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Abstract: By enforcing invariance under S-duality in type IIB string theory compacti-
fied on a Calabi—Yau threefold, we derive modular properties of the generating function
of BPS degeneracies of D4-D2-D0 black holes in type ITA string theory compactified on
the same space. Mathematically, these BPS degeneracies are the generalized Donaldson-
Thomas invariants counting coherent sheaves with support on a divisor D, at the large
volume attractor point. For D irreducible, this function is closely related to the elliptic
genus of the superconformal field theory obtained by wrapping M5-brane on D and is
therefore known to be modular. Instead, when D is the sum of » irreducible divisors
D;, we show that the generating function acquires a modular anomaly. We characterize
this anomaly for arbitrary n by providing an explicit expression for a non-holomorphic
modular completion in terms of generalized error functions. As a result, the generating
function turns out to be a (mixed) mock modular form of depth n — 1.

1. Introduction and Summary

The degeneracies of BPS black holes in string vacua with extended supersymmetry pos-
sess remarkable modular properties, which have been instrumental in recent progress
on explaining the statistical origin of the Bekenstein-Hawking entropy in [1] and many
subsequent works. Namely, the indices €2 (y) counting—with sign—microstates of BPS
black holes with electromagnetic charge y may often be collected into a suitable gen-
erating function which exhibits modular invariance, providing powerful constraints on
its Fourier coefficients and enabling direct access to their asymptotic growth. When the
black holes can be realized as black strings wrapped on a circle, a natural candidate
for such a generating function is the elliptic genus of the superconformal field theory
supported by the black string, which is modular invariant by construction [2—4]. Equiva-
lently, one may consider the partition function of the effective three-dimensional gravity
living on the near-horizon geometry of the black string [5].
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In most cases however, the BPS indices depend not only on the charge y but also
on the moduli z% at spatial infinity, due to the wall-crossing phenomenon: some of
the BPS bound states with total charge y only exist in a certain chamber in moduli
space, and decay as the moduli are varied across ‘walls of marginal stability’ which
delimit this chamber. At strong coupling where the black hole description is accurate,
this phenomenon has a transparent interpretation in terms of the (dis)appearance of multi-
centered black hole configurations, which can be used to derive a universal wall-crossing
formula [6-9].

In the case of four-dimensional string vacua with N = 4 supersymmetry, where the
BPS index is sensitive only to single-centered 1/4-BPS black holes and to bound states
of two 1/2-BPS black holes, the resulting moduli dependence is reflected in poles in
the generating function, requiring a suitable choice of contour for extracting the Fourier
coefficients in a given chamber [ 10—12]. Upon subtracting contributions of two-centered
bound states, the generating function of single-centered indices is no longer modular
in the usual sense but it transforms as a mock Jacobi form with specific ‘shadow’—a
property which is almost as constraining as standard modular invariance [13].

In four-dimensional string vacua with A" = 2 supersymmetry, the situation is much
more complicated, firstly due to the fact that the moduli space of scalars receives quan-
tum corrections, and secondly due to BPS bound states potentially involving an arbitrary
number of constituents, resulting in an extremely intricate pattern of walls of marginal
stability. Thus, it does not seem plausible that a single generating function may capture
the BPS indices Q2 (y, z%)—which are known in this context as generalized Donaldson-
Thomas (DT) invariants—in all chambers. Nevertheless, modular invariance is still ex-
pected to constrain them. In particular, D4-D2-D0 black holes in type IIA string theory
compactified on a generic compact Calabi—Yau (CY) threefold ) can be lifted to an
M5-brane wrapped on a divisor D C ) [2]. If the divisor D labelled by the D4-brane
charge p? is irreducible, the indices Q2 (y, z%) are independent of the moduli of ), at
least in the limit where the volume of ) is scaled to infinity, and their generating function
is known to be a holomorphic (vector valued) modular form of weight —% b)) —1
[3,4,6,14]. This includes the case of vertical, rank 1 D4-D2-DO0 branes in K3-fibered
Calabi—Yau threefolds [15—17]. But if the divisor D is a sum of n effective divisors D;,
the indices 2 (y, z¢) do depend on the Kihler moduli z%, even in the large volume limit.
In general however, the black string SCFT is supposed to capture the states associated
to a single AdS3 throat, while for generic values of the moduli multiple AdS3 throats
can contribute [18,19]. It is thus natural to consider the modular properties of the DT
invariants Q(y, z%) at the large volume attractor point!

Bo(y) = lim (=g +irp?), (1.1)

where only a single AdS3 throat is allowed [20]. Following [21] we denote these invari-
ants by QYSW () = Q(y, z% (y)) and call them Maldacena-Strominger-Witten (MSW)
invariants. As we discuss in Section 2, the DT invariants Q2 (y, z%) can be recovered from
the MSW invariants QMSW (y) by using a version of the split attractor flow conjecture
[6,22] developed in [23], which we call the flow tree formula.

The case where D is the sum of two irreducible divisors was first considered in
[20,24,25], and studied more recently in [14,26]. In that case, the generating function of
MSW invariants turns out to be a mock modular form, with a specific non-holomorphic

! Here p? and g, are D4 and D2-brane charges, respectively, and the index of g, is raised with help of the
inverse of the metric k,p = kgpe p® With k4pe being the triple intersection numbers on Hy (), Z).
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completion obtained by smoothing out the sign functions entering in the bound state
contributions, recovering the prescription of [20,27]. The goal of this paper is to extend
this result to the general case where D is the sum of n irreducible divisors D;, where n
can be arbitrarily large. In such generic situation, we characterize the modular properties
of the generating function %, , of MSW invariants and find an explicit expression for its
non-holomorphic completion ;z\p, w in terms of the generating functions 4 p, ,,,; associated
to the n constituents, multiplied by certain iterated integrals introduced in [28,29] which
generalize the usual error function appearing when n = 2.2 This result implies that in
this case hp, , is a (mixed, vector valued) mock modular form of depth n — 1, in the
sense that the antiholomorphic derivative of its modular completion is itself a linear
combination of modular completions of mock modular forms of lower depth, times
antiholomorphic modular forms (with the depth 1 case reducing to the standard mock
modular forms introduced in [27,35], and the depth O case to usual weakly holomorphic
modular forms; see [36, (3.16)] for a more precise definition).

In order to establish this result, we follow the same strategy as in our earlier works [14,
26] and analyze D3-D1-D(-1) instanton corrections to the metric on the hypermultiplet
moduli space M g in type IIB string theory compactified on ), at arbitrary order in the
instanton expansion. After reducing on a circle and T-dualizing, this moduli space is
identical to the vector multiplet moduli space in type IIA string theory compactified on
1) x S1, where it receives instanton corrections from D4-D2-D0 black holes winding
around the circle. In either case, each instanton contribution is weighted by the same
generalized DT invariant €2 (y) which counts the number of BPS black hole microstates
with electromagnetic charge y. The modular properties of the generalized DT invariants
are fixed by requiring that the quaternion-Kihler (QK) metric on M g admits an isometric
action of SL(2, Z.), which comes from S-duality in type IIB, or equivalently from large
diffeomorphisms of the torus appearing when viewing type IIA/) x S as M-theory
on Q) x T? [37]. This QK metric is most efficiently encoded in the complex contact
structure on the associated twistor space, a C P!-bundle over My [38,39]. The latter is
specified by a set of gluing conditions determined by the DT invariants [37,40], which
can in turn be expressed in terms of the MSW invariants using the tree flow formula.

Animportant quantity appearing in this twistorial formulation is the so called contact
potential e?, areal function on M g related to the Kihler potential on the twistor space,
and afforded by the existence of a continuous isometry unbroken by D-instantons. On
the type IIB side, ¢? can be identified with the four-dimensional dilaton 1/ gi. When
expressed in terms of the ten-dimensional axio-dilaton T = co +1/gs (or in terms of the
modulus of the 2-torus on the M-theory side), it becomes a complicated function having
a classical contribution, a one-loop correction, and a series of instanton corrections
expressed as contour integrals on the C P! fiber. The importance of the contact potential
stems from the fact that it must be a non-holomorphic modular form of weight (— % , —%)
in the variable t in order for M g to admit an isometric action of SL(2, Z) [37]. This

2 The proper setting for the indefinite theta series constructed in [28], and the associated generalized error
functions, was clarified in [30,31], where they arise by integrating the Kudla—Millson cohomological theta
series [32-34] over a suitable geodesic polyhedron in the Grassmannian of positive planes in the ambient
lattice space.

3A familiarity with the twistorial formulation is not required for this work. Here we use only two equa-
tions relevant for the twistorial description of D-instantons: the integral equation (3.2) for certain Darboux
coordinates, which appears also in the study of four-dimensional N = 2 gauge theory on a circle [41], and the
expression for the contact potential (3.20) in terms of these Darboux coordinates. These two equations lead
to (3.15) and (3.24), respectively, which can be taken as the starting point of our analysis. Note that in the
context of gauge theories the contact potential can be interpreted as a supersymmetric index [42].
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requirement imposes very non-trivial constraints on the instanton contributions to e?,
which can be used to deduce the modular properties of generating functions of DT
invariants, at each order in the instanton expansion. This strategy was used in [14] at
two-instanton order to characterize the modular behavior of the generating function of
MSW invariants in the case of a divisor equal to the sum of n = 2 irreducible divisors.
In this paper we generalize this result to all n, by analyzing the instanton expansion to
all orders. Below we summarize the main steps in our analysis and our main results.

1. First, we show that the contact potential ¢? in the large volume limit, where the Kihler
parameters of the CY are sent to infinity, can be expressed (see (3.24)) through another
(complex valued) function G (3.22) on the moduli space, which we call the instanton
generating function. The expansion of G in powers of DT invariants is governed
by a sum over unrooted trees decorated by charges y; (see (3.25) and (3.26)). The
modularity of the contact potential requires G to transform as a modular form of
weight (—%, %).

2. After expressing the DT invariants Q2 (y, z) through the moduli independent MSW
invariants QM5W (y) using the tree flow formula of [23], and expanding G in powers
of QMSW(y), each order in this expansion can be decomposed into a sum of products
of certain indefinite theta series and of holomorphic generating functions £, ,, of
the invariants QMW (y) (see (4.2)), similarly to the usual decomposition of standard
Jacobi forms. Thus, the modular properties of the indefinite theta series ¥y, (d>£l°t ,n—

2) are tied with the modular properties of the generating functions %, ;,,, in order
for G to be modular.

3. In order for an indefinite theta series ¥p, M(CD, M) to be modular, its kernel ® must
satisfy a certain differential equation (D.3), which we call Vignéras’ equation [43].
By construction, the kernels ®'** appearing in our problem are given by iterated
contour integrals along the CP! fiber of the twistor space, multiplied by so-called
‘tree indices’ gir,, coming from the expression of Q2 (y, z%) in terms of QMSW (1) We
evaluate the twistorial integrals in terms of the generalized error functions introduced
in [28,29], and show that the resulting kernels satisfy Vignéras’ equation away from
certain loci where they have discontinuities. Furthermore, we prove that the disconti-
nuities corresponding to walls of marginal stability cancel between the integrals and
the tree indices. But there are additional discontinuities coming from certain moduli
independent contributions to the tree index. They spoil Vignéras’ equation at the
multi-instanton level so that the theta series ¥, M(@}ft, n— 2) are not modular. In
turn, this implies that the holomorphic generating functions £ p, ,; are not modular
either.

