. Perf(CY) = Perf(CY)), where A’ = (a1, 1(az + -+ + am—1), am),
2. Perf(C)) = Perf(C},), where A’ = 1(ay + -+ + ay).

16Kontsevich announced related results in [13]. HMS for the nodal P! is also treated in [15].

7Note that this is true, without further specifications, only if we are considering the Fukaya
category of compact Lagrangians in X\
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Denote X, a cycle of rational curves with n components. Corollary 1 implies in
particular that there is an equivalence Perf(X,) = Perf([X;/r,]), where u, is the
group of n-th roots of unity, acting on X in the obvious manner, and [ X/ ,] is the
quotient stack. As we shall explain, this result can be interpreted as a generalization
to the singular case of Mukai’s classic work on derived equivalences of smooth
elliptic curves (and, more generally, of principally polarised abelian varieties) [17].
Recall that Mukai shows that, if X and XV are dual abelian varieties, there is a non-
trivial equivalence D?(Coh(X)) = D®(Coh(X ")), which he defines via a pull-
push formalism, by taking as kernel the universal bundle on the product X x XV.

As in the smooth case, the nodal projective line X is isomorphic to its dual X',
which is the moduli space of rank 1, degree 0, torsion-free sheaves over X; [6].
Further, one can show that X,,, which is the n-fold cover of X, parametrizes p,-
equivariant sheaves on X satisfying the properties just listed. In this perspective,
we can interpret the covering map X, — X as induced by ‘forgetting the
equivariant structure.” Thus, X, is isomorphic to the moduli space of rank 1, degree
0, torsion-free sheaves over the quotient stack [X;/u,] or, in other words, X, is
dual, in the sense discussed above, to [X;/u,].

The existence of an equivalence Perf(X,) =~ Perf([X;/u,]) therefore fits well
with what we would expect based on the smooth case.'® Note that the case n =
1 was also studied by Burban and Kreussler [6], who use the theory of spherical
functors to define a non-trivial derived equivalence D?(Coh(X)) = D?(Coh(X}))
having the required properties.'”

4.1 Elementary Moves

In this section we introduce a set of operations, called elementary moves, which
can be used to modify the geometry of chordal ribbon graphs while preserving the
global sections of CPM(—). First, however, we spell out the behaviour of CPM(—)
on some especially simple chordal ribbon graphs, which can be used as building
blocks for all trivalent graphs in Chord.

Let E be a ribbon graph with empty vertex set, and underlying C W complex
homeomorphic to R. We can equip £ with two distinct chordal structures (E, W),
by setting either W = E, or W = &. In both cases, CPM(E, W) =~ C-mod. Thus,
if (D, Z) is a chordal ribbon graph, and {e; };¢; is the set of edges of D, restriction
to the edges yields stalk functors, indexed by 7,

8Note that any such equivalence would extend to an equivalence of the full derived categories, see
Theorem 1.2 in [2].

19Tn [30], extending results of [6], we defined an action of the mapping class group of a torus with
n punctures on D?(Coh(X,)). The argument we shall describe below can be interpreted, roughly,
as defining an action of an appropriate version of the mapping class groupoid. For a definition of
spherical functor, see [28].
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Cone(f)

€2

Cone(f)

Vi

Fig. 3 Up to isomorphism, there are only two chordal structures on a pitchfork, which are
represented above, and are denoted P; and P,

Res; : CPM(D, Z) — C-mod = CPM(e;),

which generalize the ‘microlocal stalks’ discussed in Sect. 2.1. It is often convenient
to indicate an object L € CPM(D, Z) by assigning the collection of its stalks
Res; (L), which can be visualized as labels attached to the edges ¢; of D.

A pitchfork is a chordal ribbon graph P = (D, Z), such that D is isomorphic
to the union of the real line R, and an upward spoke R™. As shown by Fig.3
above, there are only two possible choices of chordal basis, which yield inequivalent
chordal ribbon graphs P;, P,. In either case, using Theorem 1, we can see that
the global sections of CPM(—) are given by Rep(e — e). The edges of the
graphs represented in Fig. 3 are decorated with labels corresponding to an object

L = i> W) € Rep(e — ). Thus, for instance, the picture indicates that
the stalk of L € CPM(P;) = Rep(e — ) on any point lying on the edge e, is
isomorphic to Cone( f).

