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1 Introduction

The AGT conjecture [1] leads to conjectural geometric constructions of W-algebra
actions on the equivariant Borel-Moore homology of moduli spaces of sheaves on sur-
faces. Independent proofs of this conjecture for moduli spaces of rank r > 1 framed
sheaves on the complex projective plane were given by Schiffmann, Vasserot [33] and
Maulik, Okounkov [18]. In both cases one first constructs an action of the affine Yan-
gian of gl; on the equivariant Borel-Moore homology of the corresponding moduli
space, while the W-algebra action is obtained through a free field realization. A gen-
eralization to moduli spaces of framed G-instantons on C2 for more general reductive
group G using Donaldson—Uhlenbeck compactifications was proven by Braverman,
Finkelberg and Nakajima in [5].

An alternative geometric construction of the W-algebra action was carried out by
Negut [23] using the shuffle algebra realization of the affine Yangian. Using the Ext
operators of [7,8], this yields a proof of the AGT conjecture for rank two quiver gauge
theories on C? as well as a proof [25] of the five-dimensional analog of the AGT
conjecture for any quiver gauge theory with gauge group SU(r), » > 1. The latter
involves a g-deformed W -algebra action on the equivariant K -theory of moduli spaces.
This construction has been further generalized to moduli spaces of stable sheaves on
smooth projective surfaces in [24].

Finally, motivated by work of Gaiotto and Rapcak [13], Nekrasov [26], and
Nekrasov and Prabhakar [27], an action of a more general class of vertex algebras
on the dual of the compactly supported equivariant vanishing cycle cohomology of
certain quiver moduli spaces was constructed by Rapcak, Soibelman, Yang and Zhao
in [30].

A central element in the constructions of [30,33] is the action of certain cohomolog-
ical Hall algebras on the cohomology of moduli spaces. Cohomological Hall algebra
(3d COHA for short) was introduced by Kontsevich and Soibelman [16] for categories
of modules associated to Quillen-smooth algebras with potential e.g. path algebras of
quivers with potential. Those are the hearts of ¢-structures of Calabi—Yau categories of
dimension three. An independent construction of a certain cohomological Hall alge-
bra (2d COHA for short) for categories of modules over preprojective algebras, which
are hearts of ¢-structures of two-dimensional Calabi—Yau categories, was developed
by Schiffmann and Vasserot [33-35], and also Yang and Zhao [38]. A comparison
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Hilbert schemes of nonreduced divisors... 809

between the two approaches was carried out in [31] where it was shown that the 2d
COHA can be obtained by dimensional reduction of a special case of 3d COHA. Fur-
ther developments on 3d COHAs and their representations include [10,11,36] while
geometric constructions of 2d COHAs for various categories of coherent sheaves on
surfaces have been developed in [15,19,29,32]. It should be also noted that the proof
of the AGT conjecture given in [33] uses the two-dimensional variant, while the gen-
eralization proven in [30] employs three-dimensional cohomological Hall algebras.

From this perspective, the geometric framework of the present paper consists of
torsion sheaves on a Calabi—Yau threefold with set theoretic support on a given divisor.
Such a generalization of the AGT framework was first proposed in [30].

In more detail, let D, C A3::Spec C[x1, x2, x3] be the divisor x5 = 0. Let also
Hilb(r, n) be the Hilbert scheme of zero-dimensional coherent quotients Op, — Q
with x (Q) = n and let

Z,(q) =) ¢"x(Hilb(r, n))

n=0
be the generating function of Euler numbers. Then [13, Section 9.3.2] shows that

Z,(q) is equal to the vacuum character of the W-algebra W, (gl,.) up to a prefactor.
More precisely, for any level k, one has

ch[We(gl)] = g~/ Z,(q)

with

2
r=0—1)—r@? - 1)<x/k+r - \/le>

Motivated by this observation, the main goal of the present work is to provide an
explicit geometric construction of a W-algebra action on the localized equivariant
Borel-Moore homology of the Hilbert scheme

Hilb(D,) = |_| Hilb(r, n)
n=0

and prove that the resulting W-module is isomorphic to the vacuum module. The
equivariant structure is induced by the torus action (C*)*2 x A3 — A3,

1.1
(t1, 12) X (x1, X2, X3) = (f1x1, X2, 1] 'ty X3).

LetTog = C* x C*, let Rg >~ C[x, y] be the cohomology ring of the classifying space
BTy and let Ky >~ C(x, y) be its fraction field. For further reference let

V) =@ HY Hilb(r, ) @, Ko
n=0
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810 W.-Y. Chuang et al.

denote the localized equivariant Borel-Moore homology of the Hilbert scheme. As in
[18,33] one first constructs a degenerate DAHA, or, equivalently, Yangian action via
Hecke transformations.

1.1 The degenerate DAHA action

The degenerate DAHA is an infinite dimensional associative algebra SH¢ constructed
by Schiffmann and Vasserot [33] as a degeneration of Cherednik’s GL,, double affine
Hecke algebra. As briefly reviewed in Sect. 6.1, this algebra is generated by the ele-
ments Dy 7, Do, D_11,1 > 0, over a polynomial ring C(x)[cp, ¢1, ...] where « is a
formal parameter and ¢;,/ > 0, are central elements. The defining relations are written
explicitly in equations (6.2)—(6.6). As shown in [4] it is in fact related by specializa-
tion to the Yangian algebra of affine gl;. A specialization C(x)[cp, ¢y, ...] = K of
this algebra has been shown in [33, Theorem 3.2] to act on the localized equivariant
Borel-Moore homology

LO)

Ko

=@ H MG )k, s

n=0

of the moduli space of rank r framed torsion free sheaves on the projective plane.
Here T, 2 = (C*)"*+? denotes the natural torus which acts on these moduli spaces
and K, is the field of fractions of the cohomology ring of the classifying space,
H (BT, 7). More details are provided in Sects. 4.1 and 6.3.

In the Hilbert scheme context the direct construction of Hecke transformations
encounters significant technical problems. The natural Hecke correspondence in this
case is the nested Hilbert scheme Hilb(r, n, n+ 1) parametrizing flags of ideal sheaves
J1 € Jron D, with x(Op, /J2) = nand x (Op,/J1) = n+1. By construction there are
natural projections p1: Hilb (r,n,n+1) — Hilb (r,n) and p2: Hilb (r,n,n+1) —
Hilb (r, n+ 1), and p; and p, can be shown to be proper. The main technical difficulty
resides in the fact that p; is not a locally complete intersection morphism, hence one
cannot construct a refined Gysin pull-back ,oi . This problem has been encountered in a
similar context in [15,24,29,34,39] where it was solved using various techniques. The
construction of [34] uses a factorization of p; into simpler morphisms which is specific
to moduli spaces of Nakajima quiver varieties. The constructions of [15,24,29,39]
use virtual pull-backs, as constructed in [17] or some derived variant. A common
feature of all these cases is that their constructions take place in an abelian category of
homological dimension two, which is an essential condition. Such an approach does
not apply to the present case since the relative obstruction theory of p; is not perfect
of amplitude [—1, O]. This reflects the fact that the present construction takes place in
a category of homological dimension three rather than two as in loc. cit.

In order to circumvent this obstacle, the strategy used in this paper employs an equiv-
ariant embedding of the Hilbert scheme Hilb(r, n) in a smooth ambient space which
yields an injection for localized Borel-Moore homology. This is obtained in Proposi-
tions 3.8 and 2.2 which construct a closed embedding f: Hilb (r, n) < M(r, n), in
the moduli space of rank » framed sheaves on the projective plane with second Chern
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Hilbert schemes of nonreduced divisors... 811

class n. Moreover, as shown in Sect. 4.2, there is an injective group homomorphism
TO — Tr+2,

(t1, ) = (1, 0, 197187, 1<a<r,
1 2

such that f is equivariant. Then an important technical result in the current approach
states that any connected component of the To-fixed locus in M(r, n) which intersects
Hilb(r, n) nontrivially must be:

(a) contained in Hilb(r, n), and
(b) zero-dimensional, i.e., a single closed point.

This is proven in Sect. 4.2, Corollary 4.7 and Lemma 4.8. Then the push-forward map
for localized equivariant Borel-Moore homology is injective and yields an identifica-
tion

HYHilb(r.n)k, ~ € Kolal € HOM(r, n))k,.

acHilb(r,n)To

For future reference let

LY =P HO M. n)k,.
n=0

Using these results, Hecke transformations for the Hilbert scheme are constructed in
Sect. 5.3 by analogy to [33, Section 3.2]. Let ; : A(r,n)x A(r,n+1) - A@r,n +
i—1),1 < i < 2, denote the canonical projections and let 7, ,41 denote the universal
line bundle on the correspondence variety A(r,n,n + 1). Let y: A(r,n,n + 1) —
A(r,n)x A(r, n + 1) denote the canonical closed embedding. Then Lemmas 5.6 and
5.6 show that the transformations

h(x) = 7o (veler, (Tunt)D) -7 (1)), By (%) = s (vaemy (Tam1)!) - 75 (1))

are well defined for any / > 0 and factor through V(Ig - L%g Therefore, by a slight
abuse of notation, one obtains linear transformations hljE € Endkg, (V(,g())). In addi-

tion, one defines the diagonal transformations h? € Endg, (V(IQ)) using the plethystic
powers of the universal vector bundle V, , on M(r, n). Namely, denoting by Ly,
1 < k < n, the virtual equivariant Chern roots of V, ,, let

n
h) = ery (L), 120
k=1

Finally, in order to state the first main result of the present paper let SH% be the
specialization of the degenerate DAHA induced by the injective group homomorphism
Ty C T,2. By construction, this is an algebra over Ky = C(x, y). Then one has:
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812 W.-Y. Chuang et al.

Theorem 1.1 The map {D_y1, Do,1. D1, |1 € Z,1 > 0} — Endg, (V§)) given by
Dy x'lyhf, Doy x'H), Doy (=D TRy, 10,
extends uniquely to an algebra homomorphism
SH%()) — Endg, (V%g)

Theorem 1.1 is proven in Lemma 6.3 using Lemmas 5.4, 5.6, 5.7 and 6.2. The main
strategy is to derive the above result from [33, Theorem 3.2] by a detailed equivariant
fixed point analysis.

1.2 The W-algebra action

The next goal is to convert the SH%())-action in Theorem 1.1 into a W-algebra action.

Let W, (gl,) be the W-algebra for gl, at level x = —x~'y considered as an algebra
over the ground field F = C(x). A rigorous mathematical theory of W-algebras and
their representations has been developed in [2]. A brief introduction is provided for
completeness in Sect. 7.1. In particular there is a canonical vacuum module 7y which
admits a free field realization.

In the present context the relation between the degenerate DAHA and the W -algebra
is obtained by a careful specialization of [33, Theorem 8.21], including the main steps
in the proof. This is carried out in detail in Appendix A. In particular, Lemma A.3
shows that there is a surjective homomorphism of algebras

0F: U(SHY)) > Un(W,(gl,)

where the domain is the current algebra of the degenerate DAHA and the target is
the image of the current algebra ${(W, (gl,)) in End (;rp). Corollary A.4 states that the
restriction

Oy SHY) — Ug(W, (gl,)

yields a categorical equivalence of admissible modules.

As in [33, Definition 8.10], admissible modules are Z-graded modules with respect
to anatural Z-grading on the degenerate DAHA whose graded summands are trivial for
sufficiently high degree. Moreover, by construction, the underlying Ko-vector space of
any admissible SH%)-module is canonically identified with the underlying K(-vector
space of the corresponding Uo (W, (gl,.))-module. This is briefly reviewed in Sect. A.3.

In conclusion, one obtains a representation

s Up(Wie(gl,)) — End, (V).
Then the second main result of this paper is:

@ Springer



Hilbert schemes of nonreduced divisors... 813

Theorem 1.2 For any r > 1 the representation n(gr)

representation of the W-algebra.

is isomorphic to the vacuum

The proof of Theorem 1.2 is analogous to the proof of [33, Theorem 8.21]. The required
structure results are proven in the present context in Lemmas 6.5 and 6.7.

1.3 Further remarks and open directions

In order to conclude this section, it may be helpful to add a few comments on the
relation of the present work to [30], as well as mention a few possible open directions.

One of the main results of [30], is a construction of a certain vertex algebra action
on the dual to equivariant vanishing cycle cohomology of the moduli spaces of spiked
instantons constructed in [26,27]. Spiked instantons admit a presentation in terms of
framed quiver representations of a triply framed generalization of the ADHM quiver
labelled by framing vectors (rq, 12, 73) € (Z>0)X3. It was shown in [30] that the dual
of the compactly supported equivariant vanishing cycle cohomology of moduli spaces
of stable framed representations with fixed (r, r2, r3) carries an action of the vertex
algebra V;, ,, ,, introduced in [13]. Moreover, the resulting module is identified with
a Verma module with the highest weight depending on the equivariant parameters. In
particular for (rq, r2, r3) = (r, 0, 0) the moduli space reduces to the standard moduli
space of stable ADHM data, and the action reduces to the W-action constructed in
[18,33].

The present paper generalizes the results of [18,33] in a different direction, using
framed quiver representations associated to geometric objects as explained above. In
particular, as shown in Sect. 3, spectral correspondence leads to the new framed quiver
with potential shown in diagram (3.1). The Hilbert scheme Hilb,, (D, ) is then isomor-
phic to a closed subscheme Qq(r, n) of the moduli space Q(r, n) of framed quiver
representations constructed in Proposition 4.1. Moreover, this closed embedding yields
an isomorphism in localized equivariant Borel-Moore homology and Theorem 1.2
identifies the latter with a vacuum W-module.

From the point of view of the underlying Calabi—Yau geometry, the moduli space
Q(r, n) is in fact more natural than the Hilbert scheme, since it admits a global pre-
sentation as the critical locus of a polynomial potential. As such, it is endowed with
an equivariant sheaf of vanishing cycles. Then one is naturally led to the following
conjecture:

Conjecture 1.3 Let Hr}zn(Q(r, n)) denote the dual to the compactly supported equi-
variant vanishing cycle cohomology of the framed quiver moduli space Q(r, n). Let
H%gn(Q(r, n))k, denote its localization at (0). Then there is an explicit SH%()) action
on Hﬁn (Q(r, n)) g, constructed via Hecke correspondences for vanishing cycle coho-
mology by analogy to [30].

The main difficulty in proving Conjecture 1.3 resides in the technical difficulties
involved in working with sheaves of vanishing cycles.

As was pointed out in [30], a natural question for further study is whether similar
algebraic structures can be associated to more general configurations of divisors in
Calabi—Yau threefolds. It was explicitly conjectured in loc. cit. that this should be
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814 W.-Y. Chuang et al.

possible at least for divisors of the form x}' x;2x§3 = 0in A3. At the current stage, the

construction of a quiver with potential associated to such configurations is an open
problem. At the same time the results of [24] point to another possible generalization
associated to compact nonreduced divisors in Calabi—Yau threefolds.