4. However, we show that one can complete 4, ;, into a non-holomorphic modular form
iz\p, 1 (1), by adding to it a series of corrections proportional to products of 4, ,,, with
the same total D4-brane charge p = ) ; p; (see (5.1)). The non-holomorphic func-
tions R, entering the completion are determined by the condition that the expansion
of G rewritten in terms of 4, , gives rise to a non-anomalous, modular theta series.
Equivalently, one can work with functions g, appearing in the expansion (5.2) of
the holomorphic generating function of DT invariants hBL in powers of the non-
holomorphic functions ﬁpi i

5. Imposing the conditions for modularity, we find that g, can be represented in an
iterative form (5.9), or more explicitly as a sum (5.33) over rooted trees with valency >

3 at each vertex (known as Schroder trees), where g,(}’) are certain locally polynomial
functions defined in (5.27), while &, are smooth solutions of Vignéras’ equation
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Fig. 1. Various types of trees arising in this work. T, ;; denotes the set of unrooted trees with n vertices and m
marks distributed between the vertices. T, = T, ¢ comprises the trees without marks. T, is the set of rooted
trees with n vertices. T2 is the set of attractor flow trees with 7 leaves (of which we only draw the different
topologies). ']I‘E denotes the set of Schroder trees with n leaves. In addition, an important role is played by
the sets ']Ff,y m and ’]I‘ﬁ = Tﬁ,o of unrooted, labelled, marked trees which are obtained from T}, ,, and T}, by
assigning different labels and markings to the vertices in such way that a vertex with my marks is decorated
by 2my + 1 labels

constructed in terms of generalized error functions. The functions R,, are similarly
given by a sum over Schroder trees (5.34) in terms of exponentially decreasing and
non-decreasing parts of &,. These equations represent the main technical result of
this work.

6. For n < 5 our general formulas can be drastically simplified. In particular, the main

building blocks, the functions g,(qo) and &,, can be written as a sum over a suitable

subset of flow trees, as in (5.42). In addition, we show that gf,o) has a natural extension
including the refinement parameter conjugate to the spin J3 of the black hole.

At the end of this lengthy analysis, we thus find a modular completion of the gener-
ating functions 4, ;, of MSW invariants for an arbitrary divisor, i.e. decomposable into
a sum of any number of irreducible divisors. The result is expressed through sums of
products of generalized error functions labelled by trees of various types. For the reader’s
convenience, in Fig. 1 we display the various trees which appear in our construction, up
to n = 4. Since generalized error functions are known to be related to iterated Eichler
integrals [14,44], which occur in the non-holomorphic completion of mock modular
forms, we loosely refer to the generating functions of MSW invariants as higher depth
mock modular forms, although we do not spell out the precise meaning of this notion.

An unexpected byproduct of our analysis is an interesting combinatorial identity,
relating rooted trees to the binomial coefficients, which plays a role in our derivation of
the modular completion. Since we are not aware of such an identity in the mathematical
literature,* we state it here as a theorem whose proof can be found in appendix A.

Theorem 1. Let Vi be the set of vertices of a rooted ordered tree T and n,(T) is the
number of descendants of vertex v inside T plus 1 (alternatively, the number of vertices

4 We were informed by Karen Yeats that the special case m = n — 1 appears in [45, (124)]. The denominator
in (1.2) is sometimes known as the tree factorial 7'!, see (5.20).
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Fig. 2. An example illustrating the statement of the Theorem for a tree with n = 7 vertices and subtrees with

m = 3 vertices. The subtrees are distinguished by red color. Near each vertex of the subtrees we indicated the
pair of numbers (ny(T), ny(T”))

=35

of the subtree in T with the root being the vertex v and the leaves being the leaves of T ).
Then for a rooted tree T with n vertices and m < n one has

ny(T) n!
> - , a2
ny(T")y m!(n —m)!

T'CT veVy

where the sum goes over all subtrees with m vertices, having the same root as T (see
Fig. 2).

The organization of the paper is as follows. In Sect. 2 we review known results about
DT invariants, their expression in terms of MSW invariants, and specialize them to the
case of D4-D2-D0 black holes in type IIA string theory on a Calabi—Yau threefold. In
Sect. 3 we present the twistorial description of the D-instanton corrected hypermultiplet
moduli space in the dual type IIB string theory, evaluate the contact potential in the large
volume approximation by expressing it through a function G, and obtain the instanton
expansion for this function via unrooted labelled trees. In Sect. 4 we obtain a theta series
decomposition for each order of the expansion of G in MSW invariants and analyze
the modular anomaly of the resulting theta series, implying a modular anomaly for the
generating functions 4, ;. In Sect. 5 we construct the non-holomorphic completion
71\,,, > for which the anomaly is cancelled, and determine its explicit form. Section 6 is
devoted to discussion of the obtained results. Finally, several appendices contain details
of our calculations and proofs of various propositions. In addition, in appendix G we
present explicit results up to order n = 4, and in appendix H, as an aid to the reader, we
provide an index of notations.

2. BPS Indices and Wall-Crossing

In this section, we review some aspects of BPS indices in theories with A" = 2 super-
symmetry, including the tree flow formula relating the moduli-dependent index 2 (v, z%)
to the attractor index €2, (y). We then apply this formalism in the context of Calabi—Yau
string vacua, and express the generalized DT invariants Q2 (y, z%) in terms of their coun-
terparts evaluated at the large volume attractor point (1.1), known as MSW invariants.

2.1. Wall-crossing and attractor flows. The BPS index Q(y, z%) counts (with sign)
micro-states of BPS black holes with total electro-magnetic charge y = (p”, g), for
a given value z% of the moduli at spatial infinity. While (y, z%) is a locally constant
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function over the moduli space, it can jump across real codimension one loci where
certain bound states, represented by multi-centered black hole solutions of N = 2
supergravity, become unstable. The positions of these loci, known as walls of marginal
stability, are determined by the central charge Z, (z“), a complex-valued linear function
of ¥ whose modulus gives the mass of a BPS state of charge y, while the phase determines
the supersymmetry subalgebra preserved by the state. Since a bound state can only decay
when its mass becomes equal to the sum of masses of its constituents, it is apparent that
the walls correspond to hypersurfaces where the phases of two central charges, say
Z,, (z%) and Z,,(z%), become aligned. The bound states which may become unstable
are then those whose constituents have charges in the positive cone spanned by y;, and
yr. We shall assume that the charges yr , yr have non-zero Dirac-Schwinger-Zwanziger
(DSZ) pairing (yr, yr) # 0, since otherwise marginal bound states may form, whose
stability is hard to control.

The general relation between the values of 2 (y, z%) on the two sides of a wall has been
found in the mathematics literature by Kontsevich—Soibelman [46] and Joyce—Song [47,
48], and justified physically in a series of works [6-9]. However, in this work we require
a somewhat different result: an expression of (y, z%) in terms of moduli-independent
indices. One such representation, known as the Coulomb branch formula, was developed
in a series of papers [49-51] (see [52] for a review) where the moduli-independent
index is the so-called ‘single-centered invariant’ counting single-centered, spherically
symmetric BPS black holes. Unfortunately, this representation (and its inverse) is quite
involved, as it requires disentangling genuine single-centered solutions from so-called
scaling solutions, i.e. multi-centered solutions withn > 3 constituents which can become
arbitrarily close to each other [6,53].

A simpler alternative is to consider the attractor index, i.e. the value of the BPS index
in the attractor chamber Q. (y) = Q(y, z%(y)), where z{(y) is fixed in terms of the
charge y via the attractor mechanism [54] (recall that for a spherically symmetric BPS
black hole with charge y, the scalars in the vector multiplets have fixed value z{ () at the
horizon independently of their value z¢ at spatial infinity.). By definition, the attractor
indices are of course moduli independent. The problem of expressing 2 (y, z%) in terms
of attractor indices was addressed recently in [23], extending earlier work in [20,55].
Relying on the split attractor flow conjecture [6,22], it was argued that the rational BPS
index

- 1
Q.2 =) 5 Qr/d, 2 @1

dly

can be expanded in powers of Q. (y;),

Q.2 =Y gwalvi)h ) [[ Q00 22)

Yo vi=y i=1

where the sum runs over ordered® decompositions of y into sums of vectors y; € I,
with I'; being the set of all vectors y whose central charge Z, (z&)) lies in a fixed
half-space defining the splitting between BPS particles (y € I'y) and anti-BPS particles

5 In[23] a similar formula was written as a sum over unordered decompositions, weighted by the symmetry
factor 1/|Aut{y; }|. Since gir.n ({;}, z%) is symmetric under permutations of {y; }, we can sum over all ordered
decompositions with unit weight, at the expense of inserting the factor 1/n! in its definition (2.3). In the sequel,
all similar sums are always assumed to run over ordered decompositions.
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vy = R(vo) = p(v3)

Yos = Y4+ 75

V4 V5

Fig. 3. An example of attractor flow tree corresponding to the bracketing ((13)(2(45)))

(y € —T'y4). Such decompositions correspond to contributions of multi-centered black
hole solutions with constituents carrying charges y;.
The coefficient g, called the tree index, is defined as

1
genllvih e =— 3 Ak, 2.3)

T TeTy

where the sum goes over the set Tf‘lf of attractor flow trees with n leaves. These are
unordered rooted binary trees® T with vertices decorated by electromagnetic charges
¥v, such that the leaves of the tree carry the constituent charges y;, and the charges
propagate along the tree according to y, = yi() + VR(v) at each vertex, where L(v),
R(v) are the two children’ of the vertex v (see Fig. 3). The charge carried by the root of
the tree is then the total charge ¥ = Y y;. The idea of the split attractor flow conjecture
is that each tree represents a nested sequence of two-centered bound states describing a
multi-centered solution built out of constituents with charges y;. With this interpretation,
the edges of the graph represent the evolution of the moduli under attractor flow, so that
one starts from the moduli at spatial infinity z4, = z¢ and assigns to the root vy the
point in the moduli space z3, where the attractor flow with charge y crosses the wall of
marginal stability where Im [vao) ZVR(UO) (zﬁo)] = 0. Then one repeats this procedure
for every edge, obtaining a set of charges and moduli (y,, z§) assigned to each vertex,
with the bound state constituents and their attractor moduli (y;, z;l,l,) assigned to the
leaves.
Given these data, the factor A(T) in (2.3) is given by

v 1 ~
AT =TT 80 By = 5 [sen Im[Z,, Z,, )] +sen(rie) |, @4)

veVr

6 The number of such trees is | T4 | = 27 —3)!! = 2n —3)!/[2"2(n —2)!1 = {1, 1,3, 15, 105, 945, ...}
forn > 1.

7 This assignment requires an ordering of the children at each vertex, which can be chosen arbitrarily for
each tree. With such an ordering, and assuming that all the charges y; are distinct, the flow tree can be labelled
by a 2-bracketing of a permutation of the set {1, ..., n}, as shown in Fig. 3.
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where Vr denotes the set of vertices of T excluding the leaves, p(v) is the parent of
vertex v, and yL g = (YL, ¥r). This factor vanishes unless the stability condition8

YLw)R() Im [Z)’L(v) ZVR(U) (Z;(v))] >0 2.5)

is satisfied for all v € Vr, which ensures admissibility of the flow tree 7', i.e. the existence
of the corresponding nested bound state. Importantly, the sign of Im [Zyuv) ZVR(U) (z; (v))]
entering (2.4) can be computed recursively in terms of asymptotic data, without evalu-
ating the attractor flow along the edges [23]. More precisely, the signs depend only on
the stability parameters (also known as Fayet-Iliopoulos parameters)

¢i(z) = Im[Zy, Z,(z")]. 2.6)

Note that due to y = Y 7_, i, these parameters satisfy y _, ¢; = 0. Accordingly,
we shall often denote gy, ({yi}, z2%) by gw.n({yi, ¢i}), and always assume that {c;} are
generic real parameters subject to the condition ) *_; ¢; = 0, such that no proper subset
of them sums up to zero.