The set of the Elementary Moves, or EM-s, which we shall use in the proof
of Theorem 6, is given in the table below (Fig.4). Note that the ribbon graphs
considered in Fig. 4 are obtained by gluing together pitchforks along common edges,
and thus we can easily compute the sections of CPM(—) over them using Lemma 1.

For each elementary move EMi, let (Dy,, Z;,) be the graph appearing on the
left of the ‘<’ symbol, and (D,,, Z,,) the graph appearing on the right. EM-
s preserve global sections of CPM(—), and there is a preferred isomorphism
@, : CPM(Dy,, Z;,) = CPM(D,,, Z,,). We have labelled the edges of (Dy,, Z;,),
and (Dy,, Z,,), with the stalks of L € CPM(Dy,, Z;,), and @; (L) € CPM(D,,, Z,,),
respectively. This schematics gives enough information for reconstructing @;
entirely. In order to simplify notations, we have indicated the cone of a map
f :V — W € C-mod simply by C(f'). Note that EM1’ can be obtained simply by
iterating EM 1. We have included it in Fig. 4 because in Sect. 4.2 it will be convenient
to apply this transformation directly, without factoring it into simpler EM-s.

Giving an explicit definition of the preferred equivalences @;, based on the
information contained in Fig. 4, is not hard and we omit the details. However, as
an example of the kind of arguments involved, it might be useful to discuss briefly
the case of EM1.
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e FM1:
Clg) ) )
C(g)[—1
(9)[=1]
X W v cleh)
X %
L=v5iw2Xx
c(f
.« EMI - Cl)l-1] 0
C(h) g c(f)
= -1 Clof)
Y X W v C(hgf)
: X %
L=viwLxh
C(f) C(f)
o EM2: v
X W v — "
X
L=xtwlv la Clg)
o KM3: Y1 Y1
X W
X — w
% C(f) = Clg) Clead) %
v Vi

L=(V LWy 4 X,u: C(f) = Clg)). Denote Clg) < Y1,
C(f) < V1] the ‘boundary’ maps.

Fig. 4

Proof (The Definition of ®;). Following the notations of Fig.3, (D,,, Z,) can
be constructed by gluing together edges e, of Pi, and e} of P>. An object in

!
CPM(D,,, Z,,) is given therefore by a triple of the form (4 — B,C 2 Dou:

C) 3 C[]). Now, take L = (V 5 w % X) in CPM(Dy,, Z),). Since

C-mod is dg triangulated, there exist a natural morphism p : C(gf) — C(g),
and an isomorphism C(p) =~ C(f). This follows from the very general fact that
triangulated dg categories satisfy an appropriate enhancement of the octahedral
axiom.”® However, for completeness, we construct p explicitly.

20In the closely related context of stable (0o, 1)-categories, a parallel statement is proved in [16],
see Theorem 1.1.2.14: in fact, both statement and proof in [16] apply word for word to triangulated
dg categories as well.
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Consider the commutative diagram

v—Lew——c

4

X—sX—>0

Computing the co-cones of the vertical arrows, and using the availability of

functorial cones in triangulated dg categories,>’ we obtain maps C(gf)[—1] 2
C(g)[-1] — C(f). Both rows of the diagram are exact, that is, they are isomorphic

to mapping cone sequences. It follows that C(g f)[—1] L C(g)[-1] — C(f) is
exact as well. In particular, there is a natural isomorphism C( /) =~ C(p).
We define @; on objects by setting

o (L) = (V 5 X.C(gf)-1] 5 C(e)[-11.C(gf) > Cg/)).

The definition on morphisms is obvious, as the assignment relies on the repeated
application of the cone construction, and is therefore functorial. The fact that the
microlocal stalks of @;(L) match the indications of Fig. 4 follows from the natural
identification C( f) = C(p).

Next, we show that @; is a quasi-equivalence, by constructing a quasi-inverse

O Let M = (A > B.C 2 Du: Cl) S C[I]) be an object in
CPM(D,,, Z,,). Consider the map ¢ : C[1] — A[l] obtained by composing u™!
with the boundary map C(m) — A[1]. We have a diagram

c[-1] A 1 B

|
l In
0

As the rows are exact, functoriality of cones yields a map rn, indicated with a dashed
arrow, which makes the diagram commute. Taking co-cones of the two rightmost
vertical arrows gives maps r : C(n)[—1] — B, and s : A — C(n)[—1]. Note that,
by construction, s o r = m. The quasi-inverse ®; ! sends the object M to

O<=——0

_—
m
_

Y
— DJ[1]

@7 (M) := (A - C(n)[-1] > B) € CPM(D,,. Z,,).