2 Hilbert schemes and framed Higgs sheaves

Let S be a smooth complex projective surface, let L be a line bundle on S and let X be
the total space of the line bundle L. Let 7 : X — S denote the canonical projection and
¢ € H°(X, m*L) denote the tautological section. The zero locus of ¢ is the image of
the zero section S — L, which will be denoted by S;. More generally, for any positive
integer r > 1 let S, denote the nonreduced divisor {" = 0, and let ¢, : S, — X denote
the canonical closed embedding into X. Note also that the projectionw : X — S yields
by restriction a projection map m,: S, — S. Moreover, the zero section 6: § — X
factors through a closed embedding o, : S — ;.

As proven in [37, Proposition 2.2], the abelian category Coh.(X) of coherent O -
modules with compact support is equivalent to the category of Higgs sheaves on S with
coefficients in L. A Higgs sheaf on S with coefficients in L is defined as a pair (E, ®)
where E is a coherent Og-module and ®: E — E ® L is a morphism of O g-modules.
Such pairs form naturally an abelian category Higgs (S, L), where the morphisms are
defined as morphisms f: E — E’ of Og modules such that ®'o f = (f®1.) 0 ®.
Then Proposition 2.2 of loc. cit. proves that there is an equivalence of abelian categories

Coh¢(X) —> Higgs(S, L) .1

where Coh(X) denotes the abelian category of coherent O y-modules with compact
support. This equivalence associates to any such sheaf F its direct image E = m, F,
while the Higgs field ®: £ — E ® L is the directimage, ® = 7, (¢{F) of the canonical
morphism {r =1 ®¢: F - FQL.

Now let A C S be a smooth connected effective divisor on S, and let A, =
b I(A) C S, be its inverse image in S,. For any positive integer » > 1 let D, be the
complement of A, in S, and let Hilb,, (D, ) be the Hilbert scheme of zero dimensional
quotients

Os,— 0

with x (Q) = n such that the support of Q is contained in D,.. For each such quotient
letJs, = Ker (Os, — Q). Clearly the extension of Jg, by zero to X is a pure dimension
two torsion sheaf with compact support. Using the equivalence (2.1), the goal of this
section is to prove that the Hilbert scheme Hilb,, (D, ) is isomorphic to a moduli space
of framed Higgs sheaf quotients on S.
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2.1 Framed sheaves

This section summarizes the main results on framed sheaves needed in this paper fol-
lowing [6]. Let F be a fixed locally free Oa-module. A framed torsion free sheaf
on S with respect to (A, F) is a pair (E, §) where E is a torsion free sheaf on
S,and £: E® Op — F is an isomorphism of Ox-modules. For any such a pair
(E,&),let fe: E — F denote the morphism of Og-modules obtained by composing
£: E®Op — F with the natural projection E — E ® Oa. An isomorphism of
framed sheaves (E1, &1), (E3, &) is an isomorphism of sheaves ¢: E; — E; such
that

food = fg.

Moreover, given a parameter scheme 7 over C, let Fr denote the pull-back of F
to Ax T. Then a flat family of rank » > 1 torsion free sheaves on S is a coherent
Ogxr-module E7, flat over T, and an isomorphism &7 : E7 @ Oaxr —> Fr.

Next suppose the following additional conditions are satisfied:

(1) A is nef and A% > 0 in the intersection ring of S, and
(2) F is a good framing sheaf as defined in [6, Definition 2.4] satisfying in addition
the vanishing condition Homa (F, F @ Oa(—kA)) =0forallk € Z, k > 1.

Then [6, Theorem 3.1] proves that there is a smooth quasi-projective fine moduli space
M(r, B, n) of framed torsion free sheaves with topological invariants

tk(E)=r, ci(E)=p8, c2(E)=n.

In particular, under the above conditions, any framed sheaf (E, &) has trivial automor-
phism group.

2.2 Framed Higgs sheaves

In the above framework, a framed Higgs sheaf will be a triple (E, &, ®) where (E, &)
is a framed torsion free sheaf and ®: E — E ® L a Higgs field satisfying a cer-
tain framing condition along A. The framing condition is naturally inferred from the
following special case.

Lemma 2.1 Let (O,, A,) be the Higgs sheaf associated to the torsion O x-module Og,
via correspondence (2.1). Then there is a direct sum decomposition

r—I1
0, ~ L= 2.2)

a

Il
=}

identifying the off-diagonal components of the Higgs field to the canonical isomor-
phisms
Agpra: L™= L7@D g (2.3)

Moreover, all other components of A, are identically zero.
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816 W.-Y. Chuang et al.

Proof By construction, O, = m,Os,. Equation (2.2) will be proven below by induction
onr > 1. The case r = 1 is obvious. Suppose equation (2.2) holds for (O,, A,) and
note the canonical exact sequence

f
0— 0,5, (=S1) = O¢41)s; — Os, — 0. 2.4)

Note also the canonical isomorphism Ox (S7) >~ 7*L determined by the tautological
section ¢ : Ox — 7w*L. Then applying 7, to the exact sequence (2.4), one obtains the
exact sequences of Og-modules

0= 0,0L " > 0,1 =L 05— 0. 2.5)

Let X be the total space of the projective bundle Pg(Og & L), which contains X as
an open subscheme. Let 7: X — S denote the canonical projection. Then there is a
commutative diagram of morphisms of Ox-modules

Ox
N

/
O¢+1sy — 0O,

where all arrows are canonical projections. Applying 7, yields a commutative diagram
of morphisms of Og-modules

where 4 p = 1. Therefore 7 .g determines a splitting of the exact sequence (2.5).
This proves the inductive step.
The Higgs field A, is the direct image of the canonical map

§®105r: Ogr—> Ogr(Sl).

As observed above, the the tautological section { : Ox — 7*L determines a canonical
isomorphism Oy (S) >~ 7*L. Therefore, equation (2.3) follows immediately. O

The framing data for Higgs sheaves on S will be specified by the Higgs sheaf (£}, ¥,)
obtained by restricting (O, A,) to A C S. Therefore, a framed Higgs sheaf of rank
r on S will be a framed rank r torsion sheaf (E, &) and a Higgs field ®: E - EQ® L
such that the following diagram is commutative:
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Hilbert schemes of nonreduced divisors... 817

E—* EQL
fsl lfs®q 2.6)
F—Y s FRL®OA.

For completeness, recall that the morphism f¢ in the above diagram is the compo-
sition of £: E® Op — F, with the natural projection £ — E ® Oa. Similarly
qg: L - L®Ox is the natural projection. Naturally, an isomorphism of framed
Higgs sheaves (E, &, ®) —> (E’, &/, ®') is an isomorphism f: (E, &) — (E, &)
of framed sheaves which is at the same time an isomorphism f: (E, ®) — (E’, @)
of Higgs sheaves. The definition of flat families is also natural, hence the details will
be omitted.

The next result will show that the Hilbert scheme Hilb, (D) is isomorphic to a
moduli space of Higgs sheaf quotients. Let

0—-1Js,— 05, —0—0 2.7

be an exact sequence of Og, modules, where Q is zero-dimensional, supported in
the complement S, \ A,. By extension by zero, this yields an exact sequence of Ox-
modules. Let (E, ®) be the associated Higgs sheaf via correspondence (2.1). Taking
the direct image of the exact sequence (2.7) viaw: X — § yields an exact sequence

0= (E,®) = (O, Ar) > (G, 1) =0 (2.8)

in the abelian category Higgs (S, L). Here (G, Y) is a zero-dimensional Higgs sheaf
on S supported in the complement S \ A such that x(G) = x(Q) = n.
For any r,n € Z, r > 1 let Quot,(O,, A,) be the Quot-scheme parametrizing
quotients
(Or, Ay) = (G, T) (2.9)

in the abelian category (S, L), where (G, Y) is a zero-dimensional Higgs sheaf on
S supported in S \ A such that x (G) = x(Q) = n. Then the equivalence (2.1) yields

Proposition 2.2 There is an isomorphism Hilb, (D,) —> Quot, (r, n) mapping a quo-
tient Os, — Q to the corresponding quotient (O, A,) — (G, T).

Proof This follows by a routine verification for flat families. O

Remark 2.3 Note that the kernel of the epimorphism (2.9) is naturally a framed Higgs
sheaf (E, ®) on S with topological invariants

tk(E) =r, c1(E) =0, (c2(E), [S]) =n.

Let H(r, n) denote the moduli stack of all such framed Higgs sheaves. Then Propo-
sition 2.2 yields a stack morphism

h: Hilb, (D,) — H(r, n).
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In the next section it will be shown that this is in fact a closed embedding of schemes
in the case where S is the complex projective space, L = Og and A C S is a projective
line.

3 Framed Higgs sheaves on the projective plane

In this section S = P? with homogeneous coordinates [z, 21, z2], the line bundle L
is trivial, L = Og, and A C S is the projective line zop = 0. Then the Higgs bundle

(O,, A,) obtained in Lemma 2.1 has underlying vector bundle O, = C" ® Og. The
Higgs field A,: O, — O, is given by

Ay = Ar®105

where A, € M, (C) is the lower triangular r x r regular nilpotent Jordan block. As
in the previous section, H(r, n) denotes the resulting moduli stack of framed Higgs
sheaves on S with rank r > 1 and second Chern number n. The framing condition
implies that the first Chern class must vanish. Let M(r, n) denote the moduli space of
framed sheaves on S, which is smooth and quasi-projective. Then note that there is a
natural forgetful morphism j: H(r, n) — M(r, n) forgetting the Higgs field. In this
section we will prove that the moduli stack H(r, n) in fact is isomorphic to a moduli
scheme of framed quiver representations and the morphism j is a closed embedding.

3.1 ADHM data for framed Higgs sheaves

Consider the following quiver Q:

o
)
o ln 3.1
B s A O B3
B2

with potential

W = Bzo(B1o P2 — Prop1) + Psonooc —noaoo.
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As usual, a representation of the above quiver with potential is defined as a pair of
vector spaces (V, V) and linear maps

A Voo > Voo, Bi: V>V, 1<i<3, [:Voeoe—>V, J:V—=> Vg
satisfying the relations derived from the potential function
W =Try(Bs3[By, B2l + BslJ —1AJ).
The dimension vector of such a representation is the pair of integers (r, n), where
n=dim(V), r =dim(Vy).

An isomorphism between two such representations g, o’ is a pair of vector space
isomorphisms ¢: V —> V/, ¢r: Voo —> V. intertwining between the linear maps
belonging to the two representations.

Definition 3.1 A representation of dimension vector (r, n) will be called framed if the
following conditions are satisfied:

(Fr.1) The vector space V4, is a fixed vector space of dimension r, equipped with a
fixed basise;, 1 <a <r.

(Fr.2) The map A: Vo — Vi is fixed and given by the regular nilpotent endo-
morhism

Ar(er) = eqq1, I<a<r,

where e, = 0. In particular if 0 < < 1, the map A is identically zero.
(Fr.3) The representation satisfies the relations derived from the potential function

W = Try (B3[By, B2l + Bs1J — 1A, J),
where the map A is fixed as in (Fr.1), (Fr.2) above. The resulting relations are:

[B1, B2]+1J =0, JB3—A,J =0, B3l —-1A, =0,

(3.2)
[B3, B1] =0, [Bs, B2] = 0.

Furthermore, a framed representation as defined above will be called cyclic if it satisfies
the following additional condition:

(Fr.4) There is no proper nonzero linear subspace 0 C V' C V preserved by
B1, B>, B3 and at the same time containing the image of /: Voo — V.

Finally, in the formulation of the moduli problem, two framed representations o, o’
will be said to be isomorphic if and only if they are related by an isomorphism of the
form (¢, 1y,_,). It is clear that such isomorphisms preserve the fixed framing data.
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At this point it is helpful to note the relation between the quiver (3.1) and the
standard ADHM quiver. The latter is defined by the following diagram:

O

ﬂlCoQﬂz

subject to the quadratic relation

Bropfa— proPf1 +noo.

By analogy with (Fr.1)—(Fr.4) above, a fixed isomorphism V, >~ C" will be fixed by
choosing a basis, where V, is the vector space assigned to the node [J. Then framed
representations of the ADHM quiver are defined by data « = (V, Vo, By, Bz, I, J)
where B; € End (V),1 <i < 2,1 € Hom (V4, V) and J € Hom (V, V) are linear
maps corresponding to B;, n, o respectively. Hence they satisfy the quadratic relation
[B1, B2]+ 1J = 0. Isomorphisms of framed representations are required to preserve
the identification V, >~ C’. Moreover, recall that « is cyclic, or stable, if and only
if there is no proper nontrivial linear subspace V' C V preserved by By, B; and at
the same time containing the image of /. As shown for example in [20, Section 3.1],
there is a smooth quasi-projective fine moduli space A(r, n) of stable framed ADHM
representations of fixed dimension vector (n, r).

Now note that for each framed representation o = (V, Vo, By, B2, B3, 1, J)
defined in (Fr.1)—(Fr.4) above, the data @« = (V, Vo, B1, B2, I, J) is a framed repre-
sentation of the ADHM quiver. A priori o need not be cyclic even if o is. The next
result will show that in fact the two cyclicity conditions are compatible.

Lemma 3.2 Let o be a framed representation of (Q, W) satisfying conditions (Fr.1)—
(Fr.3). Let o be the underlying ADHM representation. Then o is cyclic as defined in
(Fr.4) if and only if « is cyclic as an ADHM representation.

Proof The inverse implication is clear. In order to prove the direct implication, suppose
o is cyclic, and suppose V' C V is a proper nonzero linear subspace preserved by
B1, B and at the same time containing the image of /. Let v, = I(e;), 1 < a < r.
Since o is cyclic, V is generated by elements of the form

m(By, By, B3) v4

where m (B, Bz, B3) are monomials in End (V). Hence V' will be generated by cer-
tain linear combinations of such elements. Then relations (3.2) imply that V' is also
preserved by B3. O

The construction of the moduli space of framed cyclic representations (V, By, Bz, B3,
1, J) with fixed dimension vector is very similar to the GIT construction of the moduli
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space of ADHM quiver representations presented in [20, Section 3.1]. In particular,
proceeding by analogy with loc. cit., the cyclicity condition (Fr.4) is equivalent to a
GIT stability condition, and the following holds.

Proposition 3.3 For any n,r € 7Z, n,r > 1, there is a quasi-projective fine mod-
uli space Q(r, n) of framed cyclic representations (V, By, By, B3, I, J) of dimension
vector (v, n). In particular any such representation has trivial automorphism group.
Furthermore there is a natural forgetful morphism 1: Q(r,n) — A(r,n) to the
moduli space of stable framed ADHM representations obtained by omitting the map
By: V> V.

The connection to framed Higgs sheaves is provided by:

Proposition 3.4 There is a commutative diagram of morphisms of moduli stacks

H(r,n) . M(r, n)

:l l: (3.3)

Q(r, n) %A(r, n)

where the vertical arrows are isomorphisms.