The second factor in (2.3) is independent of the moduli, and given by

(@) = D" [ «Grwre). k@) = (=D¥x. @7

veVr

This is simply the product of the BPS indices of the nested two-centered solutions
associated with the tree T'. Note that the signs of A(7T') and «(T) separately depend on
the choice of ordering (v (v), ¥r(v)) at each vertex, but their product is independent of
that choice.

Sometimes, it is useful to consider the refined BPS index Q2(y, z%, y) which carries
additional dependence on the fugacity y conjugate to the spin J3. All the above equations
remain valid in this case as well (except for the definition of the rational invariant (2.1),
which must be slightly modified, see e.g. [8, (1.3)]), but now the function « (x) appearing
in (2.7) becomes a symmetric Laurent polynomial in y

yf)C

o) = (- 22
y—=y

(2.8)
reducing to (—1)*x in the unrefined limit y — 1.

It is easy to see that the ‘flow tree formula’ (2.2) is consistent with the primitive
wall-crossing formula [6,7]

AQ(yL +yr) = —sgn(yLr) k (YLr) Qyr, 2%) Qyr, 2%, (2.9)

which gives the jump of the BPS index due to the decay of bound states after crossing
the wall defined by a pair of primitive® charges y; and yg. To this end, it suffices to
consider all flow trees which start with the splitting y — yr + Y at the root of the tree.
It is also consistent with the general wall-crossing formula of [46], provided the tree
index is computed for a small generic perturbation of the DSZ matrix y;; [23]. Finally,

8 In fact, the admissibility also requires Re [ZVL(v) ZVR(u) (z%)] > 0 at each vertex. This condition will
hold automatically for the case of our interest, namely, D4-D2-D0 black holes in the large volume limit, so
we do not impose it explicitly.

9 Here, by primitive we mean that all charges with non-zero index in the two-dimensional lattice spanned
by y, and yg are linear combinations Ny y; + Ngyr with coefficients Ny, Ng of the same sign.
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it is useful to note that, assuming that all charges y; are distinct, the sum over splittings
and flow trees in (2.2) can be generated by iterating the quadratic equation [23]

_ _ 1 _ _
Q(y, 2% = Qu(y) — 3 Y A k(vLr) QL. 24 g) QUvr. 25 g). (2.10)

Y=YL*VR
(rye,vr)#0

where z{ , is the point where the attractor flow of charge y crosses the wall of marginal
stability Im [Z,, Z,, (24 x)] = 0.

2.2. Partial tree index. While the representation of the BPS index based on attractor
flows is useful for many purposes, it produces a sum of products of sign functions
depending on non-linear combinations of DSZ products y;;, which are very difficult
to work with. A solution to overcome this problem was found in [23]. The key idea
is to introduce a refined index with a fugacity y conjugate to angular momentum, and
represent it as

(_1)"—1+Zz<_/ Yij
(y—y-Hrt

where Sym denotes symmetrization (with weight 1/n!) with respect to the charges y;,
and Fi; , is the “partial tree index’ defined by10

g (i ci), ) = sym { Fualyio e y=or 7], @)

Funlyich = ) AT). 2.12)

af-pl
TeT, ™

Here the sum runs over the set T, ol of planar flow trees with n leaves!! carrying ordered
charges y1, ..., yu. Although this is not manifest, the refined tree index (2.11) is regular
at y = 1, and its value (computed e.g. using 1’Hopital rule) reduces to the tree index
(2.3). The advantage of the representation (2.11) is that the partial tree index Fi , does
not involve the x-factors (2.7) and is independent of the refinement parameter.

The partial index Fir ;, satisfies two important recursive relations. To formulate them,
let us introduce some convenient notations:

k

k k¢
Sk=Y i, Bu=)_viee Tre=)_) v (2.13)

i=1 i=1 i=1 j=1
In terms of these notations, the partial index satisfies the iterative equation [23, (2.59)],

n—1

1
Fen((yi e =5 D (sen(Se) = sgn(n) Fir.e(1yi. Vo) Fen-e(vi 6 Vgn).
(=1
(2.14)

10 Unlike the tree index 8tr,n, the partial tree index Fir , is not a symmetric function of charges y; and
stability parameters c;, however we abuse notation and still denote it by Fyr , ({y;, ¢; }).

2Pl o _@nedt g oS,

11 The number of such trees is the n — 1-th Catalan number |'T 5
n[(n—1!]

14,42,132,.. .} forn > 1.
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where cl@ is the value of the stability parameters at the point where the attractor flow

crosses the wall for the decay y — (y1 + -+ Yo, Ye+1 + - - - + Vu), given by

= - i Sy (2.15)
Fnl

Importantly, ci(e) satisfies YF_, cl@) =3 o cl.(e) = 0 so that the two factors on the
r.h.s. of (2.14) are well-defined. Note that the iterative equation (2.14) is in the spirit of
the quadratic equation (2.10).

According to [23, Prop. 2], the partial tree index satisfies another recursion

Fen(yioci) = FOUah = Y. FemaD [T FD Bujicrst - Buje)s
k=1

ny+-+nm=n
ng=1, m<n

(2.16)

where the sum runs over ordered partitions of n, m is the number of parts, and for
k=1,...,m we defined

j()=0, Jk=n1+---+ng,

/ , 2.17)
Ve = Vil T F Vi G = Gl £+ G
The function appearing in (2.16) is simply a product of signs,
ol
FOei) = gy [ ] sencs. (2.18)

i=1

This new recursive relation allows to express the partial index in a way which does not
involve sign functions depending on non-linear combinations of parameters, in contrast
to the previous relation (2.14) where such sign functions arise due to the discrete attractor
flow relation (2.15).

2.3. D4-D2-DO0 black holes and BPS indices. Theresults presented above are applicable
in any theory with N/ = 2 supersymmetry. Let us now specialize to the BPS black holes
obtained as bound states of D4-D2-DO0-branes in type IIA string theory compactified
on a CY threefold ). In this case the moduli z¢ = b* +it? (a = 1,...,b2()) are
the complexified Kihler moduli with respect to a basis of H*(Q), Z), parametrizing
the Kiahler moduli space M (). The charge vectors y € Heyen(2), Q) have the form
y = (0, p%, qa, qo) where the first entry corresponds to the D6-brane charge, which
is taken to vanish, whereas the other components, corresponding to the D4, D2 and
DO-brane charges, satisfy the following quantization conditions [56]:

a 1 2 1 a
P el, qa€Z+5(plas  qo€Z— 7 picra, (2.19)
2 24
where ¢; , are components of the second Chern class of ). In the second relation we
used the notations (kp), = Kapek? p¢ and (lkp) = Kapel kP p° (recall that «,p. are the
intersection numbers on H4 (%), Z)) which will be extensively used below. The lattice
of charges y satisfying (2.19) will be denoted by I'. The cone I'y C I is obtained by
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imposing the further restriction that the D4-brane charge p“ corresponds to an effective
divisor in ) and belongs to the Kihler cone, i.e.

p3 >0, (rpz) > 0, kap® > 0, (2.20)

for all effective divisors %y, € H;(2),Z) and effective curves k,y¢ € H; (2, Z),
where y, denotes irreducible divisors giving an integer basis of A = H4(%Y), Z), dual to
the basis y¢ of A* = H»(), Z). The charge p“ induces a quadratic form k. = kgpe p©
on A ® R ~ R of signature (1, b — 1). This quadratic form allows to embed A into
A*, but the map € — ke’ is in general not surjective, the quotient A*/A being a
finite group of order | det kp|.

The holomorphic central charge, governing the mass of BPS states, is given by

Zy (2% = ga X2 (%) — pPFa (2, (2:21)

where X2 (z%) = (1, z%) are the special coordinates and F, = dya F(X) isthe derivative
of the holomorphic prepotential F(X) on M. In the large volume limit t* — oo, the
prepotential reduces to the classical cubic contribution

' xaxbxe
~ F°¢ -
F(X) ~ F"(X) = —Kabe ex0 (2.22)
and the central charge can be approximated as
1 . 1
Zy~ =3 (pt*) +1(gat® + (pb1)) + qo + qub” + 3 (pb?). (2.23)

Note, in particular, that it always has a large negative real part. Another useful observation
is that both quantities appearing in the definition of A, | = (2.4) are independent of the
last component g of the charge vector. Indeed,

v.v") =qar" — q,p",

7 1 1.2 a 2y 7 / a (2.24)
Im[Z,Z,] = = 5 (') qa + (P01 = (p)(g} + (P'DI)" ).

The BPS index Q(y, z%) counting D4-D2-DO0 black holes is given mathematically
by the generalized Donaldson-Thomas invariant, which counts'? semi-stable coherent
sheaves supported on a divisor D in the homology class p“y,,, with first and second Chern
numbers determined by (g4, go). An important property of these invariants is that they
are unchanged under a combined integer shift of the Kalb-Ramond field, b% +— b® + €,
and a spectral flow transformation acting on the D2 and DO charges

1
Ga > Ga — KabeP"€S, o > qo — €9qq + 5 (pee). (2.25)

The shift of b* is important since the DT invariants are only piecewise constant as
functions of the complexified Kdhler moduli z¢ = % +it¢ due to wall-crossing.

In contrast, the MSW invariants S_ZMSW()/), defined as the generalized DT invariants
Q(y, z%) evaluated at their respective large volume attractor point (1.1), are by construc-
tion independent of the moduli, and therefore invariant under the spectral flow (2.25).