We leave it to the reader to check that @' is a quasi-inverse to @;: this follows
again from a simple application of the octahedral axiom.

2ISee Sect. 5.1 of [35] for further details.
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Fig. 5 The parameter n € N, indicates the number of strands in A, and loops in B,

4.2 The Proof of Theorem 6

Figure 5 represents two different kinds of chordal ribbon graphs, which are denoted
Ay, and B, with n € N . All tri-valent dualizable ribbon graphs can be assembled
by gluing along their external edges a certain number of copies of graphs of type A
and B. In order to prove Theorem 6, it is therefore enough to show that for every
n there exists an equivalence @, : CPM(4,) = CPM(B,), with the property that
@, preserves the stalks on the 4 external edges e;, and e’{.zz In fact, starting with
any dualizable ribbon graph, we can turn it into a dualizable graph having weight
vector with entries all equal to 1 by successively replacing its subgraphs of type A
with subgraphs of type B. The availability of the equivalences @, insures that, while
doing so, we are not affecting the sections of CPM(—) (up to isomorphism).

In defining the &,-s, we have to break down the algorithm just described in
yet smaller subroutines. For all n € N., we identify suitable subgraphs of 4,
isomorphic to the graphs appearing in Fig.4, and we modify their geometry via
the appropriate elementary move. This gives rise to a new graph, which we can
manipulate in similar manner, until, after a finite number of steps, we achieve the
geometry of B,. This procedure involves keeping track of what happens to the stalks
across EM-s, to make sure that our operations, which are local in nature, determine
equivalences at the level of global sections of CPM(—). This can be easily done,
using the information on stalks given by Fig. 4.

The proof of Theorem 6 can therefore be reduced to a simple graphical calculus,
which is illustrated in Figs. 6 and 7 below, for the cases n = 2, and n = 3. At each
step we apply an elementary move, which is explicitly indicated over the symbol
‘4. It is important to notice that, in some of these steps, we are simultaneously
applying the same elementary move to two distinct subgraphs. The strategy for

22Tt might be surprising that the strands of 4, are ‘non-trivially braided.” The existence of the
equivalence @, depends, in fact, in a crucial way on the choice of this particular geometry. Note
however that the chordal basis of a dualizable ribbon graph is a union of loops. Considered as
edges of the larger graph, the strands in a subgraph of type A can therefore be un-braided, cf. also
Footnote 14.
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EM1 EM2
= =

I N

Fig. 6 The casen = 2

EM2
—

Fig. 7 Thecasen =3

proving the statement in the general case can be easily extrapolated from here, and
therefore we will not discuss it in any further detail.
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The Very Good Property for Moduli of Parabolic
Bundles and the Additive Deligne—Simpson
Problem

Alexander Soibelman

Abstract In “Quantization of Hitchin’s Integrable System and Hecke Eigen-
sheaves”, Beilinson and Drinfeld introduced the “very good” property for a smooth
complex equidimensional stack. They prove that for a semisimple group G over C,
the moduli stack Bung (X)) of G-bundles over a smooth complex projective curve
X is “very good”, as long as X has genus g > 1. In the case of the projective line,
when g = 0, this is not the case. However, the result can sometimes be extended to
the projective line and reductive group G = GL(n, C), by introducing additional
parabolic structure at a collection of marked points and slightly modifying the
definition of a “very good” stack. Using the modified definition, we provide a
sufficient condition for the moduli stack of parabolic vector bundles over P! to
be very good, and use this property to study the space of solutions to the additive
Deligne—Simpson problem.

1 The Very Good Property

In [1] Beilinson and Drinfeld introduce the notion of a “very good” stack. They
require this property in order to avoid using derived categories in their study of
D-modules on the moduli stack Bung(X) of G-bundles over X, where G is a
semisimple algebraic group and X is a smooth complex projective curve.

A smooth complex equidimensional stack & will be called very good if

codim{y € #'|dim G, = n} > n,forn > 0,
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where G, is the automorphism group of y € %', Beilinson and Drinfeld demonstrate
that Bung (X) is very good when X has genus g > 1. However, in the g = O case,
when X = P!, this is no longer true.