Proof This follows from the construction of the left vertical isomorphism in diagram
(3.3) given in [20, Theorem 2.1], which is based on the Beilinson spectral sequence.
Then note that the latter is functorial with respect to morphisms of sheaves, and all the
steps carried out in Section 2.1 of loc. cit. are naturally compatible with morphisms
of framed sheaves. O

3.2 Embedding in the ADHM moduli space

The main technical result of this section states that the forgetful morphism
1: Q(r,n) — A(r,n) is a closed embedding. This will be shown in several steps
using the criterion proved in [28, Lemma 4]. In order to formulate the required condi-
tions, note that the map ¢ naturally preserves residual fields. That is, if ox is a point
of N(r, n) with residual field K, then the residual field of the point ax = 1(ok) is
canonically isomorphic to K. This implies that there exists an induced map on Zariski
tangent spaces

Lt Top Q(r,n) — Ty Ar, n). 3.4)

Then, as shown in [28, Lemma 4], it suffices to prove that:

(1) 1 is universally injective, i.e., for any point «x of A(r, n) with residual field K
there is at most one point ox of N(r, n), also with residual field K, such that
1(ok) = ak.

(2) 1 is proper.

(3) For any point og of Q(r, n) the induced map on Zariski tangent spaces (3.4) is
injective.
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This will be carried out in three separate lemmas. Since : is the identity map forr = 1,
it will be assumed r > 2 below.

Lemma 3.5 1 is universally injective.

Proof This follows easily from the cyclicity condition (Fr.4). Let ok be an arbitrary
framed cyclic representation defined over a C-field K of characteristic zero. Then its
underlying vector space Vi is the K-linear span of

m(B1,k, B2, k) Ik

where m(B1 g, B>, k) is an arbitrary monomial in the endomorphism ring Endx (V).
This uniquely determines B3 x via the relations

[B3,x.Bixk]l=0, 1<i<2, Byglx =Ix(AQ1k). (3.5

This completes the proof. O
Lemma 3.6 1 is proper.

Proof This will be proven using the valuative criterion for properness. Let R be a
discrete valuation ring over C, let m C R denote the unique maximal ideal, and
K its field of fractions. Using the categorical equivalence between R-modules and
sheaves on Spec (R), flat families of stable representations of the ADHM quiver
parametrized by Spec (R) are in one-to-one correspondence to representations «g =
(Vr, B1,r, B2,R, IR, Jr) the ADHM quiver over R satisfying the following condi-
tions:

e Vg is a free R-module, and By g, Bo g € Endr(Vg), Ir € Hompg (RY", Vg),
Jr € Homg(Vg, R®") are morphisms of R modules such that

[B1,r, B2,rl + IrJr = 0.
e Forany prime ideal p C R the induced ADHM representation ap) = agr ®r R/p

over the residual field k(p) is stable.

For simplicity let « = (V, By, B2, I, J) denote oy (m), which is a complex ADHM
representation. Let also /g ,: R — Vg, 1 < a < r, denote the components of /g.
Analogous notation will be used for the induced representations o, c.

Since V is a finite dimensional complex vector space, it admits a finite set of
generators

m;qa(B1,B2)l;, 1<i<Ng 1<acx<r,

for some positive integers N, > 1. Therefore there is an exact sequence of C-vector
spaces

r Ny
0-7 L PP Lv-o

a=1 i=1
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where p is the canonical projection. By Nakayama’s lemma the elements
miq(Bi,r, Bo,R)Ir, 1<i< Ny 1<axr,
generate Vg as an R-module. In particular, the elements
mia(Bik, Bok)lk, 1<i<Ng l<axr,

generate Vi as a K-vector space. Moreover there is an exact sequence of finitely
generated R-modules

X r Ny
0— Ygr ﬂ) @@R(ui,a) PR Ve — 0
a=1 i=1
as well as an exact sequence of K -vector spaces
P r Ny
0— Yg ELN @@K(ui,a) LN Vg — 0
a=1 i=1
where pg, pk are again the canonical projections. Since Vp is free, it follows that Yz
is isomorphic to a free module as well.

Suppose B3 x: Vk — Vi is a K-linear map satisfying relations (3.5). In detail,
this is equivalent to

B3 x(m; o(B1,k, B2, k) Ik .a) = mio(B1,k, B2, k) Ik at1
foralll <a<r—1,1<i < N,and
B3 k(m; (B1,k, By, xk)Ik,r) =0

forall 1 <i < N,. Let

r Ny r Ny
Bix: PP KW > PP Kuia)

a=1 i=lI a=1 i=1

be the linear map determined on basis elements by
B3 k(i) =41
foralll <a<r—1,1<i < N,and
B3 k() =0
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for all 1 < i < N,. By construction there is a commutative diagram

E3.K

@al@ K(u;q) @al@ K(u; )
B
Vi ” V.
In particular, .
pk oB3 kofxk =0. 3.6)

Clearly, B3 g extends to an R-module morphism
r Ng

Bir: @@Ru,a — PP R

a=1 i=1 a=1 i=1
such that
B3 gr(mia(B1.R, B2, R) I K.a) = Mia(BiR, B2 R)IR a+1
foralll <a<r—1,1<i < N,and
B3 r(m; (B R, Br rR)IR,) =0
for all 1 < i < N,. Furthermore, relation (3.6) implies
proBirofr=0.

Hence pr o§3, g yields a morphism of R-modules B3 g: Vg — Vg. By construction,
this also satisfies the relations

B3 r(m; q(B1,R, B2, R)IR,a) = Mj a(B1,R, B2, R)IR a1
foralll <a<r—1,1<i<N,and
B3 r(m; (B1,gr, B2,r)IR,) =0

for all 1 < i < N,. Therefore this is the required extension. It is also unique by
Lemma 3.5. O

Finally, the third part of the proof consists of:

Lemma 3.7 For any point o of Q(r, n) the induced map on Zariski tangent spaces
1 Top Q(r,n) — T, o) A(r, n) is injective.
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Proof The Zariski tangent spaces for moduli of quiver representations are canonically
determined by linearizing the specified relations. In the present case, T,, Q(r, n) is
isomorphic to the middle cohomology of the following complex of amplitude [0, 2):

0

End(V)
80
End(V)®3@® Hom (Vao, V) @ Homg (V, Vi)

81

End(V)®3@ Hom (Vs, V) & Hom (V, Vs)
where

o) = (¥, B,y 1, Jy),
g1(ei,n,8) = ([B1., €3], [Ba, €3], le1, Bl + [Bi, €2l + 18 + nJ,
B3e +e3] —€A,, §B3 + Jez — Ar3)

for 1 < i < 3. For simplicity, the subscript K in the notation used for the data of the
representation o g has been suppressed. This convention will be employed only in the
proof of the current lemma.

At the same time 7;,)A(r, n) is isomorphic to the middle cohomology of the
following complex of amplitude [0, 2):

End (V)
fo
End(V)®2@® Hom (Vao, V) @ Hom (V, Vao)

fi

End (V)
where

for) =y, Bil,v1,Jv),
fi(ei,n,8) = [e1, B2l + [Bi, €2l + I8 +nJ
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for 1 < i < 2. Note that there is a natural degree zero map of complexes determined
by the obvious term-by-term canonical injections. Moreover, the cyclicity condition
implies that fj, go are injective by a straightforward argument.

Next note that the induced map on degree 1 cochains is also injective. Suppose a
degree 1 cochain (¢;, €, §) of the first complex maps to O in the second complex. This
implies € = 0 and 1 = 0. Therefore the condition g (¢;, €, §) = 0 yields

[Bi,e3] =0, 1<i<2, el=0, Jeg=0.

Then the cyclicity condition implies that €3 must be identically zero. Since fy, go are
injective, this implies that the induced map in degree 1 cohomology is also injective. O

In conclusion, using [28, Lemma 4], Lemmas 3.5, 3.6, 3.7 prove:

Proposition 3.8 The morphism i1 : Q(r,n) — A(r, n) is a closed embedding.

3.3 The Hilbert scheme as a quiver moduli space

In order to simplify the notation, let Hilb (r, n) = Hilb, (D, ) since D, will always be
a nonreduced plane in the following. The main goal of this section is to show that the
natural forgetful morphism /4 : Hilb (r, n) — JH(r, n) obtained from Proposition 2.2 is
also a closed embedding. More precisely using the isomorphism H(r, n) —> Q(r, n)
constructed in Proposition 3.4, it will be shown that / yields an isomorphism onto the
closed subscheme of Qqy(r, n) C Q(r, n) parametrizing representations ¢ with J = 0.
The main idea of the proof is to show that the framed Higgs sheaf corresponding to a
framed cyclic representation o = (V, By, Ba, B3, I, J) is a Higgs sheaf quotient as in
Proposition 2.2 if and only if J = 0. This will require some intermediate steps. In the
next two lemmas the ground field will be an arbitrary C-field K, although the index
K will be suppressed in order to simplify the notation.

Leta = (V, By, Ba, I, J) be the underlying ADHM representation of o. As shown
in [20, Section 2.1], the framed sheaf corresponding to « is the middle cohomology
sheaf of the monad complex

V®O0s
f=1 @ fo
0> VR0s(—A) — V®0s — V®0O0s(A) =0
®
Voo®OS

where the terms have degrees —1, 0, 1 and the differentials are given by

z0B1 — 71
fci=|z0B2—22 |, fo=(—z0B2+ 22, z0B1 —z1,20]).
z0J
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This complex will be denoted by C4 in the following. As proven in [20, Lemma 2.7],

it has trivial cohomology in degrees —1, 1. These statements are proven in loc. cit for

ground field C, but the generalization to an arbitrary ground field K is straightforward.
Now let B,, denote the complex

V®O0Os
0> VR0(—A) S o 25 veosa)—0
V®0Os

where, again, the terms have degrees —1, 0, 1 and the differentials are given by

z20B1 —z1
1= , = (—zoB , z0B1 — .
8-1 (ZoBz—Zz) 8o = (—zoB2 + z2, zoB1 — z21)

If J = 0 there is an exact sequence of complexes
0— By > Cy = Veo®0Og — 0

where the map B, — C, is the natural injection in each degree. It will be shown next
that B, has trivial cohomology in degrees —1, 0.

Lemma 3.9 Suppose o = (V, By, Ba, 1, J) is a stable ADHM representation. Then
the complex By, has trivial cohomology in degrees —1, O while its degree 1 cohomology
sheaf has zero-dimensional support contained in S\ A.

Proof First note that the restriction of B, to A is exact since z1|a, z2|a do not have
any common zeroes. This implies that

H'(Bo)|a = H' (Bala)

is zero, hence H'! (B,,) must be a torsion sheaf on S supported in the complement S \ A.
Since S\ A >~ A%(, this implies that H 1 (By) must be a zero-dimensional sheaf, which
further implies that

tk H™'(By) = tk HO(By). (3.7)

Nextnote that g_1 is injective by the same argument as in [20, Lemma 2.7 (1)]. Namely,
suppose g_1 is not injective. Then its kernel must be a nonzero torsion free sheaf and
there is an exact sequence of Og-modules

0 — Ker(g—-1) > V®0g — Im(g_1) — 0.

Moreover, Im(g—1) C V® OESBZ is a nonzero subsheaf since g_1 is not identically
zero. Therefore Im(g_1) is a also a nonzero torsion free sheaf, hence locally free on
the complement of a zero-dimensional subscheme Y C S. This implies that Ker(g_1)
is locally free at any K-point p € §\ 'Y and the fiber Ker(g_1)|, is the kernel of the
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restriction g_1/,. As in [20, Lemma 2.7 (1)], this further implies that Ker(g_1)|, is a
simultaneous eigenspace of By, B, with eigenvalues A1, A, determined by

20lpAi = zilp, 1<i <2

Since Bj, B, are fixed, this condition can only hold for finitely many K-points p,
leading to a contradiction. In conclusion g_1 is injective.

In order to prove exactness in the degree zero, suppose the middle cohomology
sheaf HY(B,,) is not zero. Then the snake lemma yields an exact sequence

0— Ho(ﬁa) — Coker(g—1) — Im(go) — 0.

At the same time, since g_ is injective, Coker (g_1) has a two term locally free reso-
lution, which implies that it is torsion free. Hence H 0(B,) must be a nonzero torsion
free sheaf. However, since H ! (By) = 0, equation (3.7) implies that rk H O(By) =0,
leading to a contradiction. In conclusion, H 0(Bg) is also zero. O

Lemma3.10 Let ¢ = (V, By, B2, B3, 1, J) be a cyclic framed representation of
(Q, W). Then the framed Higgs sheaf corresponding to ¢ via Proposition 3.8 is a
Higgs sheaf quotient as in Proposition 2.2 if and only if J = 0.

Proof (=). Suppose J = 0. As above, the framed sheaf E, corresponding to the
ADHM representation « = (V, By, Ba, I, J) is the middle cohomology sheaf of the
monad complex C,. Since J = 0, there is an exact sequence of complexes

0— By —> Cy = Veo®0Og — 0

where the last term from the left is regarded as a complex supported in degree 0. Using
Lemma 3.9, this yields an exact sequence

00— Ey —> Voeo®0Og —> Gy — 0

where G, = H'(B,) is a zero-dimensional Og-module. Using the monad con-
struction, the map B3z: V — V yields morphisms ®: E, — E,, respectively
Y: Gy, — Gy which are naturally compatible with the differentials of the above
complex. Moreover, by construction, ® also satisfies the framing condition (2.6).
Therefore one obtains indeed an exact sequence of framed Higgs sheaves

0— (Ey, D) — (Or, Ay) > (G, YT) — 0.

(«=). The above steps are reversible using the functoriality of the Beilinson spectral
sequence. O

To conclude, let Qq(r, n) denote the closed subscheme of the moduli scheme Q(r, n)
parameterizing cyclic framed representations o with J = 0. Let Ho(r, n) denote the
corresponding closed subscheme of the framed Higgs moduli space H(r, n) under the
isomorphism Q(r, n) >~ H(r, n). Proposition 2.2 and Lemma 3.10 show that 4 yields
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a bijection between the set of K -points of the Hilbert scheme and the set of K-points
of Hy(r, n) for any field K over C. In fact, a stronger statement holds:

Proposition 3.11 The morphism h: Hilb(r, n) — H(r, n) constructed below Propo-
sition 2.2 factors through an isomorphism hg : Hilb (r, n) — Ho(r, n). In particular,
h is a closed embedding.

Proof 1t suffices to generalize Lemma 3.10 to flat families. This is straightforward
since the monad construction works in the relative setting. The details are very similar
to those in [12, Sections 7.1 and 7.2], hence will be omitted. O

4 Torus actions and fixed loci

Summarizing the previous results, there is a commutative diagram of scheme mor-
phisms

Hilb(r, n) —"> H(r, n) —= M(r, n)

R,

Qo(r, n) 1 Q(r,n) ——= A(r, n)

where all horizontal arrows are closed embeddings. The top row consists of geometric
moduli spaces, while the bottom row consists of the framed quiver moduli spaces
obtained from the Beilinson spectral sequence. The goal of this section is to construct
certain torus actions on all moduli spaces in the above diagram such that all arrows
are equivariant, and prove certain properties of the fixed loci.