12 More precisely, the generalized DT invariant computes the weighted Euler characteristic of the mod-
uli space of semi-stable coherent sheaves [47]; in this context, the DSZ product (y, y’) coincides with the
antisymmetrized Euler form.
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As a result, they only depend on p“, i, and go, where we traded the electric charges
(qa, qo) for (€%, g, o). The latter comprise the spectral flow parameter €4, the residue
class i, € A*/A defined by the decomposition

1
= Kubcphpc + KabcPhEC7 e e, (2.26)

‘Ia:l/va"‘z

and the invariant charge (K“b is the inverse of k,p)

A 1 ab
0 =40 = 5 K" qadb - (2.27)

which is invariant under (2.25). This allows to write QMW (y) = Q p.(G0).
An important fact is that the invariant charge g is bounded from above by g;™** =

ﬁ(( p3) + ¢2,4p%). This allows to define two generating functions

R = Y Q.2 e(=4ot). (2.28)
q0<qmax

hpu(@ =Y Qpuldo)e(—=gor). (2.29)
q0<qmax

where we used notation e (x) = ¢>7'*. Whereas the generating function of DT invariants
%, depends on the full electric charge ¢, and depends on the moduli z* in a piecewise
constant fashion, the generating function of MSW invariants &, , (1), due to the spectral
flow symmetry, depends only on the residue class p,. This generating function will be
the central object of interest in this paper, and our main goal will be to understand its
behavior under modular transformations of 7.

_ In general, the MSW invariants S_ZMSW()/) are distinct from the attractor moduli
Q,(y), since the latter coincide with the generalized DT invariants Q(y, z%) evaluated
at the true attractor point z¢(y) for the charge y, while the former are the generalized
DT invariants evaluated at the large volume attractor point z% (y) defined in (1.1).
Nevertheless, we claim that in the large volume limit #* — o0, the tree flow formula
reviewed in the previous subsections still allows to express Q2(y, z%) in terms of the
MSW invariants, namely

Qr.zh= Y gualvih ) [[@"V0)  (mz* - o00)  (230)
Y1 vi=y i=1

The point is that the only walls of marginal stability which extend to infinite volume are
those where the constituents carry no D6-brane charge, and that non-trivial bound states
involving constituents with D4-brane charge are ruled out at the large volume attractor
point, similarly to the usual attractor chamber. Since the r.h.s. of (2.30) is consistent
with wall-crossing in the infinite volume limit and agrees with the left-hand side at
7% =z (y), it must therefore hold everywhere at large volume. Of course, some of the
states contributing to QMSW (y,) may have some substructure, e.g. be realized as D6-D6
bound states, but this structure cannot be probed in the large volume limit. Importantly,
since the quantities (2.24) entering in the definition of the tree index are independent
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of the DO-brane charge ¢, the flow tree formula (2.30) may be rewritten as a relation
between the generating functions,

n
Wz =Y gualyih 2D [Thy, (. (231
,(’=|)>i:J> i=1

where y = (p“, q,) denotes the projection of the charge vector y on Hy @ H», and the
phase proportional to

n
0n (i) = k"qaqy — Y k(" Gi.agip (2.32)
i=1

appears due to the quadratic term in the definition (2.27) of the invariant charge go.

3. D3-Instantons and Contact Potential

In this section, we switch to the dual setup!3 of type IIB string theory compactified
on the same CY manifold ). The DT invariants, describing the BPS degeneracies of
D4-D2-D0 black holes in type IIA, now appear as coefficients in front of the D3-D1-
D(-1) instanton effects affecting the metric on the hypermultiplet moduli space Mpg.
The main idea of our approach is that these instanton effects are strongly constrained by
demanding that M y; admits an isometric action of the type IIB S-duality SL(2, Z). This
constraint uniquely fixes the modular behavior of the generating functions introduced in
the previous section. Here we recall the twistorial construction of D-instanton corrections
to the hypermultiplet metric, describe the action of S-duality, and analyze the instanton
expansion of a particular function on M gy known as contact potential.

3.1. My andtwistorial description of instantons. The moduli space of four-dimensional
N = 2 supergravity is a direct product of vector and hypermultiplet moduli spaces,

My x Mpy. The former is a (projective) special Kiahler manifold, whereas the latter

is a quaternion-Kihler (QK) manifold. In type IIB string theory compactified on a CY

threefold ), My is a space of real dimension 452 (2)) +4, which is fibered over the com-

plexified Kéhler moduli space M (2)) of dimension 25, (%)). In addition to the Kihler

moduli z¢ = b* + it?, it describes the dynamics of the ten-dimensional axio-dilaton

7 =c%+i /8&s» the Ramond-Ramond (RR) scalars ¢“, ¢, ¢o, corresponding to periods of
the RR 2-form, 4-form and 6-form on a basis of H®*"(9), Z), and finally, the NS-axion

¥, dual to the Kalb-Ramond two-form B in four dimensions.

At tree-level, the QK metric on M g is obtained from the Kéhler moduli space My
viathe c-map construction [57,58] and thus is completely determined by the holomorphic
prepotential F(X). But this metric receives gg-corrections, both perturbative and non-
perturbative. The latter can be of two types: either from Euclidean D-branes wrapping
even dimensional cycles on ), or from NS5-branes wrapped around the whole ). In this
paper we shall be interested only in the effects of D3-D1-D(-1) instantons, and ignore

13 our preference for the type IIB set-up is merely for consistency with our earlier works on hypermultiplet
moduli spaces in d = 4 Calabi—Yau vacua. The same considerations apply verbatim, with minor changes of
wording, to the vector multiplet moduli space in type IIA string theory compactified on ) x S 1 which is more
directly related to the counting of D4-D2-DO0 black holes in four dimensions.
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the effects of NS5 and D5-instantons, which are subleading in the large volume limit.
Since NS5-instantons only mix with D5-instantons under S-duality, this truncation does
not spoil modular invariance [21].

The most concise way to describe the D-instanton corrections is to consider type IIA
string theory compactified on the mirror CY threefold @ and use the twistor formalism
for quaternionic geometries [38,39]. In this approach the metric is encoded in the com-
plex contact structure on the twistor space, a CP!-bundle over M y. The D-instanton
corrected contact structure has been constructed to all orders in the instanton expansion
in [37,40], and an explicit expression for the metric has been derived recently in [59,60].
Here we will present only those elements of the construction which are relevant for the
subsequent analysis, and refer to reviews [61,62] for more details.

The crucial point is that, locally, the contact structure is determined by a set of holo-
morphic Darboux coordinates (& A § A, ) on the twistor space, considered as functions
of coordinates on My and of the stereographic coordinate ¢ on the CP! fiber, so that
the contact one-form takes the canonical form do + £5d&2. Although all Darboux co-
ordinates are important for recovering the metric, for the purposes of this paper the
coordinate « is irrelevant. Therefore, we consider only £ and &€, which can be con-

veniently packaged into holomorphic Fourier modes &), = e ( prEN — g AéA) labelled

by a charge vector y = (p?, qa).
At tree level, the Darboux coordinates (multiplied by #) are known to be simple
quadratic polynomials in ¢ so that X, take the form'4

X%)-e(z <Z( “t— Vﬁ” ))+pAEA—qA;A), (3.1

where Z,, (u?) is the central charge (2. 21) now expressed in terms of the complex
structure moduh u® of the CY threefold LD mirror to 9), ¢ and 7, are periods of the RR
3-form in the type IIA formulation, and 7, = gs is the inverse ten-dimensional string
coupling. At the non-perturbative level, this expression gets modified and the Darboux
coordinates are determined by the integral equation

. 1 - d
%0 =2 0e | o3 30 200 ) | Ty 62
y/

/
b, 1=
where the sum goes over all charges labelling cycles wrapped by D-branes, Qi) =
Q(y’, z%) is the corresponding rational Donaldson-Thomas invariant,
¢, ={teCP': Z,/t iR} (3.3)

is the so called BPS ray, a contour on CP! extending from 7 = 0 to r = oo along the
direction fixed by the central charge, and o, is a quadratic refinement of the DSZ product
on the charge lattice I', i.e. a sign factor satisfying the defining relation

0y 0y, = (=D oy Yy el (3.4)

The system of integral equations (3.2) can be solved iteratively by first substituting
X, (t') on the r.h.s. with its zero-th order value X;f (t') in the weak coupling limit

14 The superscript ‘sf” stands for ‘semi-flat’, which refers to the flatness of the classical geometry in the
directions along the torus fibers parametrized by I
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T — 00, computing the leading correction from the integral and iterating this process.
This produces an asymptotic series at weak coupling, in powers of the DT invariants
Q(y). Using the saddle point method, it is easy to check that the coefficient of each
monomial []; Q(y;) is suppressed by a factor e~ 7™ 2ilZyl, corresponding to an n-
instanton effect [41,63]. Note that multi-instanton effects become of the same order
as one-instanton effects on walls of marginal stability where the phases of Z,, become
aligned, and that the wall-crossing formula ensures that the QK metric on M g is smooth
across the walls [40,41].

3.2. D3-instantons in the large volume limit. The above construction of D-instantons
is adapted to the type IIA formulation because the equation (3.2) defines the Darboux
coordinates in terms of the type IIA fields appearing explicitly in the tree level expression
(3.1). To pass to the mirror dual type IIB formulation, one should apply the mirror
map, a coordinate transformation from the type IIA to the type IIB physical fields. This
transformation was determined in the classical limit in [64], but it also receives instanton
corrections. In order to fix the form of these corrections, we require that the metric on

My carries an isometric action of S-duality group SL(2, Z) of type IIB string theory,

ab
cd

ar +b . J14 4 ab\ (c
T'_)c7:+d’ Y+ |cT +d|17, ) 7 \eca)\pe )
~ ~ C d B g
Ca > Cq — C2,46(8), (fﬁ) = (—b ac> (f/(f)) ’

where £(g) is the logarithm of the multiplier system of the Dedekind eta function [56].

For this purpose, one uses the fact that any isometric action on a quaternion-Kéhler
manifold (preserving the quaternionic structure) can be lifted to a holomorphic contact
transformation on twistor space. In the present case, SL (2, Z) acts on the fiber coordinate
t by afractional-linear transformation with t-dependent coefficients. This transformation
takes a much simpler form when formulated in terms of another coordinate z on C P!
(not to be confused with the Kédhler moduli z¢), which is related to r by a Cayley
transformation,

which acts on the type IIB fields by an element g = in the following way

(3.5)

t+1
7=—". (3.6)
t—i

Then the action of SL(2, Z) on the fiber is given by a simple phase rotation'>

cT+d
H
lcT +d|

z. (3.7)

Using the holomorphy constraint for the SL (2, Z) action on the twistor space, quan-
tum corrections to the classical mirror map were computed in [21,26,66,67], in the large
volume limit where the Kihler moduli are taken to be large, t* — oo. In this limit, one
finds

15 Actually, this is true only when five-brane instanton corrections are ignored. Otherwise, the lift also gets
a non-trivial deformation [65].
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. i dz
u“:b“+1t“—2—122p“ /dZ(l—Z)HV+/; Z_S(I_Z)Hiy

yel'y Ly 14
=1, (4= —(c*—11b") -3 Z p“Re/ dzz Hy, (3.8)
vely b
~ 1
L =Ca + 5 Kabe B (¢ — 71b°) + kapet” Z p¢Im / dz H,,
vely by
where we introduced the convenient notation!®
Q(y)
H, (1) = W o, Xy (1). (3.9

Similar results are known for ;:0 and the NS-axion dual to the B-field, but will not be
needed in this paper.