To approach the very good property in the genus g = 0 case, we introduce
additional parabolic structure at a finite collection of marked points. Furthermore,
we will consider this case for the group G = GL(n, C).

Note that the reductive group GL(n, C) contains C* as a central subgroup, so the
automorphism group of any GL(%, C)-bundle contains a one-dimensional subgroup
that acts by dilation on the fibers. Therefore, regardless of the curve X, the moduli
stack of parabolic bundles over X cannot be very good.

To remedy this, we will modify the definition of a very good stack. The stack %
will be called almost very good if

codim {y € #'|dim Aut(y) —m = n} > n,forn > 0,

where m is the maximal nonnegative integer such that dim Aut(y) > m for all
yew.

It turns out that a sufficiently elaborate parabolic structure on a vector bundle is
enough to make the corresponding moduli stack of parabolic bundles over P! almost
very good. This is equivalent to showing that the quotient of the moduli stack by the
classifying stack of C* is very good.

2 The Very Good Property for Moduli of Parabolic Bundles

Seshadri introduced the notion of parabolic structures on vector bundles in [17],
furnishing them with a stability condition analogous to the usual one for vector
bundles. Expanding upon this, Mehta and Seshadri proved the existence of a moduli
space of semistable parabolic bundles on a smooth projective curve of genus g > 2
in [16]. Since we do not require semistability, we define parabolic bundles in a
slightly different way from [16].

Parabolic bundles over an algebraic curve generalize vector bundles by defining
additional structure in the fibers over specified points. Namely, let X be a smooth
connected complex projective curve. In the future we restrict ourselves to the case
when X = P'.

A parabolic bundle E over X consists of a vector bundle £ over X, a collection
of distinct points (x,...,xx)onX,andaflag Ey, = Ei¢ 2 Ejj 2 ++- 2 Ejyy_, 2
Eiw, = 0 in the fiber over each such point x;. If D = (x1,...,xx) and w =
(w1, ..., wg), we say that the parabolic bundle E has weight type (D,w). If ap =
tk £ and o;; = dim Ej;,for1 <i < kand1 < j < w;_, we say that E has
dimension vector a = (0, ;).

The isomorphism classes of parabolic bundles over X of weight type (D, w) and
dimension vector « form an algebraic stack. If one wishes to consider a moduli
scheme instead, one can introduce stability and semistability for parabolic bundles.
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One way of defining these notions is to introduce parabolic degree, using it to define
parabolic slope (see [16]).

To do this, additional numbers called weights are assigned to each subspace in
each flag. Since we do not limit ourselves to stable or semistable parabolic bundles,
we do not require weights to be part of the definition. Parabolic bundles without
weights are sometimes referred to as “quasi-parabolic” bundles.

In order to formulate our main result, we introduce two more definitions that
will specify which dimension vector give rise to very good parabolic bundles. Let
I ={00U{G, )1 <i <k,1<j <w_} Foradimension vector « € Z/, we
write: (o) = —2a0 + Y_; @;1. We say that « is in the fundamental region if

§(e) > 0

—20(,']' + ojj—1 + i1 = 0, forl <i<kandl < J <wi_

(note that we assume o;y = o, for all 7). We now introduce our main result.

Theorem 1. The moduli stack of parabolic bundles of weight type (D,w) and
dimension vector o over P! is “almost very good” if a is in the fundamental region

and (o) > 0.

The proof of this theorem will be given in another publication.

3 Parabolic Bundles and Squids

Crawley-Boevey’s approach [3, 4] to the Deligne—Simpson problems involves

relating them to representations of an algebra called a squid. We introduce Crawley-

Boevey’s terminology and explain how his work relates to the special case of

Theorem 1 we will use to study solutions of the additive Deligne—Simpson problem.
Let (D, w) be as before. Consider the quiver pictured below.