4.1 Generic torus action

First recall the natural action on the moduli space of framed sheaves of the
(r +2)-dimensional torus, namely, T,;ox M(r,n) — M(r,n) with T,;, =
C* x C* x (C*)*". Namely, for any (11, t2, u1, ..., u,) € Trys let n(ty, 1) : P> —
IP? be the morphism induced by

(t1, 12) x [20, 21, 22] = [20. 121, 1222]

and let u denote the diagonal r x r matrix with diagonal elements u1, ..., u,. Then
the T, 2-action on M(r, n) is given by

(t1, o, u) X (E, §) > (n(t1, )" )*(E, ué).

This action does not preserve the moduli space of framed Higgs sheaves.

Let T := Tj denote the torus C* x C* x C* with coordinates (¢, t2, t3). The
threefold X in Sect. 2 is canonically isomorphic to P2 x A!. Hence there is a three-
dimensional torus action on the Hilbert scheme determined by the geometric action
Tx X — X,
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(t1, 1, 13) % ([20, 21, 22], ¥) = ([20, 121, ©222], 13Y).

There is also a natural T-action on framed sheaf moduli, as well as framed Higgs
sheaf moduli, making all the morphisms in the above diagram equivariant. This is
obtained by restricting the T, ,-action on M(r, n) to a T-action via the injective
group morphism T < T,

(t, . B) P> (0,3 4, 1<a<r.

It is straightforward to check that the resulting T-action on M(r, n) preserves the
closed subscheme H(r, n).

The corresponding T-actions on the framed quiver moduli spaces N(r, n) and
A(r,n) are then easily obtained from the monad construction. As in the previous
section, the components of /, J with respect to the fixed basis of V, will be denoted
by l,: C— V,J,: V- C,1 < a < r.Then the potential function is rewritten as

,
W = Try (Bs[B1. BaD) + ) (JaBsla — Ju—i11a).

a=1
where by convention Jy = 0. The T-action on N(r, n) will be given by
(t)) X (Bi, In, Jo) = (6:Bi, 68 ' I, oty “Jy), 1<i<3, 1<a<r,

while the T-action on A(r, n) will be given by the same expression with B3 omitted.

The next goal is to determine the T-fixed points in the framed quiver moduli space
Q(r, n) up to GL (n, C) gauge transformations. The fixed locus A(r, n)Tr+2 is finite
and in one-to-one correspondence to r-partitions i = (i1, . . ., i) of n, as shown for
example in [22, Proposition 2.9]. Geometrically, the fixed points in the moduli space
of framed sheaves M(r, n) parametrize framed sheaves of the form

.
E, ~ @ Iz,,
a=1

where Iz, is the ideal sheaf of the T, ,-invariant zero-dimensional subscheme Z,,,
parameterized by the partition (.. The framing &, is the natural framing determined
by the injections IZM CcOg,1<a<r.

Partitions will be identified to Young diagrams using the conventions in [33, Section
0.1]. A partition v = (w! > ... > ) will be identified with the set of integral points

{G.)eZxZ|1<i<1<j<V'}

consisting of / columns of heights vi 1 < i < [. Asusual, such a set is also canonically
identified with a collection of boxes. Then note:

Proposition 4.1 (i) The T-fixed locus A(r, )Y coincides with A(r, n)Tr+2,
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(ii) A T-fixed point o), € A(r, n)T belongs to Q(r, n) if and only if the r-partition |
is nested, i.e.,
Hr S Hr—1 S -0 S 4.1)

as Young diagrams. Hence the T-fixed locus Q(r, n)Y is finite and in one-to-one
correspondence to nested r-partitions.

(iii) The natural closed embedding n: Qy(r,n) — Q(r, n) yields an isomorphism of
T-fixed loci. Hence the T-fixed locus Qo(r, n)Y is also finite and in one-to-one
correspondence to nested r-partitions.

Proof Statement (i) follows from the observation that T C T, is sufficiently generic.
In particular, since (1, t2, t3) are independent parameters, any T-fixed framed sheaf
still has to split as a direct sum of equivariant ideal sheaves.

(ii) Suppose (E, &, @) is a T-fixed framed Higgs sheaf. Then (E, &) is a T-fixed framed
Higgs sheaf, hence it is isomorphic to a framed sheaf of the form (£, ). Moreover,
the T-fixed condition implies that the only nonzero components of the Higgs field are
injections Iz, < Iz,,,, 1 < a < r, where Z, is the empty subscheme. Using the
snake lemma, each such injection is equivalent to an equivariant surjective morphism
0z, = 0Oz,,,, which yields the nesting condition (4.1). Clearly, the converse, also
holds, since the equivariant projections Oz, — Oz, are uniquely determined by the
inclusions pg+1 € g.

Using Proposition 3.11, it suffices to note that all T-fixed ADHM data have J = 0. O

Note that nested ideal sheaves on surfaces occur through localization in a similar
context [14,37].

4.2 Calabi-Yau specialization

The Calabi—Yau torus is by definition the two-dimensional subtorus To < T defined
by

1,1
(t1, ) = (1, 0,1 1, ).

Geometrically this is the subtorus of T which preserves the natural holomorphic three-

formon A% x A € P2 x A!, where A> C P? is the complement of A = {79 = 0}. The

goal of this section is to analyze the behavior of the fixed loci under this specialization.
First note the following:

Remark 4.2 (i) For rank r = 1 the Ty-action on the moduli space A(1,n),n > 1,
coincides with the standard two-dimensional torus action induced by the scaling
action on AZ In particular the Ty-fixed locus in A(1, n) is a finite set of closed
points in one-to-one correspondence with partitions w of n.

(i) For r > 2 there is a natural action of the quotient torus S = T/Ty >~ C* on the
fixed locus A(r, n)T given by

2x (V, B, By, Iy, Jo) = (V, By, By, 2% ', 2179, 1<a<r. (4.2
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Clearly, the fixed locus of the S-action on A(r, n)TU coincides with the fixed locus
A(r,n)T. The S-action on the Ty-fixed locus will be called residual torus action.

The main goal of this section is a detailed analysis of Ty-fixed locus in A(r, n). In
order to fix ideas, note the following basic facts on flat families of Ty-fixed loci.

Let Z be an arbitrary parameter scheme over C. A flat family of stable framed
ADHM quiver representations parametrized by Z is defined by a pair (o, {) where

e o = (V,Vo, By, By, 1,J) is a locally free ADHM quiver sheaf on Z with
k(V) =n,

e {: Vg —> O is an isomorphism of O z-modules, and

o the restriction of the pair (o, {) to any point in Z is a stable framed representation
of the ADHM quiver over the corresponding residual field.

For each 1 < a < r let I, J, denote the components of the morphisms
10¢71: 0% > Vand¢oJ: V — 0% respectively. Let also GL(V) denote the
principal GL (n, C)-bundle associated to V on Z.

A flat family of Ty-fixed framed stable ADHM quiver representations is defined by
the data («, ¢, n) where («, ¢) are as above, and n: Tox Z — GL(V) is a morphism
of groups over Z such that

t;Bi = n(t1, L) Bin(t, 1)\,
0y =t ) L, (4.3)
1115 0o = Jan(t1, ).

for any morphisms t1, to: Z — Ty. In particular,  determines a Ty-equivariant struc-
ture on the underlying locally free Oz-module V. Let

V=@ Vi

(i,))ez?
denote the resulting character decomposition. Then conditions (4.3) imply that

Im(I,) S Va—1,a—1), =0 forall (i,)) # (a,a), (4.4

Ja | V@i, j)
for all 1 < a < r. Moreover, only the following components:

Bi(i,j): VG, )= Vi—-1.j), Bi,p:VG j—VGj-1) (45

of Bj, B are allowed to be nonzero. All other components must vanish identically.
Hence the ADHM relation reduces to

Bi(a,a —1)Ba(a,a) — By(a —1,a)Bi(a,a) + 1,J, =0

forall 1 <a <r.
The first structure result is the following.
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Lemma4.3 Let Y be a connected component of the fixed locus A(r,n)T0. Let y € Y
be an arbitrary closed point and let fy: A\ {0} — Y be the S-orbit through y. Then
[y extends uniquely to a morphism Ty - A — Y. In particular the S-fixed locus YS
contains at least one point.

Proof If the S-action on Y is trivial, Y is a connected component of the fixed locus
A(r, n)T, which is finite. Hence the claim is obvious.

Suppose the S-action on Y is not trivial. If y € ¥S, which is again finite, the claim
follows. Therefore it suffices to consider the case where y is not S-fixed. Then the
given orbit is nontrivial and the claim is proven by analogy to [21, Theorem 3.7]. The
moduli space A(r, n) is a GIT quotient R(r, n)//GL(n, C) where

R(r,n) C End(C")®*@® Hom (C", C") & Hom(C", C")

is the zero locus [B1, B2] + IJ = 0. By construction, there is a projective morphism
w: A(r,n) — Ap(r, n) to the affine algebro-geometric quotient, which is the spec-
trum of the ring of GL (n, C)-invariant polynomials on R(r, n). As in the proof of [21,
Theorem 3.7], the latter is generated by the following types of functions:

Tren(m(B1, B2)), Jym(B1, Bo)l,, 1<a,b<r,

where m(B1, B2) denotes an arbitrary monomial in End (C"). The functions of the
first type have weights

(degp,m(Bi, By), degg,m(B1, B2), 0)
under the action of T = (C*)*3. The functions of the second type have weights
(degp,m(B1, By) + 1,degp,m(By, By) + 1,a — b).

If all the above invariant functions have trivial restriction to Y, it follows that Y is a
closed subscheme of 7 ~1(0), hence it is projective. Then the claim follows.

Suppose this is not the case. Then note that the fixed locus conditions (4.4) and
(4.5) imply that f;‘n*Tr(cn (m(Bq, By)) = 0. Therefore the exists a pair (a, b), 1 <
a, b < r,such that fy*n* (Jp m(B1, B2)1,) is nonzero. Then the fixed locus conditions
imply that

degBlm(Bl, B) = dengm(Bl, B)=a—-—b—1.

and the S-weight of f7*(J, m(By, B2)I,) = 0isa — b > 1. This further implies
that the morphism 7 o f,: AN {0} — Ay(r, n) extends uniquely to Al. Since 7 is
projective, f, can be also extended to a morphism Al — A(r,n). Since Y is a closed
subscheme of A(r, n), the claim follows. O

In order to formulate the next result note that, omitting the rigidifying isomorphism
¢: Vo — Oezar’ coherent ADHM quiver sheaves on Z form an abelian category A .
Let also e,, 1 < a < r, be the standard basis vectors in C" and let
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oOcwic---cWacC---CW, (4.6)
be the filtration defined by
W, =Cler,...,e;), 1<a<r,

all inclusions being canonical. Then one has:

Lemma 4.4 Let o be a flat family of To-fixed stable framed ADHM quiver represen-
tations with dimension vector (r, n) parametrized by a connected scheme Z. Suppose
furthermore that J is identically zero. Let

Ve ='W, ®02), 1<a<r, @7

be the filtration induced by (4.6). Then there exist an unique r-partition i of n and a
filtration o
O0Ca,C---Cual =« 4.8)

in the abelian category Az such that

(1) the restriction of ae to the node [ coincides with the filtration (4.7), and
(ii) each successive quotient oy, 1 < a < r, is isomorphic to the stable framed ADHM
representation corresponding to To-fixed point oy, € A(1, |14 [)To,

Proof As observed above, V has a Ty-character decomposition
v=Vvai.j
@.J)

such that the ADHM data satisfy conditions (4.4) and (4.5). Moreover, stability implies
that V (i, j) is identically zero if i > r or j > r. Let

ocvWc...cvh=vy

be the filtration defined by

v@e = v

i<a—1
j<a—1

where all the inclusions are canonical. Then conditions (4.4), (4.5) imply that

B (V@) Ccv@ 1<a<r, 1<i<2,
@ @ “4.9)
I(Ve) V¥, 1<a<xr.

In addition, since J is assumed identically zero, the ADHM relation restricts to

Bi(a,a — 1)By(a,a) — By(a — 1,a)Bi(a,a) = 0.
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Let V, = V@ V@D respectively Vo, = Véa)/Vé“_l) ~ Cley), 1 <a<r,
where V© = 0 and Vélo) = 0. Equations (4.9) imply that there are naturally induced
maps

Biy:Va—>Va, 1a:VO,—> Ve, 1<a<r, 1<i<2,

such that [B] 4, B24] = 0. At the same time, the ADHM stability condition on
o implies that the data o, = V,, Ei,a, 1,) is a framed stable rank one ADHM
representation over Z for each 1 < a < r. Finally, by construction, each o, is a
Ty-fixed point in the moduli space of rank one ADHM representations A(1, ng) T
where n, = dim(V,). Since Z is connected and A(1, n,)T0 is a finite set of closed
points indexed by partitions of n,, the claim follows. O

In order to formulate a useful consequence of Lemmas 4.3 and 4.4 recall the projective
morphism to the affine geometric quotient, 7 : A(r, n) — Ag(r, n), used in the proof
of Lemma 4.3. Then one has:

Corollary 4.5 Let Y C A(r, n)T0 be a connected component of the To-fixed locus such
that S-action on Y is nontrivial. Then Y is not projective over C.

Proof A priori Y is smooth quasi-projective. Suppose Y is projective. Then the fixed
locus ¥ is nonempty and consists of finitely many points in A(r, n)T. Moreover, all
T-fixed points are mapped to 0 by . Since A (r, n) is affine and Y is connected, it
follows that ¥ must be contained as a closed subscheme in the fiber 7 ~1(0).

Let ay denote the restriction of the universal family of stable framed ADHM data to
Y. Since 7 (Y) = {0} all the generators of polynomial ring I" (Ao (r, n)), in particular

me(Bl7Bz)Ia7 1<a3b<r9

have trivial pull-back to Y. Then the ADHM stability condition implies that the family
ay has J = 0. Therefore, as shown in Lemma 4.4, there is a filtration of the form
(4.8). However, given the action (4.2) of S, a point y € Y is fixed by S if and only
if the induced filtration on ay |y is split. Therefore ¥ S consists of the unique closed
point cr;, € A(r, n)T, where p is the r-partition determined by ay as in Lemma 4.4.
This contradicts the assumption that Y is smooth projective and the S-action on Y is
nontrivial. O

Next, a T-fixed point ot € A(r, n)T will be called Ty-isolated if and only if {or, }
is a zero-dimensional connected component of the fixed locus A(r, n)T0. Then it
will be shown below that «, is Ty-isolated for all nested partitions . The proof
will use the T, ,-character decomposition of the tangent space to the fixed point
o, € A(r, n)T'"+2. As in [33, Section 3.2], let ¢, t, x4 : T,+2> — C be the characters
defined by

qlti, o) =17ttt o,u) =15 xa(ti,,u) =uyl, 1<a<r. (4.10)
Given a partition v C 72, for any box s = (i(s), j(5)) € 72 one defines
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o £y(s) =vi) — jls) — 1,
® a,(s) = v;(s) —i(s) —1

where v; denotes the number of boxes on the i-th column of v and v denotes the
number of boxes on the j-th column of v/, which is the same as the number of boxes
on the j-th row of v. Note that the above numbers are negative if s ¢ v.