Note that the integral contributions to the mirror map are written in terms of the
coordinate z (3.6). The reason for using this variable is that, in the large volume limit,
the integrals along BPS rays £,, in (3.2) are dominated by the saddle point [21]

Z;, A —j (qa + (pb)a) 1* (3.10)
(pt?)

for (pt?) > 0, and z"_ y = l/z;, in the opposite case. This shows that all integrands can

be expanded in Fourier series either around z = 0 or z = oo, keeping constant %z or

t/z, respectively. This allows to extract the leading order in the large volume limit in a

simple way.

Let us therefore evaluate the combined limit 1 — 0o, z — 0 of the system of
integral equations (3.2), assuming that only D3-D1-D(-1) instantons contribute. As a
first step, we rewrite the tree level expression (3.1) in terms of the type IIB fields. To this
end, we restrict the charge y to lie in the cone I';, take the central charge as in (2.21)
with the cubic!’ prepotential (2.22), and substitute the mirror map (3.8). Furthermore,
we change the coordinate ¢ to z and take the combined limit. In this way one finds

X;f(z) = X)fl(z) exp | 2w Z (tpp/)/ dz’ H, |, (3.11)
y'ely by
where
Xl(2) = e (—Got) Xy (2) (3.12)

16 The functions Hy, have a simple geometric meaning [37,68]: they generate contact transformations (i.e.
preserving the contact structure) relating the Darboux coordinates living on patches separated by BPS rays.
In fact, these functions together with the contours ¢, are the fundamental data fixing the contact structure on
the twistor space.

17 The other contributions to the prepotential, representing perturbative o’ -corrections and worldsheet in-
stantons, combine with D(-1) and D1-instantons, but are irrelevant for our discussion of D3-instantons in the
large volume limit.
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is the classical part of the Darboux coordinates which we represented as a product of
two factors: exponential of the invariant charge (2.27) and the remaining go-independent
exponential

X0 @) =e Pe(——(q+b)2+c (qa + L(pb)a) +ita(pt?) (22 2zzy)>, (3.13)

with S;l being the leading part of the Euclidean D3-brane action in the large volume
limit given by S;l = 1o (pt?) — 2wip?éE,. Next, we can approximate

2d7
dr’ t+1¢ 2d7" 1 —z7' = y eIy, 314
r—t 1—2% z—7 | 20=z)d / (3-14)
Y ) ]/ € _F+.

z/

This shows that the contribution of ¥’ € —T'; is suppressed comparing to ' € I’y and
therefore can be neglected. As a result, the system of integral equations (3.2) in the large
volume limit where only D3-D1-D(-1) instantons contribute reduces to the following
system of integral equations for H,,,

Hy(z) = H\(2) exp Z/ dz' K, (z, 7)) Hy(2) | - (3.15)

y'ely

Here H is the classical limit of H,, i.e. the function (3.9) with &, replaced by Xjfl,
the integration kernel is now

i(y1, y2)
Ky (@1, 22) =21 <(tp1 )+ u) , (3.16)
21— 22
and the BPS ray ¢,, effectively extends from z’ = —o0 to z’ = +00, going through the

saddle point (3.10) [21].

Below we shall need a perturbative solution of the integral equation (3.15). Applying
the iterative procedure outlined below (3.4), or equivalently using the Lagrange inversion
theorem, such solution can be written as a sum over rooted trees [41, §C],

AT
Hyl(Zl)—HCl(zl)Z ]_[Z / dzi HS'(z) | Y ﬁ, 3.17)

= i=2y;ely “ i TeTy,

where T, is the set of rooted trees with n vertices and

ATD) = ] Koo Gstr- 20))- (3.18)

ecET

A rooted tree!® 7T consists of n vertices joined by directed edges so that the root vertex
has only outgoing edges, whereas all other vertices have one incoming edge and an

18 We will use calligraphic letters 7 for trees where charges y; are assigned to vertices to distinguish them
from rooted trees 7" where the charges are assigned to leaves (hence T has always more than n vertices).
Similarly, we will use notations v and v for vertices of these two types of trees, respectively. Note also that
whereas V.7~ denotes the set of all vertices, V7 does not includes the leaves. An example of trees of the latter
type are attractor flow trees.
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arbitrary number of outgoing ones. We label the vertices of 7 by v = 1,...,n in an
arbitrary fashion, except for the root which is labelled by v = 1. The symmetry factor
|Aut(7)] is the order of the symmetry group which permutes the labels 2, .. ., n without

changing the topology of the tree. Each vertex is decorated by a charge vector y, and
a complex variable z, € CP!. We denote the set of edges by E7, the set of vertices
by V7, and the source and target vertex of an edge e by s(e) and 7 (e), respectively.
Unpacking these notations, we get, at the few leading orders,

1 1 1 1 1 1 1
Hy, = HS +Y  KnHg HS + Y (3 KioKis + KioKas) Hyy HY HS)
Y2,Y3

¥2
1 1
+ Z (5 K12K13K14 + 5 K12K23K24
V2734

+K12K13K24 + K12K23K34) HY HS) HS) HS, + - - (3.19)

where we omitted the integrals and denoted K;j = K, ,,(zi, z;). The expansion (3.17)

is effectively a multi-instanton expansion in powers of the DT invariants €2(y;), which
is asymptotic to the exact solution to (3.15) in the weak coupling limit 7, — oo.

3.3. Fromthe contact potential to the instanton generating function. Recall thatour goal
is to derive constraints imposed by S-duality on the DT invariants Q2(y) appearing as
coefficients in the multi-instanton expansion. To achieve this goal, rather than studying
the full metric on Mg, it suffices to consider a suitable function on this moduli space
which has a non-trivial dependence on Q(y) and specified transformations under S-
duality. There is a natural candidate with the above properties: the so-called contact
potential e?, a real function which is well-defined on any quaternion-Kihler manifold
with a continuous isometry [39]. Furthermore, there is a general expression for the
contact potential in terms of Penrose-type integrals on the CP! fiber. In the present case,
the required isometry is the shift of the NS-axion, which survives all quantum corrections
as long as NS5-instantons are switched off. The contact potential is then given by the
exact formula [37]

) > .

6 _ "0 oap _ oApy_ XD 12 dr ay _ 45 (-a

e = 2 (@ Fp —utFp) - o+ 2 §y ~ (t Z,u") — 17, (i )) H,,
(3.20)

where X% is the Euler characteristic of @ This formula indeed captures contribution
from D-instantons due to the last term proportional to H,,.

On the other hand, in the classical, large volume limit one finds e? = %(ﬁ), which
shows that the contact potential can be identified with the four-dimensional dilaton and
in this approximation behaves as a modular form of weight (—%, —%) under S-duality
transformations (3.5). In fact, one can show [37] that SL(2, Z) preserves the contact
structure, i.e. it is an isometry of M g, only if the full non-perturbative contact potential
transforms in this way,

e?

. 321
lcT +d| (3-21)
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Furthermore, since S-duality acts by rescaling the Kihler moduli t* and by a phase
rotation of the fiber coordinate z (see (3.7)), it preserves each order in the expansion
around the large volume limit. This implies that the large volume limit of the D3-instanton
contribution to e?, which we denote by (e®)p3, must itself transform as (3.21). It is this
condition that we shall exploit to derive modularity constraints on the DT invariants.

To make this condition more explicit, let us extract the D3-instanton contribution
to the function (3.20). The procedure is the same as the one used to get (3.15), and
we relegate the details of the calculation to appendix B. The result can be written in a
concise way using the complex function defined by

1
g = Z A dZ HV(Z) - E Z /[k le '/é de K}/])/z(zlv ZZ) Hy] (ZI)H}Q(ZZ)
Y Y1 2

vels vi,2€l
(3.22)

and the Maass raising operator

Dy = —— (8 + 24 10 (3.23)
"o \" 2, A ) ‘
which maps modular functions of weight (b, h) to modular functions of weight (h+2, h).
Then one has (generalizing [14, (4.5)] to all orders in the instanton expansion)

(e®)p3 = 122 Re (D_%g) + # Kabet 3z, G0, G- (3.24)
It is immediate to see that (¢?)p3 transforms under S-duality as (3.21) provided the
function G transforms as a modular form of weight (—%, %). In order to derive the
implications of this fact, we need to express G in terms of the generalized DT invariants.

For this purpose, we substitute the multi-instanton expansion (3.17) into (3.22). We
claim that the result takes the simple form

0= |T1X [ dae | Gutzn. (3.25)

n=1|i=1yely "™

where G, ({y;, zi}) is now a sum over unrooted trees with n vertices,

_ AT) 1
Gu({yi, zi}) = Z m = Z A(T), (3.26)
TeT, TeT,

and in the second equality we rewrote the result as a sum over unrooted labelled trees.'®
To see why this is the case, observe that under the action of the Euler operator
D = H) e rescaling all functions H]fl, the function G maps to the first term in (3.22),

which we denote by F. Namely,
D-G=7, fEZ[dzH, (3.27)
yels b

19 The number of such trees is |’]I‘f,\ =n""2 = {1, 1, 3,16, 125, 1296, ...} for n > 1. Such trees also
appear in the Joyce-Song wall-crossing formula [47,48] and are conveniently labelled by their Priifer code.
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as can be verified with the help of the integral equation (3.15). The multi-instanton
expansion of F follows immediately from (3.17),

¢ A(T)
F= Z ]‘[Z/ Az H G | Y AT (3.28)

n=1 \i=1yely “ % TeTy,

Integrating back the action of the derivative operator D, we see that the sum over rooted
trees in (3.28) turns into the sum over unrooted trees in (3.26). At the first few orders
we get, using the same shorthand notation as in (3.19),

G= ZHCI += Z Ko HS) HS) + = Y KiKyHS H) HY
Vl Y2 Vl Y2,V3 (329)

1 1
+ Y <8 Ki2Ki3Kis+ 5 K12K23K34> HS HS) HS HSL +
Y1,¥2,Y3,V4

The simplicity of the expansion (3.26), and the relation (3.24) to the contact potential,
show that the function G is very natural and, in some sense, more fundamental?® than
the naive instanton sum F. We shall henceforth refer to G as the ‘instanton generating
function’. In the following we shall postulate that G transforms as a modular form of
weight (— %, %), and analyze the consequences of this requirement for the DT invariants.

4. Theta Series Decomposition and Modularity

In this section, we use the spectral flow symmetry to decompose the instanton generating
function G into a sum of indefinite theta series multiplied by holomorphic generating
functions of MSW invariants. We then study the modular properties of these indefinite
theta series, and identify the origin of the modular anomaly.