[l,l] C12 [1,2] [1,W1—l]
Ot e e e — @
1]
bO 0 C21 [2,1] (69%) [2,2] [2,W271]
;‘T’«—.<—0<7 e e — @
1
k1
Ot e e e — —@
[k,l} Ck2 [k,Z] [k,Wk—l]

A squid Sp,, is the quotient of the path algebra of this quiver by the relations
(Aiobo + Aitbi)cii = 0, for x; = (Ajo : Ai1) € P'. We consider representations
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of Sp,, to be quiver representations in the standard complex coordinate spaces that
satisfy these relations. A squid representation is said to be Kronecker-preinjective if
Aobo + A1by is surjective as a linear map for all (A9 : A;) € P!,

Let (d, o) be the vector of dimensions of the spaces in a representation of Sp,,.
That is, d is the dimension of the space at the vertex oo, while oy + d is the
dimension of the space at vertex 0 and «;; is the dimension of the space at the
vertex [i, j]. We will consider the case when d = 0, and the Kronecker-preinjective
squid representations reduce to just representations of the star-shaped quiver (which
is the quiver pictured above without the vertex co and the arrows adjacent to it).

Consider the symmetrization of the Euler—Ringel form, defined on the standard
coordinate vectors €,, where v € I = {0} U{(i, j)|1 <i <k,1 <j <w;_},as:

2 (lf V) = Vz)
(ev,, €1,) = § —1 (if an edge joins v; and v;)
0 (otherwise)

It defines a generalized Cartan matrix, so we may interpret a subset of the dimension
vectors « as roots of a Kac-Moody Lie algebra. The corresponding Weyl group is
generated by the reflections:

Sv(a) = — (Ol, év)éw

for all v € I. A dimension vector o € Z’>0 is in the fundamental region if it has
connected support and if (o, €,) < 0 for all v € I. That is, none of the coordinates
with respect to the basis consisting of the vectors €, are made smaller by reflections.
This is consistent with the definition of the fundamental region given in the previous
section and the definition given by Crawley-Boevey in [4].

Note that the fundamental region is part of —CV, where CV is the dual to
the fundamental chamber for the Weyl group action on the Kac—Moody algebra
mentioned above (see [7] for details). Let g(«) be the quadratic form associated to
the symmetric form above, and let p() = 1 — g(«).

Also note that the vector o can be used to define a product of partial flag varieties

Fl(a) = l—[Fl(Oéo,Olil, ey Qi)
i

That is, o is the dimension of the ambient space C*, and for a fixed i, each «;; is
the dimension of the 7 th subspace in the flag. The group PGL(«) acts diagonally on
Fl(o), so it makes sense to discuss the very good property of the resulting quotient
stack. Indeed, when the underlying vector bundle is trivial, Theorem 1 gives us:

Theorem 2. The quotient stack PGL(oo)\Fl(ct) is very good, if « is in the
fundamental region and 5(a) > 0.

Theorem 2 may also be obtained from Crawley-Boevey’s results in [2] (see e.g.
Theorem 1.1), after noticing that FI(«) is the quotient of the space of star-shaped
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quiver representations of dimension o with injective arrows by the group H(x) =
]_[i’j GL(w;;), acting by conjugation on the arrows. In this case, the very good
property is equivalent to Crawley-Boevey’s inequality p(«) > Y. p(B;), for any
decomposition @ = Y. B; into the sum of positive roots. The condition that ¢ is in
the fundamental region and §(«) > 0 implies this inequality.

4 Applications to the Additive Deligne—-Simpson Problem

The original version of the Deligne—Simpson problem was suggested in a letter from
Deligne to Simpson, who considered it in his paper [18]. It asks whether there exist
k complex n x n matrices Ay, ..., Ay from prescribed conjugacy classes Cy, .. ., Ck
such that A - Ay --- Ay = Id. We will consider this problem’s additive analogue,
studied by Kostov in [9-15], and Crawley-Boevey in [3], among others.

The additive Deligne—Simpson problem can be formulated in the following way:
Given k conjugacy classes Cj, ..., Cy of complex matrices in gl,, do there exist
Ay € Cy,...,Ar € C such that

A+ 4 A =0?

One can interpret this problem in terms of local systems on P! with a collection
of k marked points. That is, the additive Deligne—Simpson problem is equivalent to
the problem of existence of logarithmic connections on a trivial bundle over P! with
residues in Cy, ..., C; at the marked points. The multiplicative problem may be
obtained by instead considering the monodromy operators, corresponding to loops
around each of the marked points, for logarithmic connections on (not necessarily
trivial) vector bundles over P'.