Then, as shown in [22, Theorem 2.11], the explicit formula for the character decom-
position of T}, is

cht

)+2
’
_ _ _ 1 — _ 4.11)
— Z Z Xo XS ltZML.(s)q au, (s) I+Z Z Xb X ll Ly, (5) lqauc(s)'
b,c=1S€Wp b,c=1 €U,

Abusing notation, below let ¢, ¢ denote the restrictions of the characters ¢, f to T. Let
also o : T — C denote the character o (¢1, 12, 13) = t112t3. For any r-partition p of n,
let

chp(Ty) = Y cijuw)g't/o" (4.12)
i,j,keZ

be the T-character decomposition of 7. Moreover, let S1 (1) denote the set of triples
(b, c, s) defined by the following conditions:

I<c<b<r, s€up\phe;, b—c+4€,.(s)=0, b—c—ay,—1=0. (4.13)
Let also S»(w) denote the set of triples (b, c, s) defined by:
1<bhb<ce<r, sepuc\pmp, b—c—4Ly,(s)=1=0, b—c+au =0.

Then the following holds:
Lemma 4.6 Let u be an r-partition of n. Then, using the notation in (4.12), there is
an identity
> ookwot = 37 0" 4 3T o (4.14)
keZ (b.c.s)eS1(R) (b.c,s)€S2 (1)

in the character ring of T.
Proof Specializing (4.11) to T C T, 42, one obtains

r
chy T, = Z Z O_b—ctb—c—i-fuc(S)qb—c—auh(s)—l
b,c=1S€Up

’
+ Z Z O.bfctb—c—iub(s)—lqbfc+am.(x).

b,c=1S€U¢

(4.15)
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Therefore such eigenvectors are in one-to-one correspondence to triples (b, c, s), 1 <
b, ¢ < r, satisfying one of the following two conditions:

se€pup, b—c+4L,.(s)=0, b—c—ay(s)—1=0, (4.16)
SE€EMes b—c—4Ly,(5)—1=0, b—c+a,(s)=0. 4.17)

For any triple (b, ¢, s) as in (4.16) one has a,,, (s) > O since s € 1p. Hence b —c > 1
from the second equation in (4.16), and £,,.(s) = ¢ — b < —1 from the first equation
in (4.16). In particular, s € up\ (e, which must be necessarily nonempty. This yields
conditions (4.13).

For any triple (b, c,s) as in (4.17), one has a, (s) > 0 since s € u.. Hence
b — ¢ < 0 from the second equation in (4.17). If b — ¢ = 0, then up = p. and
£, (s) = 0. This contradicts the first equation in (4.17). Therefore b — ¢ < —1, and
the first equation in (4.17) implies £,,,(s) = b — ¢ — 1 < —2. Hence ji¢ \ tp must be
nonempty and s € e \ Up.

In conclusion, equation (4.14) follows from (4.15). O

In order to formulate the next result, note that an r-partition & of n will be said to be
contained, u C A, into an r-partition of n 4 1 if there exists 1 < a < r such that
up = Apforall 1l < b < r,b # a, while u, C A, as Young diagrams. In particular,
Xa \ g consists of a single box. Then one has the following consequence of Lemma
4.6.

Corollary 4.7 (i) Let i be a nested r-partition of n, i.e.,

Hr © Hp—1 S -0 S 1.

Then identity (4.14) reduces to

Y coox(wyot =0.

keZ

(ii) Let X be a nested r-partition of n and let u O A be an r-partition of n + 1 such
that | is not nested. Then identity (4.14) reduces to

Z c0.0k(1) o =o.

keZ

(iii) Let A be a nested r-partition of n + 1 and let @ C X\ be an r-partition of n such
that w is not nested. Then identity (4.14) reduces to

> cooxw ot =o.

keZ

Furthermore, in each case suppose Y is the unique connected component of the Ty-
fixed locus containing the T-fixed point . Then Y = {a,} in case (i), while in cases
(i) and (iii) one has an isomorphism Y ~ A" mapping a,to0 e Al
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Proof (i) Since u is nested, one has S () = S>(n) = 9.

(i1) Under the stated assumptions, there exists exactly one index 2 < b < r such that
Ae = e forall 1 < ¢ < r,c # b, while Ay \ tp consists of a single box s. Since u
is nested one has S1(A) = {(b, b — 1, s)}. At the same time note that for all triples in
S2(p) one has £, < —2. Since p is nested, this implies S>(u) = @.

The proof of (iii) is analogous to that of (ii).

The last statement then follows from Corollary 4.5. O

Finally, note the following.

Lemma 4.8 The To-fixed locus Hilb(r,n) 0 coincides with the T-fixed locus
Hilb(r, n)Y. Moreover, any To-connected component Y intersecting Hilb(r, n) non-
trivially must be a single Ty-isolated point belonging to Hilb(r, n).

Proof Clearly, there is a closed embedding Hilb(r, m)T ¢ Hilb(r,n)T0. Let Z be a
nonempty connected component of Hilb(r, n)T0. Since Hilb(r, n) is a closed sub-
scheme of A(r, n), there exists a unique connected component Y of A(r, n)T0 such
that Z is the scheme theoretic intersection Y X 4 ) Hilb(r, n). In particular Z is
a closed subscheme of Y. Moreover, Z is also naturally preserved by the residual
S-action.

If the S-action on Z is trivial, then Z is a finite set of T-fixed closed points in
A(r, n) which also belong to Hilb(r, n). Then Corollary 4.7 shows that each such
point is Ty-isolated. Hence Z coincides with Y, which is assumed connected. Hence
Y must reduce to a single T-fixed point belonging to Hilb(r, n).

Suppose the S-action on Z in not trivial. Since Z is closed in Y, Lemma 4.3 implies
that Z contains at least one S-fixed point. Then the same argument as in the previous
paragraph shows that ¥ must be a single T-fixed point belonging to Hilb(r,n). O

5 Hecke transformations

The goal of this section is to review the construction of Hecke transformations used in
[33], at the same time proving certain properties of fixed points in the correspondence
variety.

5.1 The ADHM correspondence variety

Asin [33, Section 3.3], let A(r,n,n+ 1) C A(r,n) x A(r, n + 1) denote the Hecke
correspondence parameterizing elementary modifications of framed torsion sheaves
on P? supported at a single closed point p € A%, Let Ac(r,n,n+1) C A(r,n,n+1)
denote the closed subvariety where p = 0. According to [33, Proposition 3.1], the
following holds.

Proposition 5.1 (1) The correspondence variety A(r,n,n + 1) is a smooth quasi-
projective variety of dimension 2rn +r + 1.

(2) The natural morphism A(r,n,n+1) — A(r,n) x A(r,n+1) is a closed embed-
ding, and the restriction of the projection wy : A(r,n) x A(r,n+1) - A(r,n+1)
to A(r,n,n + 1) is proper.
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(3) The restriction of the projection mwy: A(r,n) x A(r,n + 1) — A(r,n) to
Ac(r,n,n+ 1) is also proper.

(4) The correspondence variety is preserved by the T, y-action on the product and
the fixed locus A(r,n,n + 1)'7+2 is a finite set of closed points in one-to-one
correspondence with pairs of r-partitions (i, A) such that

lul=n, [Al=n+1, pnCA. (5.1

Written more explicitly, the last condition in (5.1) states that there exists 1 < b <r
such that g = A forall 1 < a <r,a # b, while up C Ap and Ap \ Lp consists
of a single box s.

Remark 5.2 Note that Proposition 4.1 (i) implies that the fixed locus A(r, n, n + nT
coincides with the T, fixed locus. Therefore T-equivariant Hecke transformations
are defined in complete analogy to [33]. This is briefly reviewed below.

Lety: A(r,n,n+1) — A(r,n) x A(r, n+ 1) denote the natural closed embedding,
which is clearly T-equivariant. As in [33, Section 2.2], any equivariant Borel-Moore
homology class z € H T(A@r,n,n+ 1)) determines a Hecke transformation,

uZn: HY(A@, n)k — HYAGF, n+ D)k, “Zn(x) = 0. ((yx2) - 1x). (5.2)

The pull-back and push-forward maps in equivariant Borel-Moore homology are well
defined since y is a closed embedding and the restriction of 73 to A(r,n,n + 1) is
proper. Although 7y is not proper, its restriction to the T-fixed locus is. Therefore,
using the localization theorem one can define downward Hecke transformations on
equivariant Borel-Moore homology

Uyt HY A, n+1)) > HY A, )k, Uy ,(x) = T ((yez) - 5x). (5.3)

Moreover, the following explicit formulas hold by a straightforward application of the
localization theorem for the correspondence variety. These formulas have been used
for example in [33, Appendix C], hence the proof will be omitted.

Lemma5.3 (i) For any r-partition u,

ul, (o) = Y en(Ty) er(Tun) ™ zualenl, (5.4)

rePr n1
Py

where z,, ;. denotes the restriction of 7 to the fixed point (o, @)).
(ii) In the opposite direction,

(o) = > en(T) er(Tun) ~ zualayl. (5.5)

HEP, y
HCA
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In order to construct analogous transformations for the Hilbert scheme Hilb(r, n) C
A(r, n) one needs first some structure results for the fixed locus A(r, n)To_ which are
proven in the next section.

5.2 The fixed locus of the Calabi-Yau torus action

For any fixed point e, € A(r, n)Tr+2 Jet V. denote the underlying vector space, which
carries a linear T, »-action such that

r

-1 i(5)—1,j(s)—1

ChTr+2 V/-L = Z Xb Z ql(S) t](S) .
b=1

SELD
As in (4.10), the characters ¢, ¢, x4, | < a < r, are defined by

-1 —1 —1
Q(Ilthsu):tl ) t(t17t2’u)=[2 9 Xa(tlvtzvu)zl’ta .

Using the notation in [33, Section 3.4], set 7, = chr,,, V, and w = 22:1 Xb_l and
let 7,, denote the tangent space to A(r, n) at the fixed point c;,. As shown in [22,
Theorem 2.11], the character of the equivariant tangent space 7}, is given by

chr, = —(1—g¢ H0 -t ) +nuw’+q 't ') w. (5.6)

For any pair (i, A) with |u| =n, |A| =n + 1 and u C A let N, ; denote the fiber of
the equivariant normal bundle to A(r, n, n + 1) in the product A(r, n) x A(r,n + 1)
at the fixed point (o, o). Then the character of the T, ;-action on N, ; is given by
[33, Equation (3.11)], which reads

Y leYw—q =t (5.7)

chrp, Nya= —(U—g Hl—r Hrr +rw’+q”
As observed in Remark 5.2, the fixed locus in the correspondence variety remains
unchanged under specialization to T C T, . Moreover, the character decomposition
of the tangent space to a fixed point (e, o) is obtained by straightforward special-

ization. As in Lemma 4.6, let o : T — C* denote the character o (¢1, 12, 13) = t11>13.
Then

it = (qto)?™!, 1<b<r.

Let T, ;. denote the T-equivariant tangent space to the fixed point (e, o) € A(r, n,
n+ DT Let

ik
ChT(TM,)L) = Z Ci,jk qltjU
i,j,keZ
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be the T-character decomposition of 7}, ;. As in Sect. 4.2, a fixed point («, ;) €
A@r,n,n + 1T will be called Ty-isolated if and only if it is a connected component
of the Ty-fixed locus. Then one has:

Lemma5.4 (i) Suppose at least one r-partition of the pair (i, X) is nested. Then
0,0,k = 0 for all k > 0. In particular the fixed point (o, ) is To-isolated.

(i1) Suppose . and A are not nested, n > 1, and there is a nested r-partition v of n — 1
such that v C . Then co0,1 = 1 and coox =0 forallk € Z, k # 1.

Proof Note that

chr,, Tua =chr,, Ty +chr,, Th —chr,, Ny
Using equations (5.6) and (5.7) one has
chr,, Ty +chr, ., Th —chr,, Ny
= —(—g 0 =1 mr! + /g7 w
—(l-—g¢gHa - Yo +ow+q ) w
-1 ENTY Vo1 ~1,-1 (5.8
+U—g HU =ty —quw’'—qg 1 wtqg 't

= —(U—g¢g HU-tHm-r)@m-1)"'—U—g H—tHnr)
+nwY +q 't lrvw +q 't
By assumption 1), — 7, is a one dimensional representation of T, ;> since . C A, and

A\ n consists of a single box. Hence the right-hand side of (5.8) reduces to

chr,, Ty +chr,, Th —chr,, Ny
= —14+q¢ '+ ' -¢gHa - n.7, +nw’ + q_lt_lrlfw.
Let
Eps=—(0—-g Ha—-th 0.7, +nw’ + qilflrlw.

By analogy with [22, Theorem 2.11] this expression is given by
l/- S = Z Z XX —1 ZA((Y) —ay, ()= l+ Z Z XbX Elth(s)—lqu(.(s).
b,c=1s€Xp b,c=1S€Me
The T-specialization of E, j is

,
EM,A|T — Z Z O,bfctbchr@;\c(s)qb—c—anb(s)—l

b,c=1s€lp

,
b—c,b—c—¥,, (s)—1 b—

b,c=1SE€EWUc

(5.9)
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Let 1 < d < rbesuchthat s\ ug = {u} while A, = up for b # d. The terms with
b = d and s = u in the right-hand side of the above equation are

,
Z O—d*Ctd*CJrekc (u)qd—c—aud (s)—1

c=1

where a;,(u) = —1. Therefore the only term that specializes to 1 when 0 = 1
corresponds to ¢ = d. This implies that all terms in (5.9) specializing to 1 as o = 1
are obtained as follows.

Let S1(u, 1) denote the set of triples (b, c,s) with 1 < b,c <rands € Ap, s # u
if b = d, such that

b—c+4,.(s)=0, b—c—ay(s)—1=0.

Let S2(u, A) denote the set of triples (b, ¢, s) with 1 < b, ¢ < r and s € u, such that
b—c—4£,,)—1=0, b—c+a,.(s)=0.

Then the terms in (5.9) which specialize to 1 as o = 1 are given by

1+ Z Ub—ctb—c+&c(s)qb7c7aﬂb (s)—1
(b,c,s)€S1 (1L, 1)

+ Z O,bfctb—c—lﬂb(‘v)—lqbchraxc(S)‘
(b,c,s)€S2 (1, 1)

Now consider a triple (b, ¢, s) € Si(u,A). Since s # u for b = d, it follows that
s € pp. This implies a,, (s) > 0, hence b > ¢ + 1. At the same time, £ (s) =
c—b < —1,hence s ¢ A.. In conclusion, b > ¢+ 1 and s € pup\ A, for any triple
(b,c,s) e S1(u, M)\ {(d,d,u)}. Since up C rp and e C Ag, if @ or X is nested, this
leads to a contradiction. Hence in that case S;(u, A) = @.