4.1. Factorisation. To derive modularity constraints on the DT invariants, we need to
perform a theta series decomposition of the generating function G defined in (3.22).
To this end, let us make use of the fact noticed in (2.24) that the DSZ products (y, y’)
and hence the kernels (3.16) do not depend on the gg charge. Choosing the quadratic
refinement o, as in (D.5), which is also go-independent, and using the factorization
(3.12) of X, one can rewrite the expansion (3.25) as follows

> 1
g=ZW HZop, Mg, fl dz; X0 () | Gayinzih). (@)
n=1

=1 pi,qi Yi

where the sum over the invariant charges g; ¢ gave rise to the generating functions of DT
invariants defined in (2.28). This is not yet the desired form because these generating
functions depend non-trivially on the remaining electric charges g; ,. If it were not for
this dependence, the sum over ¢g; , would produce certain non-Gaussian theta series, and

20 Iy [14], it was noticed that the function G, denoted by F in that reference and computed at second order
in the multi-instanton expansion, could be obtained from the seemingly simpler function F by halving the
coefficient of its second order contribution. Now we see that this ad hoc prescription is the consequence of
going from rooted to unrooted trees, as a result of adding the second term in (3.22).
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at each order we would have a product of this theta series and n generating functions.
Then the modular properties of the theta series would dictate the modular properties of
the generating function.

Such a theta series decomposition can be achieved by expressing the DT invariants
in terms of the MSW invariants, for which the dependence on electric charges g; 4
reduces to the dependence on the residue classes (; 4, due to the spectral flow symmetry.
Substituting the expansion (2.31) of hDT in terms of &, ,,, the expansion (4.1) of the
function G can be brought to the followmg factorized form

e} n
Z : [H Z Opihp;, m:| S;’Iﬂp,ﬂ(q);m’ n—2), 4.2)

i=1 pi,mi
where ©p  is a theta series (D.1) with parameter A = n — 2, whose kernel has the
following structure

m
o) = Sym 1 > @p ) [ @ @iyt -xi) - (4.3)
ny+enm=n k=1
np>1

Here the sum runs over ordered partitions of n, whose number of parts is denoted by
m, and we adopted notations from (2.17) for indices ji. The argument x of the kernel
encodes the electric components of the charges (shifted by the B-field and rescaled by
V/272) and lives in a vector space (&"_;A;) ® R of dimension d = nb, given by b,
copies of the lattice A, where the i-th copy A; carries the bilinear form «; qp = Kapc pf
of signature (1, b, — 1). Therefore, #p , is an indefinite theta series associated to the
bilinear form given explicitly in (D.4), which has signature (n, n(by — 1)).

Finally, the kernel (4.3) is constructed from two other functions. The first, CI>,{ , s the
iterated integral of the coefficient G, in the expansion (3.25),

V2 \" dz;
D (x) = (—Q> []_[/Z = W), (xl,z,)} Gn{yi> zid), 4.4)

2

weighted with the Gaussian measure factor

Wp(.x, Z) — e—ZJT‘EZZZ([?tz)—zﬂi\/ZTzZ(pxt) (45)

coming from the z-dependent part of (3.13). Although this function is written in terms
of G, depending on full electromagnetic charge vectors y;, it is actually independent of
their go components. Indeed, using the result (3.26), it can be rewritten as

dz N
) (x) = []‘[ / —le,(x,,zl} ST Keoreor (4.6)
TeT,ecET

where we introduced a rescaled version of the kernel (3.16)

e (e ) — XX .
Kij(zi,zj) = 21t +1 — pipj |- 4.7)

Zi J
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Note that v and r* appear only in the modular invariant combination /27, t¢. In (4.3)
this function appears with the argument x’ and carries a dependence on p’ (not indicated
explicitly) which are both mb;-dimensional vectors with components (cf. (2.17))

Jk J
P = Z pl =i Z KibeXf (4.8)

i=jk—1+1 i=jk—1+1

/ /
where Kiap = Kabe Py -

The second function, @5, appears due to the expansion of DT invariants in terms of
the MSW invariants and is given by a suitably rescaled tree index
n—1
of) = YTV e, (4.9)
[T ov
It is also written in terms of functions depending on the full electromagnetic charge
vectors y; (with y = y1 + -- - y,). However, using (3.4), all quadratic refinements can
be expressed through (—1)(¥/) which cancel the corresponding sign factors in the tree
index (see (2.7)). Furthermore, as was noticed in the end of Sect. 2.3, the tree index is
independent of the gg components of the charge vectors. Therefore, it can be written as a
function of p{, u; , and xi = V21 (Kl.“bqi,b + b%). Then, since after cancelling the sign
factors, gir, becomes a homogeneous function of degree n — 1 in the D2-brane charge
qi.a» all factors of /27, in (4.9) cancel as well.

4.2. Modularity and Vignéras’ equation. As explained in appendix D.1, the theta series
Up.u (dD, A) is a vector-valued modular form of weight (A + d /2, 0) provided the kernel
d satisfies Vignéras® equation (D.3)—along with certain growth conditions which we
expect to be automatically satisfied for the kernels of interest in this work. In our case
A = n — 2 and the dimension of the lattice is d = nb, (%)) so that the expected weight of
the theta series is (n — 2+ nby /2, 0). It is consistent with weight (—%, %) of G given in
(4.2)onlyif i, ,, is a vector-valued holomorphic modular form of weight (—b2/2—1, 0).
However for this to be true, the kernel ®!** ought to satisfy Vignéras’ equation. Let us
examine whether or not this is the case.

To this end, we first consider the kernel ® ,{ (4.6). In appendix E we evaluate explicitly
the iterated integrals defining this kernel. To present the final result, let us introduce the
following d-dimensional vectors v;;, u;;:

(ij)i = 8ki P — kP such that v;; - x = (p; pj(x; — x;)),

(Wij)f = 8k (pjt*)t* — 8k (pitt*  suchthat u;j - x = (pjt>)(pixit) — (pit*)(pjx;t),
(4.10)

where k labels the copy in EBZZIAk, a = 1,..., by, and the bilinear form is given in

(D.4). The first scalar product v;; -x corresponds to the DSZ product (y;, v;), whereas the
second product u;; - x corresponds to —2Im [Z,, Zyj] (2.24), both rescaled by /2717 and
expressed in terms of x;'. From these vectors we can construct two sets of vectors which

are assigned to the edges of an unrooted labelled tree 7, such as the trees appearing in
(3.26) and (4.6). Namely,

Ve = Z Z Vij, U, = Z Z ujj, “4.11)

ieVTés JEV ieVTes JEV
e e
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where 7%, 7 are the two disconnected trees obtained from the tree 7 by removing the
edge e. Then the kernel CD;{ can be expressed as follows?!

c1>()

@) (x )— Z )| (e}, (o)) X).- (4.12)

T eT¢
Here the first factor is simply a Gaussian

_apan?
e (p1?)

27/ 20(pt2)

which ensures the suppression along the direction of the total charge in the charge
lattice. In the second factor one sums over unrooted labelled trees 7 with n vertices,
with summand given by a function CDQ’I defined as in (D.17), upon replacing q;f by QD,IIVI
in that expression and setting m = n. Both CIDE and CIDM are the so-called generalized
(complementary) error functions introduced in [28] and further studied in [29], whose
definitions are recalled in (D.10), (D.11) and (D.14). The functions <I>M | in (4.12)
depend on two sets of n — 1 d-dimensional vectors: the vectors in the ﬁrst set are given
by u. defined above, whereas the vectors vy () () in the second set coincide with v;; for
i and j corresponding to the source and target vertices of edge e of the labelled tree.
The remarkable property of the generalized error functions CD _ and their uplifted

versions CDn_] is that, away from certain loci where these functlons are discontinuous,

@/ (x) = (4.13)

they satisfy Vignéras’ equation for A = 0 and n — 1, respectively. Given that CIDf
also a solution for A = —1, and the vector t = (t%,...,t%) (such that ¢ - x = (pxt))
is orthogonal to all vectors u, and V() (e), the kernel (4.12) satisfies this equation for
A=n-—2.

However, as mentioned above, it fails to do so on the loci where it is discontinuous.
These discontinuities arise due to dependence of the integration contours £,, on moduli
and electric charges. Of course, since the integrands are meromorphic functions, the
integrals do not depend on deformations of the contours provided they do not cross the
poles. But this is exactly what happens when two BPS rays, say ¢,, and ¢,/, exchange
their positions, which in turn takes place when the phases of the corresponding central
charges Z, and Z, align, as follows from (3.3). The loci where such alignment takes
place are nothing else but the walls of marginal stability. This point will play an important
rOle in the next subsection since it makes it possible to recombine the discontinuities of
the generalized error functions with discontinuities of the tree indices.

We now turn to the action of Vignéras” operator on ®5. To this end, it is convenient
to use the representation of the tree index as a sum over attractor flow trees (2.3). Let us
assign a nby-dimensional vector v, to each vertex v of a flow tree. Denoting by Z,, the
set of leaves which are descendants of vertex v, we set

o= ) ) v (4.14)

i€ly ) J€IRw)

21 Both vectors u, and vr(e”(e) depend on the choice of orientation of the edge e, but this ambiguity is
cancelled in the function <I>
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With these definitions the kernel (4.9) can be written as

o) =(=D"" Y [ Go ) AV - (4.15)

TeTa veVr

The factors Aj, . are locally constant and therefore, away from the loci where they
are discontinuous, the action of Vignéras operator reduces to its action on the scalar
products (v,, x). For a single such factor one finds

Vo(Vy, x) = (0y, X) Va1 + 20, - Ox. (4.16)

The crucial observation is that all vectors v, appearing in the product (4.15) for a
single tree are mutually orthogonal (¥, ¥,7) = 0, which is clear because (yr (), Yr(v))
is antisymmetric in charges y; (y), Yr(v), Whereas the factors associated with vertices
which are not descendants of v either depend on their sum or do not depend on them at
all. Therefore, one obtains

Vi@ () =@ (Vi 421" 3 AT Y | [ @uex) | B 0x

TeTy veVr | veVr\{v}

(4.17)

Let us now evaluate the action of V,,_» on the full kernel ®!'. Applying the result
(4.17), we observe that the second term vanishes on the other factors in (4.3) due to the

same reason that they either do not depend (in the case of d>ngk, ,k' # k) or depend (in the

case of @,{,) only on the sum of charges entering CD;fk. Therefore, one finds that, away
from discontinuities of generalized error functions and A(T), one has V,_, - %' = 0.

4.3. Discontinuities and the anomaly. Let us now turn to the discontinuities of @'

which we ignored so far and which spoil Vignéras’ equation and hence modularity of
the theta series. There are three potential sources of such discontinuities:

1. walls of marginal stability—at these loci <I>nf1 are discontinuous due to exchange of
integration contours and @fk jump due to factors Af,’zg vrw) assigned to the root
vertices of attractor flow trees; B

2. ‘fake walls’—these are loci in the moduli space where Im [ Zy, ,, Zyy.,, (z;(v))] =0,
and hence the corresponding A-factor jumps, where v is not a root vertex—they
correspond to walls of marginal stability for the intermediate bound states appearing
in the attractor flow;

3. moduli independent loci where (v, x) = 0—at these loci the factors A;’Z((’;)) YR and

hence CD;fk are discontinuous due to the second term in (2.4).