There are several approaches to solving the Deligne—Simpson problem. In [8],
Katz describes an algorithm for the existence of rigid local systems, which Kostov
applies in [9-15] to determine when solutions to various cases of the Deligne—
Simpson problems exist. The algorithm, called the middle convolution algorithm,
proceeds by changing the rank of the local system by a number §, called the defect,
dependent on Cj, ..., Ck. Solutions exist for the original problem, as long as they
exist for the altered rank. This continues while § < 0 or until one arrives at a
situation when solutions cannot exist. When § becomes nonnegative, a nontrivial
existence theorem guarantees that there are solutions. In [3], Crawley-Boevey
proposes another approach to the additive Deligne—Simpson problem by examining
fibers of the moment map on the cotangent bundle to the space of representations of
the star-shaped quiver.

We relate the additive Deligne—Simpson problem for semisimple conjugacy
classes Ci,...,Cy to the very good property for PGL()\ F/(c). Indeed, given
semisimple Cy, ..., Cy one can write a dimension vector «, where g = n is the
size of the matrix in C; and o;; is the dimension of the direct sum of the first j
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eigenspaces, ordered by dimensions from least to greatest. This defines a product of
partial flag varieties FI(«). As a consequence of Theorem 2, we have:

Theorem 3. [fthe conjugacy classes C; are semisimple, the corresponding quotient
stack PGL(ag)\FI(t) is very good and the eigenvalues of all the C; add up to 0, then
the space of solutions of the additive Deligne—Simpson problem for Cy, ..., Cy is a
nonempty, irreducible variety of dimension 2 - dim Fl(o) — Ol(z) + 1.

Applying Theorem 2 we obtain:

Corollary 1. If the conjugacy classes C; are semisimple, o is in the fundamental
region and §(«) > 0, then the space of solutions of the additive Deligne—Simpson
problem is a nonempty, irreducible variety of dimension 2 - dim Fl(a) — 0((2) + 1.

Remark 1. In the above corollary, §(«) is actually equal to the defect § that appears
in Katz’s middle convolution algorithm.

Remark 2. In [3], the condition p(a) > >, p(B;), for any decomposition o =
>, Bi into the sum of positive roots (see [3]), is used in place of o being in the
fundamental region and §(«) > 0. While the former is both necessary and sufficient
for the existence of solutions to the additive Deligne—Simpson problem, the latter is
somewhat easier to check.

5 Further Discussion

We have seen that applying Theorem 1 in the case when the underlying vector
bundle is trivial yields a result (Theorem 2) that can be used to study the space of
solutions of the additive Deligne—Simpson problem. We hope that in the nontrivial
bundle case, the very good property for moduli of parabolic bundles may be used
to study solutions to the multiplicative Deligne—Simpson problem. Indeed, in the
semisimple case, the product of conjugacy classes C; x - - - X C; may be thought of
as a twisted cotangent bundle over Fi(c). The very good property for Fl(c) implies
that the moment map for the ]_[f;l GL(n,C) action on Cj x --- x Cy (the moment
map sends Ay, ..., A to A} + -+ + Ay) contains 0 in its image. Furthermore, the
very good property implies the fiber over O is an irreducible complete intersection.

In general, when the underlying vector bundles is not necessarily trivial, one
can also consider twisted cotangent bundles over moduli of parabolic bundles.
These twisted cotangent bundles relate to the Deligne—Simpson problems as they
parametrize pairs (E, V), consisting of a parabolic bundle E and a logarithmic
connection V, defined on the underlying vector bundle, with residues at the marked
points compatible with the parabolic structure. Therefore, we hope that the very
good property may be used to obtain similar results for corresponding moment map
and, passing to monodromy, for the space of solutions to the multiplicative Deligne—
Simpson problem.
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It would also be interesting to extend the result of Theorem 1 to other semisimple
groups. By analogy with flag varieties, it is possible to define a parabolic structure
on G-bundles, when G is not GL(n,C), by specifying parabolic subgroups P;
at each marked point x; € P!. Although there is no correspondence with quiver
representations for a general G, it may be possible to modify Beilinson and
Drinfeld’s original proof of the very good property for Bung. A key part of their
argument consists of showing that the global nilpotent cone Nilp(G), the fiber over
0 in the Hitchin system, is Lagrangian. One can consider the parabolic analogue of
the Hitchin system, which has its own global nilpotent cone. It has been proved to
be Lagrangian in specific instances, such as for complete flags [5, 19] or rank 3 [6].
However, the author is unaware of a proof for the case of partial flags.
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