Suppose w, A are not nested, and the conditions of Lemma 5.4 (ii) are satisfied.
Since v is nested and v C p there is a unique index 1 < e < r — 1 and a unique box
V € [Le+1\ Vet1 such that v ¢ .. For all other indices 1 < b < r — 1, b # e one has
Up+1 S 1p. Then the argument in the previous paragraph implies that

Si(u, 1) ={(e+1,e,v)}.

A similar analysis applies to the set So(u, A). Let (b, ¢, s) € Sa(u, X). Since pe € Ao
and s € p., it follows thatay (s) > 0,hence c > b.If ¢ = b,inorderfors € S (u, 1)
one must have

Cuy(5) = 1, az,(s) = 0.
This leads to a contradiction since pp S Ap by assumption. Therefore one must have

¢ > b+1.Thisimplies thatay (s) > 1and{,, (s) < —2.The second conditionimplies
that s ¢ wp. If i or X is nested this leads to a contradiction. Hence S> (i, 1) = <.
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In order to finish the proof, suppose w, A are not nested and the conditions of
Lemma 5.4 (ii) are satisfied. Hence u© = v U {v} with v nested. Since s € u.\ up with
b < ¢ — 1 one must have (b, ¢, s) = (e, e+ 1, v). However in that case £,,, (v) = —1,
which leads again to a contradiction. In conclusion S>(u, A) = &. O

To conclude, note the following consequence of Lemma 5.4.

Corollary 5.5 (i) Let i be a nested r-partition of n. Suppose a connected component
Z of A(r,n,n + 1)T0 has nontrivial set theoretic intersection with the closed
subvariety

{au} x A@r,n+1) C A@r,n) x A(r,n +1).

Then Z must be a closed point (o, o)) for some r-partition A of n + 1 such that
A D M.

(ii) Let X be a nested r-partition of n + 1. Suppose a connected component Z of
A(r,n,n+ 1)TO has nontrivial set theoretic intersection with the closed subvariety

A@r,n) x{ay} C A@r,n) x A@r,n + 1).

Then Z must be a closed point (o, o) for some r-partition | of n such that
wC A

Proof (i) Corollary 4.7 (i) shows that o, is an isolated point of the fixed locus
A(r,n)To. Therefore, Z must be contained as a closed subvariety in the fiber
T ! (ay). Moreover, since the fixed locus (AHTo = {0}, any connected component of
A(r,n,n + 1)T0 is a closed subvariety of Ac(r, n, n + 1). Since Ac(r,n,n + 1) is
proper over A(r, n) by Proposition 5.1 (3), this implies that Z is proper over C, hence
projective. Therefore the induced residual S-action on Z has at least one fixed point
(ay, ap) with o C A. Since u is nested by assumption, Lemma 5.4 (i) shows that this
fixed point is Ty-isolated. Then the claim follows since Z is assumed connected.
The proof of (ii) is analogous. Z must be again projective since A(r,n,n + 1) is
proper over A(r,n,n + 1). O

5.3 Hecke transformations for the Hilbert scheme

The goal of this section is to construct analogues of the Hecke transformations (5.2) and
(5.3) for the Ty-equivariant Borel-Moore homology of the moduli space Hilb (7, n) of
framed cyclic representations of the quiver (3.1). As shown in Proposition 3.8, for each
pair (r, n) there is a closed embedding Hilb(r,n) C A(r, n). Let Hilb(r,n,n + 1)
denote the scheme theoretic intersection of Hilb (7, n) x Hilb(r, n+1) and A(r, n, n+
1) in A(r,n) x A(r,n + 1). Hence one has a Cartesian square
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K

Hilb(r,n,n + 1) A(r,n,n+1)

| ly

Hilb(r, n) x Hilb(r,n 4+ 1) A@r,n) x A(r,n+1).

Let py: Hilb(r, n,n + 1) — Hilb(r, n) and p,: Hilb(r,n,n 4+ 1) — Hilb(r,n+1).
The second is proper by base change since the projection my oy : A(r,n,n + 1) —
A(r,n + 1) is proper. However 1.1, one cannot define a refined Gysin pull-back ,oi
because p; is not l.c.i. Furthermore, the construction of a virtual pull-back as in [17]
also fails because the relative obstruction theory of p; is not perfect of amplitude
[—1, 0]. This precludes a straightfoward generalization of the Hecke transformations
(5.2) and (5.3).

One can use instead the embedding into the smooth ambient space A(r, n).
Lemma 4.8 proves that the fixed locus Hilb(r, n)T0 is finite and in one-to-one corre-
spondence to nested r-partitions p of n. Moreover, each fixed To-fixed point «;, is
isolated as a To-fixed point in A(r, n). Therefore the push-forward map for localized
homology is injective and yields an identification

HYHilb(r, m)k, ~ € Koley] ¢ HT (A, n))k,.

neP(r,n)
e nested

Here K denotes the fraction field of the cohomology ring H (BTy) and [, ] = i+ (1)
for any nested r-partition . Let also y: A(r,n,n + 1) — A(r,n) x A(r,n + 1)
denote the natural closed embedding, which is clearly Ty-equivariant. As in [33,
Section 2.2], any equivariant Borel-Moore homology class z € H To(A(r,n,n+1))
determines a Hecke transformation,

hi, e HYAG, m)ky = HOAGE, n+ D)k b, () = ma(r52) - 7).

The pull-back and push-forward maps in equivariant Borel-Moore homology are well
defined since y is a closed embedding and the restriction of 73 to A(r,n,n + 1) is
proper.

As shown in Lemma 5.4 (i), for any pair of r-partitions (v, A) with v nested, the
closed point (o, @) € A(r,n,n + 1) is an isolated To-fixed point. Let 7), , denote
the tangent space to A(r, n,n + 1) at («,, ay). For any pair (r, n) let P(r, n) denote
the set of r-partitions of n.

Lemma 5.6 For any nested r-partition v,

hh(ew)) = Y ery(T) eny(Ty) ™' zualenl, (5.10)

APy ny1
A nested
ADv

where z,, ;. denotes the restriction of z to the fixed point («,, «)). In particular, the
Hecke transformation (5.10) maps H™ (Hilb(r, n)) g, to HY(Hilb(r, n + 1))k,
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Proof Note the Cartesian diagram

() < AGr 4 1) — e A ) x A(ron + 1)

{a} a A(r, n)

where the horizontal maps are closed embeddings. As observed below equation (2.8)
in [33, Section 2.1], this yields the base-change identity

ﬂ;ﬁ[av] = kv*(nivl) = ky«[A(r,n 4+ 1D].
Since k, is a closed embedding of smooth varieties, there is an identity
(y52) - ko[ A(r, n + D] = kyuky 74 (2)

in the intersection ring of A(r, n) x A(r, n + 1). See for example [9, Section 2.6.21].
For each connected component Z of the fixed locus A(r,n,n + N0 let gz: Z —
A(r, n, n+ 1) denote the natural closed embedding. Since the correspondence variety
is smooth, the localization theorem yields

7= Z QZ*(eTo(VZ)_lq;Z)
Z

where V7 is the normal bundle to Z in A(r, n,n + 1). Then

kivez =Y Kiveqze(er,(V2) "' q}2). (5.11)
Z

Clearly, if the set theoretic intersection of Z with oy, x A(r,n 4+ 1) in A(r,n) x
A(r,n+1) is empty, the corresponding term in the right-hand side of (5.11) vanishes.
On the other hand, Corollary 5.5 shows that the connected components intersecting
ay X A(r, n+1) nontrivially coincide with the finite set of isolated fixed points (&, )
where A D v. For each such fixed point, let g, ; : (ay, ay) < A(r,n + 1, n) denote
the natural closed embedding and let

jv,k =VYoqyx: {(ay, )} = A(r,n) x A(r,n +1).

Then
kiyez = Y ero(Tyn) ™ kg Goa)w v (5.12)

)LECP)'.)H»I
ADv

where T, ; is the tangent space to A(r, n,n+ 1) at (ay, o), and z,, 5 = q;‘ ,2 denotes
the restriction of z to (ay, @y,).
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Now letiy: Y < A(r,n + 1) denote a connected component of the fixed locus
A@r,n + 1T and let kyy = kyoiy: ay,xY — A(r,n) x A(r,n 4+ 1) denote
the corresponding closed embedding. Let also Ny denote the normal bundle to Y
in A(r, n + 1). The localization theorem yields

kivez =Y ivs(emy (Ny) Tig kS yaz) (5.13)
Y

where k' y,z is given by the right-hand side of equation (5.12). Clearly, one has

l)tk:((]v,)»)* Iy a = k:(’y(jv,k)* Ty p = 0

unless the component Y contains the point ;. If this is the case, Corollary 4.7 shows
that

{ay}, for A nested,

Y ~ ]
A’ for A not nested.

Moreover, in each case «; is the unique S-fixed point in Y. For ease of exposition,
such a component will be denoted below by Y, while their equivariant normal bundles
in A(r, n + 1) will be denoted by Nj.

In conclusion, using equations (5.12) and (5.13) reduces to

Kivez = Y ins(eno (N2 ™ ey (T0,0) T i5kS (o) w 20.0)- (5.14)

)\E?r,n+l
ADv

Now let f: {a)} < Y, denote the natural closed embedding. Note that o, X ¥ is a
connected component of the Tq action on A(r, n) x A(r,n + 1) and its equivariant
normal bundle in the product is naturally isomorphic to
N,@ T, ® Oy,.
Moreover,
Jvx = kvaofr
hence
i3k Gv)s v, = Ky 5 (kv 3w fox 2.0 = 10 (T) et (N2) fox Zva.-
Here f; . is the push-forward map

fixt Ho({}) ®c K1y = Ho(Y3) ®c K.
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If A D v is not nested, ¥; ~ Al, hence the degree zero Borel-Moore homology
vanishes, Hy(Y;) = 0. Therefore if this is the case,

fk* v = 0.

If A D v is nested, Y3 coincides with «;, hence

Sas 2v. = Zu -

Therefore equation (5.14) reduces to

kivez = > ine(eny(T) ey (To0) ™" 20,)-

)\E:Pr,nJrl
A nested
ADv

This yields equation (5.10). O
In the opposite direction, let [y ] € H To(Hilb(r, n + 1)) be a basis element, where

A is a nested r-partition of n + 1. Let k) : A(r, n) X ay — A(r,n) x A(r,ny) be the
natural closed embedding. Then

mylon] = k[ A(r, n) x s
and
(v42) - 5[] = Kok viz.
The composition 7y ok, : A(r,n) x @y — A(r,n) is the identity, hence clearly,

715 ((Y2) - w5 ey ]) is well defined. This defines a Hecke transformation in the oppo-
site direction,

h- e HOHib(, n + 1)x — H (A n)k.

Lemma 5.7 For any nested r-partition X,

B (end) = 3 eny (T eny(To) ™ zuilon . (5.15)

l)Ef})r,n
v nested
vCA

In particular, the Hecke transformation (5.15) maps HY(Hilb(r,n + 1)) Ko to
HY Hilb(r, n))k,.

Proof Completely analogous to the proof of Lemma 5.6. O
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In conclusion, Lemmas 5.6 and 5.7 yield upward and downward Hecke transformations
on the equivariant homology space

Vi) =@ H™Hilb(. )k, ~ P P Kolal.

n>=0 n>20 ucP, .,
 nested
Abusing notation, they will be denoted by the same symbols, th, hz_n I the distinc-

tion being clear from the context.

6 Degenerate DAHA action

The goal of this section is to prove that the transformations (5.10) and (5.15) yield a
degenerate DAHA action on Vgg

6.1 The degenerate DAHA of Schiffmann and Vasserot

This section is a brief review the construction of the family algebras SH® introduced in
[33, Section 1], and further studied in [4]. The construction employs a formal parameter
k as well as an infinite set of formal parameters ¢ = (¢;);>0. Using the notation of
[33, Section 1.5], for any / > 0 one defines

§=1-«,
Go(s) = —In(s),
Gi(s)=(s"'= /I, 1#0,
o)=Y s (Gl —g5) = Gi(1 +g9)),
q=1,-§,—«
d1(s) = s'Gi(1 + &),

6.1)

where s is yet another formal parameter. The right-hand sides of the last two equations
should be regarded as formal Laurent power series of s by formally expanding the log
functions. Then SH€ is generated by D_, Do, D14, 1 € Z,1 > 0, satisfying the
relations:

[Doys Dokl =0, L k=1,
(Do, D1kl = Dijk—1, 121, k=0, (6.2)
(Do, Doi k]l = =Dy 14k-1, 121, k=0,
3[D1,2, D111 = [D13, D1,ol + [D1,1, D1,o] + k(k — 1)(012,0 +[D1,1, D1,oD) =0,
3[D-12,D-11]1 = [D-13, D1 0]
+ D11, D-10] +«(c = )(=Di g+ [D-1,1, D-1,0) =0, (6.3)
[D-1k, D11l = Exq1, 1,k >0, (6.4)
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[D1,0,[D1,0, D1,111 =0, [D_1,0,[D-1,0, D-1,11]1 =0. (6.5)

The elements E; are expressed in terms of the generators via the power series identity

1+§& Z Eis"™ =exp <Z c (S)) exp (Z Do,i+191 (S))- (6.6)

>0 130 130

The parameters ¢;,/ > 0, are central. Note that relations (6.3) and (6.4) were derived in
[4]. Moreover, the following structure results were proven in [33, Propositions (1.34)
and (1.36)] respectively.

Lemma 6.1 (i) The algebra SHE is generated by the elements ¢;, D1 o, D_1 o, Do 2.

(ii) Any element of SH® can be written as a linear combination of monomials in the
generators Dy such that Dy, Do, D_1;, | > 0, appear exactly in this order
from left to right.

6.2 Calabi-Yau DAHA
In order to simplify the formulas let K, > = KT, , denote the fraction field of the

cohomology ring H (BT, ). Then note that [33, Theorem 3.2] proves that a certain
specialization of SH€ acts on the localized equivariant Borel-Moore homology

LY =P H"AC )k,

r+2
n=0
via Hecke correspondences. The specialization relates the formal parameters «, ¢ to
the canonical generators (x, y, eq, ..., e,) of the cohomology ring of the classifying
space BT, as shown below. Let C(k)[c] = C(x)[co, €1, ...] and let
Clolel — Kry2 (6.7)
be the algebra homomorphism mapping

~1
K= —x"y, ¢ pileg,..., &),

where €, = x‘lea, 1 <a<r,and p;, 1 > 0, are the symmetric power functions in r
variables. Using the C(«)[c]-module structure on K, , obtained from (6.7), let

SHY | = SH*®c(ope) Kr+2-

Let (x, y, z) be the canonical generators of the cohomology ring of BT. Then T-
specialization is defined by setting

eaz(l—a)x_lz, 1<a<r.
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Finally, the specialization to To C T is obtained by further setting z = —(x + y),
which yields

g=@@—-1¢& 1<a<r,

where £ =1 — k asin (6.1).
Note that both specializations are well defined since the right-hand side of equation
(6.3) is a formal power series of ¢;, [ > 0. In particular the Ty-specialization of SH®

will be denoted by SH, .