Remarkably, the two effects due to the non-trivial charge and moduli dependence of
the DT invariants and the exchange of contours cancel each other and the function G turns
out to be smooth at loci of the first type. This is expected because the whole construction
of D-instantons has been designed to make the resulting metric on the moduli space
smooth across these loci, which required the cancellation of these discontinuities [40,41].
Moreover, in [42] it was proven that the contact potential is also smooth, which indicates
that the function G must be smooth as well. In appendix C we present an explicit proof
of this fact based on the representation in terms of trees.
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Furthermore, in [23] it was shown that the discontinuities across ‘fake walls’ cancel in
the sum over flow trees as well. In fact, this cancellation is explicit in the representation
of the partial tree index given by the recursive formula (2.16) where the signs responsible
for such ‘fake discontinuities’ do not arise at all. As a result, it remains to consider only
the discontinuities of the third type corresponding to the moduli independent loci.

It is straightforward to check that already for n = 2 these discontinuities are indeed
present and do spoil modularity of the theta series. For small n one can explicitly evaluate
the anomaly in Vignéras’ equation. It is given by a series of terms proportional to
8(vy, x). Note that no derivatives of delta functions or products of two delta functions
arise despite the presence of the second derivative in Vignéras’ operator. This is because
each sgn(v,, x) from A(T) is multiplied by (v,, x) from «(7") in (2.3) and one gets a
non-vanishing result only if the second order derivative operator acts on both factors. In
partic;lar, this implies that the anomaly is completely characterized by the action of V
on ®,.

5. Modular Completion

Since the theta series ©p g (@}ft) are not modular for n > 2, the analysis of the previous
section implies that the generating function %, ;, of the MSW invariants is not modular
either whenever the divisor D = p%y, is the sum of n > 2 irreducible divisors. However,
its modular anomaly has a definite structure. In particular, in [14] it was shown that for
n = 2, hp, must be a vector-valued mixed mock modular form, i.e. it has a non-
holomorphic completion il\p’ « constructed in a specific way from a set of holomorphic
modular forms and their Eichler integrals [13,35]. In this section we generalize this
result for arbitrary n, i.e. for any degree of reducibility of the divisor.

5.1. Completion of the generating function. Let us recall the notations y = (p%, q,)
and Q, from (2.32), and decompose the electric component g, using spectral flow as in
(2.26). Then we define

Bpu(@ =hpu(@+Y > Ry}, w) "D [k, (). 5.1)

n=2 Y vi=y i=1

We are looking for non-holomorphic functions R,, exponentially suppressed for large
72, such that i, , transforms as a modular form. The condition for this to be true can be
found along the same lines as before: one needs to rewrite the expansion of the function
G as a series in /1, ,, and require that at each order the coefficient is given by a modular
covariant theta series. For such a theta series decomposition to be possible however, it is
important that 2, ,, be invariant under the spectral flow, which implies that the functions
R, be independent of the spectral flow parameter € in the decomposition (2.26) of the
total charge .22 This condition will be an important consistency requirement on our
construction.

Rather than inverting (5.1) and substituting the result into (4.2), we can consider the
generating function of DT invariants h?TM and, as a first step, rewrite it as a series in

o~

hp, .. Denoting the coefficient of such expansion by g, ({y;}, z%) (with g1 = 1), we get

22 As aresult, this parameter can be fixed to zero so that the sum over the D2-brane charges ¢; , is restricted
to those which satisfy the constraint Y | g; o = pta + %Ka},cpbpc.
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R3(v1+2+43 74, Y5+6+7+8)

Ra(v1, v2+3) Ra(vs,76,77,78)

5% YT 8

72 73

Fig. 4. Anexample of Schroder tree contributing to Wg. Near each vertex we showed the corresponding factor
using the shorthand notation y;+; = y; +v;

n
W= Y @)t ) e @D [Tk, 0. (5.2)
S i i=I

Comparmg w1th (2.31), we see that the coefficients g, are a direct analogue of the tree
index gtr,n 3 The expansion of G in terms of n p.u 18 then simply obtained by replacing
8tr.n bY gn in (4.9), which affects the kernel of the corresponding theta series. Our first
problem is to express these coefficients in terms of the functions R,,.

The result can be nicely formulated using so-called Schroder trees, which are rooted
ordered trees such that all vertices (except the leaves) have at least 2 children (see Fig. 4).
Their vertices are decorated by charges in such way that the leaves have charges y;,
whereas the charges at other vertices are defined by the inductiverule yy = 3 /ccng) 7
where Ch(v) is the set of children of vertex v. Note that these trees should not be confused
with flow trees, since they are not restricted to be binary nor do they carry moduli at the
vertices. We denote the set of Schroder trees’* with n leaves by T?.

Let us also introduce a convenient notation: for any set of functions f;, ({;}) depend-
ing on n charges and a given Schroder tree T, we set f, = f, ({72}) where v' € Ch(v)
and k, is their number. Using these notations, the expression of g, in terms of R, can be
encoded into a recursive equation provided by the following proposition, whose proof
we relegate to appendix F:

Proposition 1. The coefficients’g, are determined recursively by the following equation

n—1
gn<{yl,cl})———8ym ZAZ o KR Be ({7, ¢ V) Bame (7, ¢ N o)

+Wa({7i]), (5.3)

where J/f = Zle Vi J/,g =371 Vi yLR (yL, yR) c ) are the stability parame-
ters at the point where the attractor flow crosses the wall for the decay y — yf + yf;
(cf. (2.14)), and W,, are functions given by the sum over Schrider trees

23 In fact, they also depend on z% only through the stability parameters (2.6), so we shall often denote them
by gn({Vi, ci}: 2).

24 The number of Schroder trees with n leaves is the n — 1-th super-Catalan number, |’]1“§| =
{1,1,3,11,45,197,903, ...} for n > 1 (sequence A001003 on the Online Encyclopedia of Integer Se-
quences).
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Wa(l7ih) = Sym § > (=" [] Ru g, (5.4)

TeT$ veVr

with nt being the number of vertices of the tree T (excluding the leaves). The same
functions W, also provide the inverse formula to (5.1), namely

hpu (@) =hpu(@+Y " > Wupih) "D [Ty (). (5.9

n=23"_ y=y i=1

What are the conditions on g, for the corresponding theta series to be modular? Let
us denote by ®; the kernel defined by g, analogously to (4.9), namely
oy (V21)" !
n

DL (x) = . Bl (5.6)
i=1%VY

Then the above analysis implies that the modularity requires ®, to satisfy Vignéras
equation away from walls of marginal stability, whereas at these walls its discontinuities
should follow the same pattern as before in order to cancel the discontinuities from the
contour exchange in <I>,{1. Thus, the completion should smoothen out the discontinu-
ities from the moduli independent signs sgn(v,, x), but otlgerwise leave the action of
Vignéras’ operator unchanged. Formally, this means that ®,; must satisfy the following
equation

n—1
Vior - @F = Sym " [uf AF 8 ue - %)+ 20 9 A% S - )|,
=1

_~ 1 -~ -~
Aﬁ’l =5 (ve, x) DS F (5.7

n—0°

where we introduced two sets of vectors constructed from the vectors (4.10),

4 n 4
=Y Yy w=Y Y

i=1 j=(+1 i=1 j=t+1
(5.8)

Note that (vy, x) and (u¢, x) correspond to the quantities —I",;y and — Sy (2.13), respec-
tively.
To solve the above constraints, let us consider the following iterative ansatz

i) =P e

m
—Sym § Y &) [[&nGiciss 0 ¢ (59
k=1

ny+Anm=n
ng=1, m<n

where the notations for indices and primed variables are the same as in (2.17). This ansatz

is motivated by analogy with the iterative equation for the (partial) tree index (2.16). It

involves two functions to be determined below, g,(,o) and &,. The former depend on the
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moduli through the variables c; (2.6), whereas the latter are moduli independent. We set

g{o) = &1 = 1 and also assume that g,(,o) have discontinuities only at walls of marginal

stability, i.e. at ) ;.7 ¢; = 0 for various subsets Z of indices.

The unknown functions g,(lo) and &, together with the functions R, defining the

completion, or their combinations (5.4), are fixed by the conditions (5.3) and (5.7). In
appendix F we prove the following result:

Proposition 2. Let us split &, = 5,(,0) + S,(,+) into €,§+), which is the part exponentially
decreasing for large 1o, and the non-decreasing remainder E,(,O) . Then the ansatz (5.9)
satisfies the recursive equation (5.7) provided

1. the functions g,go) are subject to a similar recursive relation

1 n—1 5 5
7 Sym 43 (sen(S0) —sen(T0)) k(M) g (71, ¢V & (51, c}‘)}?_“l)}
=1

= ¢, e =P, Buih)s (5.10)

where Sk, Bre, Tre and ¢\ were defined in (2.13), (2.15);
2. the non-decreasing part of &, is fixed in terms of g,go) {7, ci}) as

EQ (D = g, Bui ) (5.11)

3. its decreasing part is given by

EVWD ==Sym{ Y WalyD [[En@iists - V0 ¢+ (5:12)

ny+etnm=n k=1

np=1, m>1
Furthermore, provided the functions £, depend on electric charges q; , only through the
DSZ products y;j and their kernels q>ng (x) defined as in (4.9) are smooth solutions of
Vignéras’ equation,

Vi1 -®F =0, (5.13)
then the ansatz (5.9) also satisfies the modularity constraint (5.7).

This proposition allows in principle to fix all unknown functions. Indeed, the recursive

relation (5.10) determines all g,(,o). Then equations (5.11) and (5.12) give the two parts
of &, = 8,50) + S,EJ') in terms of g,(,o) and W,,. At this point the latter are still undetermined

and are defined in terms of the unknown functions R,. The additional constraint that
&, should satisfy Vignéras’ equation links together S,EO) and 5,5+) and thus establishes a
relation between W, and g,ﬁo). Lastly, inverting (5.4) generates a solution for Rj,.

We end this discussion by making an observation which will become relevant in the
next subsection: by comparing (5.2) and (2.31), it is clear that g, must agree with the
tree index gy , in the limit 7, — oo. In particular, gy , satisfies a similar ansatz as (5.9),
upon replacing &, by its non-decaying part:

gon(Vi i) =gl eh —Sym 3 > gun@aD [[EY ¢ (5.14)
k=1

ny+-+nm=n
np=1, m<n
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It follows that the function g,(lo) should be independent of 15, or at least that any such
dependence should cancel in the recursion (5.14).