6.3 SH,((’O)-moduIe structure

This section will prove that the specialization SH(rg acts on V%) using the Hecke

transformations (5.10) and (5.15). First recall the subalgebra U(r)+2 of the convolution
algebra constructed in [33, Section 3.5]. As in Section 3.4 of loc. cit., let 7,1 , denote
the universal line bundle on the correspondence variety A(r,n,n + 1). Using the

notation of Sect. 5.1, the algebra U%SH is generated by the Hecke transformations

= l—[ S, Frin(w) = mos(ysct (Tug10) - 75 (w)), 1> 0,
n=0
fou=T] o fua@) =ma0aei @)’ 75 W), 120,
n=0
eor =[] eorn eol,n(w) = ci(Ep)-w, 120,
n=0

where E), is the universal rank n vector bundle over A(r, n). The Chern classes ¢,
! > 0, in the above formulas are T, | >-equivariant. In addition one defines the diagonal
operators

forlepd) =Y Y ca®) el cals) =i(s)x + j(s)y — eq

a=1S€WUq

which can be written as polynomial functions of the ep ;, [ € Z.
Then [33, Theorem 3.2] proves that there is a unique isomorphism of algebras

SH(r) U(")

K2 YKo
mapping
Dy x"yfiy, Do x" o1, Doy (1) TN (6.8)
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As observed in Remark 5.2 the above construction admits a straightforward special-
ization to T C T;4». This results in an isomorphism

SH = Ul (6.9)
Abusing notation, the T-equivariant counterparts of the above Hecke transformations
will be denoted by the same symbols. The distinction will be clear from the context.
Note also that explicit formulas for the matrix elements of the generators in the above

representation follow immediately from Lemma 5.3.
Next note the direct sum decomposition

Ly ~ Vi@ Vi, (6.10)

where

Vi = P Kiewl. Vi = € Klaul.

e nested e not nested

Suppose A is one of the K -linear transformations f1 .., f—1.1.n, fo.1,» Which generate
the convolution algebra. Let

Al Ap
A=
[A21 Azz}

be the block form decomposition of A with respect to the direct sum (6.10). Then
define the K -linear transformations

gi,l,n € EndK(VK)5 l € {_15 07 1}7 l € Za ne Z)()’
as

giin = (fi 1.

Recall that K is the field of rational functions C(x, y, z), where (x, y, z) are the
canonical generators of the cohomology ring of BT. Lets = c¢1(0) where o (11, 12, 13)
= t11»t3 is the character used in Lemma 5.4, and note that s = —(x + y + z). At the
same time, Ko = C(x, y) and there is a canonical isomorphism of K -vector spaces
Vg = Vg, ®k, K (6.11)
mapping
[op] = o] ®1
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for any nested r-partition p. Let

8il = H 8i,l,n-

n=0

Finally, recall that each T-fixed point o, € A(r, n)T, with u nested, is Tp-isolated
and the equivariant Euler class

€T, (Tp,) = ET(OZM) [s=0

is nonzero. Similarly, as shown in Lemma 5.4 (i), for any nested partitions ;& C A the
fixed point (ct;, a3) € A(r,n,n + DT is Ty-isolated and

eTo(Tp.,A) = eT(TM,A)|s:0

is nonzero. Moreover, for any box s € u set

Q) =G6)—a)x + (j(s) —a)y

where 1 < a < r indicates that s € u,, and for any pair u C A with |A\ u| = 1 set

0 = (i) —a)x + (j(s) —a)y

where {s} = X\ «. Then the following holds

Lemma 6.2 The matrix elements of the K -linear transformations g; ; € Endg (Vg),
i € {—1,0,1}, I € Z, with respect to the fixed point basis {[c, ]}, with u a nested
r-partition, have well defined specializations g; ||s=0 at s = 0. In particular there exist
unique Ko-linear transformations g?)l € Endg,(Vk,) such that g 1|s=0 = ngJ R 1
Moreover, the explicit expressions of gi({ ; in the fixed point basis are given by

g0 1) =Y > ) e,
a=1sen
&) o = Y (1) ) ery(Ty) exy(Ty2) ' aal,

* pested (6.12)

[A]=]pl+1
g (o) = Y (0 ) ery(Th) ey (Tp) ' asl.
u nested

UCA
[A]=]p]+1

Proof Let A be an element of {fo .1, f1./.n, f—1.1.n}. Consider the following cases:

(1) Suppose A is one of the fo; . Then the above block decomposition is diagonal
and the claim is obvious.
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(2) Suppose A is one of the fj;,. Then Lemma 4.6 (i) shows that for any nested
r-partition w of n the equivariant Euler class er(c;,) € C(x, y, z) has well defined
specialization ats = 0, which is furthermore equal to et ([, ]). Moreover, for any pair
of nested r-partitions u, A of n, n + 1 respectively, with © C A, Lemma 5.4 (i) shows
that the equivariant Euler class er(7),,3) € C(x, y, z) has well defined specialization at
s = 0, which is furthermore equal to et, (7}, ;.). Then the claim follows from equations
(5.10).

(3) Suppose A is one of the f_; ;. This case is completely analogous to (2).
Equations (6.12) follow immediately by specialization from (5.4) and (5.5). O

Lemma 6.3 The map
Diyx'""ygl ) Dosr g0y, Do (DY
extends uniquely to a homomorphism of Ko-algebras
py” s SHY) — End(ViY). (6.13)

Proof The proof will proceed by truncating the relations satisfied by the generators
(6.9) to their (1, 1) blocks and specializing to s = 0. Again, suppose A is one of the
transformations f; ;,,i € {—1,0,1},] € Z, n € Z3, and consider the following
cases.

(1) Suppose A is one of the fy; ,. Then, clearly, Aj» = 0 and Ay; = 0.

(2) Suppose A is one of the f1;,. Then note that the matrix elements of
Ap: Vg = Vi, Ay: Vg - Vi
are given by
(A12)ru = er(@) er(au, @)™, (A2, = et(a) er(@y, @)~
where 1, v are nested r-partitions,
Al =1Iul+1, wCa,
and
lol=Wl+1, vCop.
Moreover, u, v are nested while A, p are not. Then Lemma 4.6 (ii) shows that
er(T;) = se(Ty)
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where (7)) has well defined specialization at s = 0. At the same time Lemma 5.4 (i)
shows that e (7, ;)1 has well defined specialization at s = 0. In conclusion,

A =sAp

where A 12 has well defined specialization at s = 0. Similarly, Lemmas 4.6 (i) and
5.4 (i) imply that A,; has well defined specialization at s = 0.

(3) Suppose A is one of the f_1; ,. In complete analogy to (2), Lemmas 4.6 and 5.4
imply that, again,

A =sAp

where A~12 has well defined specialization at s = 0. At the same time Aj; has well
defined specialization at s = 0.

The above observations imply that the claim holds for the quadratic relations (6.2)—
(6.4). Suppose A, B are two linear transformations among the f;;,,i € {—1,0, 1},
l € Z, n € Z3, such that the target of B coincides with the domain of A. Using the
block form decomposition (6.11), the product A B is written as

AB — |:AllBll +5A12By sAn B +s/112322}

A1 Bi1 + A By sA21Bi2 + An B
Note that the product A1 B has well defined specialization at s = 0 by Lemma 6.2.

Then, using (1), (2) and (3) above it follows that the same holds for the component
(AB)11, and

(AB)11ls=0 = (A11l5=0)(Bi1ls=0).

This proves that the transformations gg ; satisfy the quadratic relations (6.2)—(6.4).

In order to prove the cubic relations (6.5), suppose A, B, C are transformations of
the form fi 7 n+1, f1.1.n. f1.1.n—1 respectively, where n > 1. The (1, 1) block of the
triple product ABC reads

A11B11C11 4 5A12BaiCry + sA11 B12Cay + 5A12B0Coy.
Again, remarks (1), (2), (3) above imply that
AnBiCii, AnByCii, AnBpCa
have well defined specializations at s = 0, and
(A11B11C1)ls=0 = (A11l5=0) (B11ls=0) (C11ls=0). (6.14)

Using Lemma 5.4 (ii), it will be shown below that the product A 12 B22C>; also has well
defined specialization at s = 0. The matrix elements of the triple product A1 B2>Ca

are given by
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Z er(l) er(Ty) er(Th)

VCUCACH er(Tv,u) er(Tyn) er(Thp)

where v, p are nested r-partitions of n — 1, n + 2 respectively and the sum is over all
sequences of r-partitions v C u C A C p with |u| = n, |A\| = n + 1, and u, A not
nested. Lemmas 4.6 (i) and 5.4 (i) imply that

er(T))
eT(Tu,p,)

has well defined specialization at s = 0. Moreover, Lemmas 4.6 (ii) and 5.4 (ii) imply
that

er(Ty) = s&(T,) and ep(Ty ;) '=s"1e(T,;)"

where e(T),), e(T),, ») ! have well defined specializations at s = 0. Therefore the same
holds for

eT(T/,L)
er(Tup)

Similarly, Lemmas 4.6 (ii) and 5.4 (i) imply that

er(T5) ~ —1
———— =se(Ty) er(Ty p)
er(Ty.,p) * b
where e(T3), er(T5, p)’1 also have well defined specialization at s = 0. Since

A12B»Cy = SA~IZB22C21, it follows that, indeed, Xlg B77>C>1 has well defined spe-
cialization at s = 0 as claimed above. Then, using relation (6.14) this implies that the
transformations g?’ ; also satisfy the cubic relations (6.5). O

Proof of Theorem 1.1 For any [ > 0 set z = eTo(rn,nJr])l in Lemmas 5.6 and 5.7.

Let h1+, h;” denote the resulting linear transformations in End (V(,Q)). Then equations
(5.10), (5.15) and (6.12) show that

+_ 0 -0
hf=g1; hy =82,

for all [ > 0. Moreover h? = g8‘ ; holds by construction for all [ > 0. Therefore
Theorem 1.1 follows from Lemma 6.3. O

6.4 Some structure results

The next goal is to prove some structure results for the action (6.13) which are needed
in the proof of Theorem 1.2.

Lemma 6.4 Forr = 1 the representation (6.13) is faithful.

@ Springer



856 W.-Y. Chuang et al.

Proof This follows from [33, Proposition 6.7] since for r = 1 the representations p(()r)

and p") are isomorphic. O

Next, one has to prove the analogues of [33, Lemmas 8.33 and 8.34.a]. Let [agr ] € Vzg
denote the element corresponding to the empty r-partition.

Lemma 6.5 [agyr] is annihilated by all endomorphisms of the form p(gr)(DoJ),
p(D10), 1> 1.

Proof This is analogous to [33, Lemma 8.34.a]. The claim follows from equations
(5.15). O

Lemma 8.33 in [33] shows that
LY, = p®(SHY )(laer).

The proof of loc. cit. is based on the following observation. Recall that P, ,, denotes
the set of r-partitions of n. Let ¢: P, , — (Z*x Z")" /8, be the map defined by

¢ () = [((s), j(5), eq)]

where in the right-hand side s € u, and e, are the canonical generators of Z" for
1 < a < r.Then ¢ is injective.

In order to prove the analogue of Lemma 8.33 under Calabi—Yau specialization,
one has to first prove the following analogous result.

Lemma 6.6 Let iPEn C Py n be the subset of nested r-partitions of n. Let
$o: Pry — (28,
be the map defined by

o) = [(i(s) —a, j(s) —a)l
where in the right-hand side 1 < a <r and s € p,. Then ¢y is injective.

Proof Suppose 1t = (ug) and A = (A4), 1 < a < r, are two nested r-partitions of n
such that ¢o(it) = ¢o(A). For each 1 < a < r the partition pu, C 72 can be written
as a union of L-shaped sets in the plane

Ma = U Ma,k»

kel
tak ={G.J) € Z*| (i, J) € par i =k, j >k} U
(G, J) € Z* |y ) € pa» | =k, j =Kk}
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Clearly, pgx = @ for k < 0 and pq k N pq = @ for k # 1. The translation of each
set (Lq k by (—a, —a) will be denoted by 14k — (a, a). Then note that

Mak+i — D) S gk (6.15)

for any [ > 0 since u, is a Young diagram. Moreover, for any 1 < a,b < r, and
any k,l € Z the subsets (4 — (a,a) and up; — (b, b) of 77 are disjoint unless
k —a =1—b.Foranyn € Z let S,(u) be the disjoint union

Saw) = [ (tak = (@)

1<a<r, keZ
k—a=n

and let

1Sl = |J  (ak — (@ @)

1<a<r, keZ
k—a=n

denote the set theoretic union as subsets of Z2 As observed above, |S,, (1) |N] S, ()| =
& for n #= m. Hence

L] (e = @ @) = Sutw).
a=1

nez

Since u is nested, inclusion (6.15) implies that there are inclusions

Hat1k+a—r+1 S Matlk+a—r S Rak+a—rs 1 <a<r, k=1,

where by convention (i, k41 = &. Therefore the following statement holds for each
set Sg—a(1):
(i) Each point

(i, J) € Makta—r\ Hat1k+a—ril

occurs with multiplicity exactly a in Sx—, ().

In complete analogy, one also has

[]0a=@a)y=]JSn
a=1

mez

where the subsets S, (A) satisfy analogous properties. In particular, one has:

(ii) Each point
(i, J) € rajkta—r\ Aa+1k+a—r+1
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occurs with multiplicity a in Sx—,(A).
In order to finish the proof note that |S, ()| N |S;(A)| = & for n # m. Therefore

do(n) = ¢o(r) ifandonly if S, () = S, (1) foralln € Z. If thatis the case, properties
(i) and (ii) above imply that

Ma k+a—r \ Ha+1 k+a—r+1 = rak+a—r \ bat+1k+a—r+1
forall 1 < a < randall k € Z. This implies that © = A. |
Now one has:
Lemma 6.7 Vi) = pi” (SHY) ([eor ).

Proof This is analogous to [33, Lemma 8.33]. The proof proceeds by induction on n,
i.e., suppose [a], € ,o(gr) (SH%)GO)) for all r-partitions u of n — 1. Recall the formula
for g(l)l in equation (5.15):

gl (o) = Y () ) ey (Tw) exy (T0) ™ e,

APy
A nested
ADW

As in loc. cit., this implies that for any 7-partition A with |[A| = n one can find a nested

partition u, || = n — 1 such that the coefficient of [¢; ] in ,o(()r) (D1,7)([ory]) is nonzero
for some [ > 0. Next note that

-
; . !
g0 =D () —a)x + (j(s) —a)y) [es]
a=1s€el,
from (5.15). By analogy with Lemma 8.33, there is a map
Prn = (K" /S

mapping

A= [l(@) —a)x+ (jl@ —a)y)l, s€hre, I<axr.
Lemma 6.6 shows that this map is injective. Hence, as in loc. cit., the Hilbert null-
stellensatz implies that there there is a polynomial f in the generators Dy ; such that
f([ax]) =1 and f([a,]) = O for any r-partition p # A of n. O

7 W-module structure

This section provides a brief overview of W-algebras and concludes the proof of
Theorem 1.2.
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7.1 W-algebras

A succinct definition of the W-algebra W, (gl,) and its free field realization via quan-
tum Miura transform is presented in [33, Section 8.4]. The main points will be briefly
summarized below.

In this section the ground field is F = C(x). Let b,, 1 < a < r, be a basis of the
standard Cartan algebra ) C gl, and let b @ 1 < a < r, be the dual basis. Let b(“)(z),
1 < a < r, be free boson fields such that the zero modes b(()a) coincide with @ for
all 1 < a < r and their OPEs are given by

Pl

3.0 (2) 9b V(W) = — ——.
b (2) 0 b™ ™ (w) G —w)?
For any h € bV let

r

h(z) =) (h ba) b (2)
a=1
where the angular brackets denote the canonical pairing hY x h — C(k). Let o be
the Fock space of b(”)(z), 1<a<r.

Now let 2@ be the fundamental weights of sl.. The W-fields Wy(z) €
End (70)[[z ), z]1, 0 < d < r are defined by

r r

—ic [ J(Qo: + h ) =D Walz)(Qd,) ¢
a=1 d=0

where : : indicates normal ordering and

0=—«"&

This yields Wp(z) = 1, Wi(z) = 0, and some more complicated expressions for
W4(z), d > 2. Abusing notation, for d = 1 one sets

Wi =) b @)
a=1

as opposed to W1(z) = 0. Then the W-algebra W, (gl,.) is the vertex subalgebra of
generated by the Fourier modes of Wy (z),1 <d < r.

Next note that any 8 € b determines a Verma module for the Heisenberg algebra
H") generated by the highest weight vector |B) satisfying

b\1B) = 81.0(b', B)IB), 1> 0.
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Then there is a representation of W, (gl,) on g such that

WaolB) =wa(B)IB), WaialB) =0, 1 =>1,

where

r

d
wi(B) =) BB, waB)=—« Y [](RD ) +@—0k"%).

a=1 i1 <--<ig t=1

In particular, for 8 = 0 one obtains the vacuum W-module 7.

7.2 Module structure

Let ${(W, (gl.)) denote the current algebra of the W-algebra, and let Ug(W, (gl,))
denote its image in End (;r9) As shown in Corollary A.3, which is analogous to [33,
Lemmas 8.22 and 8.24], there is an embedding of degreewise topological K¢-algebras

g’ : SHy, — Uo(Wi(gl,)) (7.1)
which lifts to a surjective morphism of degreewise topological K(-algebras
0y USHY)) — Uo(Wie(al,)). (7.2)
In particular, as observed in Corollary A.4, this yields a representation
7y Uo (Wi (gl,)) — End (V).

Asin [33], the morphism (7.1) is obtained from a comparison the free field realizations
of SH%; and respectively the W-algebra. The proof consists of a step-by-step To-
specialization of the proof given in [33]. This is a straightforward, if somewhat tedious
process, the details being provided in Appendix A.

Now one can conclude the proof of Theorem 1.2 which states that n(gr) isisomorphic
to the vacuum representation of the W-algebra.

Proof of Theorem 1.2 Having proven the T variants of [33, Lemmas 8.33 and 8.34.a],
namely Lemmas 6.7 and 6.5, the proof is now completely analogous to the proof of the
first part of Theorem 8.32 in loc. cit. Using Corollary A.4, the above lemmas imply that
VZ()) is Verma module for (W, (gl,)) with highest weight vector [gr]. Using the
epimorhism (7.2), for each element Wy o of (W, (gl,)) there exists an element WL/L0

in L4(SHY.) mapped to W, in 4(W,(gl,)). Lemma A.2 and Corollary A.5 imply that
Wc/l,O acts in the same way on the vacua [a g ] and [oe] © . This concludes the proof.
O
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A Appendix: From degenerate DAHA to W

The main goal of this section is to show that the relation between degenerate DAHA
modules and W-modules proven in [33] also holds for their Calabi—Yau specializa-

tions. This includes the construction of the free field representation of SH( r) , carried
out in [33, Section 8.5], the algebra morphism obtained in Theorem 8.21 of loc cit. as
well as the resulting categorical equivalence of admissible modules. The proof con-
sists of a straightforward step-by-step verification that all intermediate steps in loc. cit.
admit correct specialization under the inclusion Top C T, 2. The details are included
here for completeness.

A.1 Grading and order filtration

This is brief summary of [33, Section 1.9]. Using the notation of Sect. 6.1, let Dy g,
[ > 7, be the elements of SH® defined recursively by

[D1,1, Di,ol =1Di1,0, [D-i,0, D—11]1=1D—j—10, 1 >0.
Moreover, for [, k > 1 set
Dy = [Do+1, Dr,ol. Dk = [D-t,0, Do,i+1].

As shown in [33, Section 1.9], by construction there is an order filtration

- CSHEKIICcSHEKI+1]C--- C SHS
where / > 0. Proposition 1.38 in loc. cit shows that this filtration is completely
determined by assigning the elements Dy, ¢; order degrees [ and O respectively.
Moreover, one has

SH[< 1] - SHE[< 2] € SHE[< 1 + La],
hence the associated graded inherits an algebra structure.

In addition there is also a Z-grading such that D; o has degree [ while Dy ; has
degree zero. This Z-grading is compatible with the above filtration.

A.2 Coproduct

The topological tensor product SH®® SHE is defined as

SHE & SHC = €P) tim (P SHE[s — 1@ SHE[1]) /3w 51,

seZ

dnls] = @D SHE[s — ] @ SHC[1].

t=N
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Then [33, Theorem 7.9] proves that there exists a coproduct A : SH® — SH®® SH®
which is uniquely determined by the formulas

Ae)) =48(ep), 120,
A(Dy o) =8(Dyo), [ #0,
A(Do,1) = 8(Do,1),
A(Do2) =8(Do2) +£ Y Ik"'D_1o® Do, (A1)
I>1
A(D1,1) =48(D1,1) +8co® Dy o,
A(D_1,1) =8(D-1,1) +§D—_10®¢p.

Here § is the standard diagonal map.
The main application of the coproduct resides in the construction of the free field
representation
p"): SH  — End(L )*" (A2)
in [33, Section 8.5]. As shown in loc. cit., Proposition 8.5, the coproduct determines
naturally an injective algebra homomorphism

). Q) 1) \&r
Al >.SH,§r+2—> (SHy ,)™" (A.3)

Moreover the case r = 1 of Theorem 3.2 in loc. cit shows that there is a faithful
representation

M (1)
SH)’  — End (L KM).
As observed in Corollary 8.7 of loc. cit, this yields a faithful representation (A.2).

The important point for the present purposes is the following:

Lemma A.1 There is a faithful representation
,o(()lr) : SH%()) — End (Vgg)(@r.

Proof Clearly, using formulas (A.1) the construction of the injective algebra homo-
morphism (A.3) specializes immediately to SH(IQ) Moreover, fact for r = 1, the factor
(C*)*" acts trivially on A(1, n) and the quotient T4, /(C*)*” is isomorphic to Ty.
Therefore the specialization of the rank » = 1 case of Theorem 3.2 to SH%; is also
immediate. This implies that the analogue of Corollary 8.7 in loc. cit also holds for
the Ty-specialization. Therefore Lemma A.1 holds. O

To conclude this section, by analogy to [33, Lemma 8.34.b], one has:

LemmaA.2 Let [ax]® € (Vg)@’ denote the vacuum vector. Then [az]®" is anni-
hilated by all endomorphisms of the form pélr)(Do,l), pélr)(D_l,o), [ >1.

Proof This follows from the r = 1 case of Lemma 6.5 using [33, Lemma 7.11]. 0O
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A.3 Degreewise completion

As explained for example in [2, Appendix A], any Z-graded algebra as above has a
natural degreewise linear topology defined by the decreasing sequence

v =@anlsl. dnlsl= ) SHY' s —rISHE) 1],

NS/ t=N

This means that for any degree s element v € SH%E+2 [s] the subsets {v + Jn[s]} form
a fundamental system of open neighborhoods of v.
The standard degreewise completion of SH%SJr2 is defined by

USHY' =€ USHY [s1, USHY [s]=1imSHY' [s1/dnls]. (A4
SEL

Clearly the grading, order filtration and degreewise completion remain well defined
under Ty specialization.

Now, [33, Section 8.6, Definition 8.10] introduces the notion of admissible SH(IQ+2 -
module. This is a Z-graded module M = @Sez M|s] such that M[s] = O for
sufficiently large s. This definition readily extends to modules over the degreewise
completion (A.4). Then Proposition 8.11 in loc. cit. proves that

(1) The faithful representation (A.2) extends to a faithful representation of 5.1SH58+2
on (LY)H®".

e canonical ma — is an embedding of degreewise topologica
(2)Th icalmapSHY  — USHY i bedding of degreewise topological
algebras.

Both statements are consequences on Corollary 8.7 in loc. cit, hence, in the view of
Lemma A.1, they remain valid under Ty-specialization.

A.4 From SH¢ to W

Now let LU(W, (gl,.)) be the current algebra associated to the W-algebra. It was shown
in [2] that this is a graded degreewise complete topological F-algebra as defined in
Sect. A.3. The grading is defined by the conformal degree.
Let U(W, (gl,.)) be the image of (W, (gl,)) in End (7g) where B is determined by
the relations
bY By =—keg+@—-DrE, 1<a<r. (A.5)

One of the main technical results in [33, Theorem 8.21], states that there is an embed-
ding

©"): SHY | — U(W,(gl,)

of degreewise topological K, ;,-algebras with a degreewise dense image. Furthermore,
Lemma 8.24 in loc. cit. proves that ®) extends to a surjective morphism of degreewise
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topological K, ,-algebras
U(SHY ) — U(Wi(gh,).

Finally, Corollary 8.27 proves that the pull-back via © ") yields an equivalence from the
category of admissible U(W, (g[,))-modules to the category of admissible SH(Ig 2-
r+

modules. This equivalence intertwines between the free field realizations p'") and
g

The analogous statement for the Ty-specialization is proven below. First note that
the Calabi—Yau specialization sets

(b9, ) =0, 1<a<r,
in equation (A.5). Therefore mg specializes to the Fock vacuum module 7o of the

Heisenberg algebra (). As above, let Uy(W, (gl,)) denote the image of the W-
algebra in End (7).

LemmaA.3 (i) There is an embedding
(. (r)
Oyt SHy, — Uo(We(gl.))

of degreewise topological K-algebras with a degreewise dense image.
(ii) 88) extends to a surjective morphism of degreewise topological Ko-algebras

U(SHY)) — Uo(We(gl,)). (A.6)

Proof First recall the construction of the map map ®), which is based on the free
field realization

). gg® () \er
o1 SHIQ+2 — End(LKrH) .
Using the coproduct structure in Sect. A.2, the morphism @) is determined by @)
and ©®  In order to summarize the explicit formulas for these maps, it will be helpful
to recall that the algebra SH© is generated by the elements ¢;, D10, D—_1,0, Do,2, as
shown in [33, Proposition 1.34], Moreover, it shown in Section 1.11 of loc. cit that the
elements
by =(—x)"'D_jo, b_y=y"'Dyo, bo=k""Ei,

with [ > 1, and ¢y define a Heisenberg subalgebra of SHE. That is

(b1, bi] = I~ '8 keo.

The analogous statements will hold for the T,;, and T¢ specializations. Then the
construction of @) proceeds as follows.
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For r = 1 there is a single W-field
Wi =b(z)
and 7g is a Verma module of the Heisenberg algebra HD with height weight
B = /c_lel.
By [33, Proposition 1.40] there exists a unique isomorphism of K, 4,-vector spaces
Lgr)u — TR

mapping [az] to |8) which intertwines naturally between the action of Heisenberg
subalgebra of SH%B+2 on L(Ig) and the action of 7)) on 7g. As shown in Propositions
8.15 and 8.16 of loc. cit. this extends to an embedding ©)) where

W) = b,

©V(Do1) =k Y bib.
1>1

OV (Dy,) = k0 -0V (Dy ),

O=&Y (—Dbibi/2+ kY (bi—kbibk +b_1b_ibi11)/2.
>1 1Lk>1

The T specialization sets €; = 0, hence in this case g = 7 is the Fock vacuum

module of the Heisenberg algebra. Clearly, the all the above formulas have well defined
specialization. In particular,

0y (b)) = b1, O (Do) =Y b_ib
>1

and
0y (Do) = «O

define again an embedding of degreewise topological algebras.
An analogous computation holds for r = 2. In this case one identifies

7P =5 DBy = —k e+ (@D E 1<a

/N

2.

Note also that the K, »-vector space 7g is canonically isomorphic to (L§(13+2)®2. Then
©® is determined in this case by the formulas
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0@ (by) = by,

02 (Do)
=SS ww '+KZZ-W WiW,
= ) WL, =IV2,1 - 24 W, —k—IYWEW].
leZ k,leZ

K&
+ ngj(m — 1) Wy Wit +EWo2 +c,

where
c = pi(er, €) + paer, @) &/4x — piler, €2) €7 /2 + & /12
The Ty specialization sets
€1 =0, eo=¢&

and g is again the Fock module (. Again, the above formulas well defined special-
izations. In fact the only e-dependence is through the constant ¢ which is polynomial
in €1, €;. Therefore ®(()2) is again well defined and yields an embedding of topological
algebras.

For r > 2, the map ©®) is determined naturally by ®1) and ©® using the coprod-
uct (A.1) as shown in [33, Theorem 8.21]. Since formulas (A.1) are independent of €, it
follows that the To-specialization of ® is well defined and determines an embedding
of topological algebras by analogy with [33, Theorem 8.21]. Note here that Theorem
8.23 used in loc. cit. also holds for 7# = 70, as proven in [3, Proposition 5.5].

The Ty specialization of [33, Lemma 8.24] also holds since the formulas proven in
Claims 8.25 and 8.26 of loc. cit. are independent of €. Therefore the map @f)r) extends
to a surjective morphism of degreewise topological algebras (A.6). O

Finally, note that the Ty-specialization of [33, Corollary 8.27] also holds since the
proof given in loc. cit. is completely independent of parameters. In conclusion one
has:

Corollary A.4 The pull-back via @(()r) vields an equivalence from the category of

admissible Ug (W (gl,.))-modules to the category of admissible SH%()) -modules. This
equivalence intertwines between the free field realizations ,0(()1 ) and mo. In particular,
the vacuum vector |0) of mq is identified with the element [0z ]®" € (V(Igg)‘g’r .

A second consequence of the proof of Lemma A.3 is recorded below.

Corollary A.5 Forany d > 1 let Wé,o in ﬂ(SH%g) be the element mapped by ® to
Wy.0 in (W, (gl,)). Then W(Q o is a linear combination of monomials

Dkl’ll'..Dkr»lr’ k1++kr:0a
where D1, Doy, D_1,, 1 > 0, appear exactly in this order from left to right.
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Proof This is analogous to [33, Equation (8.123)]. It follows from the construction of
the map @f)r) in Lemma A.3 using [33, Proposition 8.3] and Lemma 6.1 (ii). O
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