5.2. Generalized error functions and the completion. From the previous discussion, the
first step in the construction of the modular completion is to provide an explicit expres-

sion for g,(,o). Once such an expression is known, all other functions can be determined
algebraically. The problem, however, is that the solution of the recursive relation (5.10) is

not unique. On the other hand, g,(,o) determines the non-decaying part E,(,O) of &,, which is
strongly constrained by the fact that £, must satisfy Vignéras’ equation. This restriction
turns out to be strong enough to remove the redundancy in the solution of (5.10), but it
shows that we have to solve simultaneously two problems: satisfy the recursive relation
(5.10) and ensure that it can be promoted to a solution of Vignéras’ equation. We will
do this by first constructing a solution of Vignéras’ equation with the asymptotic part
possessing the properties expected from g,(,o), and then proving that it does satisfy the
recursive relation.

A hint towards a solution of these two problems can be found by examining the form

of the kernel dD,{ (4.12). The point is that both ® ,{ and g,(LO) have discontinuities at walls of
marginal stability which, as we know, must cancel each other. Furthermore, they should
recombine into a smooth solution of Vignéras’ equation. Thus, CID,{ is expected to encode

at least part of the completion of g,(lo). In addition, as explained in appendix D.2, the

function 52{ 1» from which <I>,{ is constructed, appears as the term with fastest decay
in the expansion similar to (D.15) of the function 55_1 defined in (D.17) with the
arguments V = {u,}, V= {vs(e)t(e)}> which is a smooth solution of Vignéras’ equation.
This motivates us to consider the following function®

(_1)Zi<j Yij
(V2r)"!

where CTD;O) (x) denotes the large x limit of the function

Go({7i,ci}; 1) = 3O (x), (5.15)

~ 1 ~

) = o D By (lwe (oo} x). (5.16)
TeTt

Our first goal will be to evaluate this limit explicitly.

To express the result, we need to introduce two new types of trees, beyond those
already encountered. First, we denote by Tfl’ . the set of marked unrooted labelled trees
with n vertices and m marks assigned to vertices (see Fig. 5). Letmy € {0, ...m} be the
number of marks carried by the vertex v, so that Zn my = m. Furthermore, the vertices

are decorated by charges from the set {y1, ..., Yn+2m} such that a vertex v with m,
marks carries 1 +2my charges yy 5,5 = 1,..., 1 +2my and we set y, = Zslflm" Yo.s-

Second, we define TS?) to be the set of (unordered, full) rooted ternary trees with n leaves
decorated by charges y; and other vertices carrying charges defined by the inductive rule
Yo = Vdi(v) + Vds(v) + Vd3(v) Where d,-(v) are the three children of vertex v (see Fig. 6).
As usual, V7 denotes the set of vertices, with cardinality | V7| = %(n — 1) (not counting
the leaves).

25 Note that the sign factor (—l)z"</' Yij is equal to the ratio of quadratic refinements appearing in (4.9).
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2 0
(71,72, 73574, 75) 0 1 (; !
0 T G~
76 (135 V14, 715)

Fig. 5. An example of marked unrooted tree belonging to rJI“7Z 4 Where near each vertex we showed in red an
integer counting marks

Vo

Yds(vo) = Y7 1+ 78 + Y9

Y6

71 T8 9
Y3 Y4 5

Fig. 6. An example of rooted ternary tree belonging to T‘(;)

In terms of these notations, we then have the following result proven, in appendix F:
Proposition 3. The function (5.15) is given by
[(n—1)/2]

v i< vij (="
Goli.ci}im) = S == Z 7r—— Z l_[ Py ({Po.s))
m=0 ? TeTfl—Zm.m bevr
< [T vsenee sen(Se), (5.17)

ecET
where, for each edge e joining the subtrees 1T} and T},
Se= Y =y Y Im[z,Z,] (5.18)
iEV«Z—és' iEVrZ—éY jEVTe}

and Py, is the weight corresponding to the marks, given by

1
Pupsh= > = [ awpowpsw). (5.19)

Here T is the tree factorial
T! = ]—[ ny(T), (5.20)
veVr

where ny(T), as in Theorem 1, denotes the number of vertices (excluding the leaves) of
the subtree of T rooted at v.
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Fig. 7. Three unrooted trees constructed from the same three subtrees

To demystify the origin of these structures, note that the sum over m in (5.17) arises
because of the contributions coming from the mutual action of covariant derivative
operators D(vg(e)s(e)) (D.16) in the definition of the function @ffl (D.17). Such ac-
tion is non-vanishing for any pair of intersecting edges (e, e2) and is proportional to
(Pv, Pv, Posy) Where 01, v, b3 are the three vertices belonging to the edges. While in
appendix E it is shown that such contributions cancel in the sum over trees defining db,{
(4.12), this is not so for 55,0) (x): instead of the identity (E.5), one has to apply the sign
identity (F.20) which produces a constant term. As a result, instead of the standard sign
factors assigned to (ej, e2), one finds the weight factor (py, pv, Pv;). Furthermore, the
sum over trees ensures that all other factors except for this weight depend on the charges
Yo1> Vs, Yoy only through their sum. One can keep track of such contributions by col-
lapsing the corresponding pairs of edges on the tree and marking the remaining vertices
with weights m . Essentially, the only non-trivial point is to understand the form of the
weight factor P, for m > 1. In this case more than one pair of joint edges collapse. The
representation (5.19) in terms of rooted ternary trees is obtained by collapsing m pairs
of edges successively, where the coefficient 1/ T'! takes into account that such procedure
leads to an overcounting of different assignments of labels.

Unfortunately, the function (5.17) cannot yet be taken as an ansatz for g,(lo) because it
depends non-trivially on the modulus 77, which is in tension with the observation made
at the end of the previous subsection. Therefore, we shall modify the function (5.16)
into a function which is still a smooth solution of Vignéras’ equation, but whose large
x limit is independent of 7,. Taking cue from the structure of (5.17), we define?®

N | le=br
(D"g(x) = 2n—1n| Z Z 1_[ Dmu ({);n,s})
. m=0 Te Tf:*Z)n.m UGVT
x®E 5 (e}, o) %), (5.21)
where
Du((mD= Y., ar [] Poserw). (5.22)
T'e Tgm#—l eEET,

The coefficients a7 are rational numbers which depend (up to a sign determined by the
orientation of edges) only on the topology of the tree. We fix them by requiring that they
satisfy the following system of equations

26 The term m = 0 in (5.21) reduces to the original function (5.16), while the terms with m > 0 are the
afore-mentioned modification.
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1 ( . ) 1 /1 i 1 8
a - —= a a = —_ —_ —_ —
by T 7 T1(v1) T1(v1) 7\5 3 105

T Ti(v1) T1(v2)

Fig. 8. An example of calculation of the coefficient a7 for a tree with 7 vertices. We indicated in red the only
vertices which produce non-vanishing contributions to the sum over vertices. For other vertices at least one of
the trees 7 (v) has even number of vertices and hence vanishing coefficient

aj +aj —aj = araT,aT;, (5.23)
where 7, (r = 1,2, 3) are arbitrary unrooted trees with marked vertex v, and ’f} are
the three trees constructed from 7, as shown in Fig. 7.7 This system of equations is
imposed in order to ensure certain properties of the operators (5.22) which are crucial for
the cancellation of 7o-dependent terms in the asymptotics of ) f (see (F.29)). Itis readily
seen that the system (5.23) fixes all coefficients a7 recursively starting from a, = 1,
dee = 0 and going to trees with n > 3 vertices. (Starting from n = 7, the system (5.23)
is overdetermined, but it can be checked that it does have a unique solution, witha7 = 0
for trees with even number of vertices.) For a generic tree, in appendix F we prove the
following

Proposition 4. For a tree T with n vertices the coefficient aT is given recursively by

1 a
ar = Y e ]—[1%(0), (5.24)

veVr s=

where ny is the valency of the vertex v, 7;(0) are the trees obtained from T by removing

this vertex, and €y is the sign determined by the choice of orientation of edges, €, =
+ . . . . .

(—1)" with n}, being the number of incoming edges at the vertex. (See Fig. 8 for an

example.)

Let us now return to the function (5.21), which is now fully specified given the
prescription (5.24) for the coefficients a7 . Similarly to (5.16) (which coincides with the
m = 0 contribution in (5.21)), it is a solution of Vignéras’ equation for A =n — 1. We
claim that in the large x asymptotics of this function, all 7,-dependent contributions,
coming from the mutual action of derivative operators D, cancel. More precisely, the
asymptotics is given by the following

27 For these equations, it is important to take into account the orientation of the edges: a change of orientation
of an edge flips the sign of a7 . The equations (5.23) are written assuming the orientation shown in Fig. 7,
namely ey = (b2, 03), e2 = (b1, b3), €3 = (b1, b2).
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Proposition 5.

1 [(n—1)/2]
L FE oy .
LLHOES = =D DD DI || RN ()
m=0 Te Tﬁ*Zm.m vevr
< [T @sycer» x) senae, x), (5.25)
ecET
where
Vash =Y ar [] Gserw ». (5.26)
TETgmH ecEr

Importantly the function (5.25) is locally a homogeneous polynomial of degree n —
1. Therefore, when written in terms of charges, the tp-dependence factorizes and is
cancelled after the same rescaling as in (5.15). This naturally leads us to the following

ansatz for the function g’(10)’ which we prove in appendix F:

Proposition 6. The function

0) /¢ (_l)n_1+2i<_j)’ij [(n—1)/2] ] v
o' Wnah =—F=—— 2 2 || VmWesh

m=0 TETifzmmUEVT
X H Vs(eyt(e) SEN(Se), (5.27)
ecET
where
Vapsh =Y ar [] v (5.28)
T/GTK L’EET/

2m+1
satisfies the recursive equation (5.10).

Note that the same recursive equation (5.10) is also obeyed by the contribution of un-
marked trees (i.e. m = 0) to g,ﬁo), which we denote by g, (see (F.34)). However, the
latter cannot be obtained as the large x limit of a solution of Vignéras’ equation, which
is why we have to consider the more complicated function (5.27).

Given the result for g,(,O) and the relation (5.11), one obtains an explicit expression

for the non-decreasing part of &,,

(_1)2i</1’ij [(n—1)/2] -
YW =" 2 2 ] Vs

= ¢
m=0 TETnfzm,m veVr

< [ ¥seree senTe). (5.29)

ecET

where

Te= > > vy (5.30)

iGVTj JEV
g e
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From Proposition 2 we know that the kernel CI>,15 corresponding to the full function &,
must satisfy Vignéras’ equation and have the asymptotics captured by (5.29). But we
already know a solution of Vignéras’ equation with a very similar asymptotics, namely
the function (5.21), whose asymptotics differs only in the fact that the vectors v, are
replaced by u,. Since this replacement does not affect the proof of Vignéras’ equation,
we immediately arrive at the following result:

(_1)2,'<_,- Vij

&
T o) (5.31)

gn({];i}; TZ) =

where

[(n=1)/2]

of(x) = 2n+ln' > > | T Paosh

m=0 7T¢ sz—Zm ” veVr
x®E (v}, (Vsenio); X)- (5.32)

In words, the function &, is a sum over marked unrooted labelled trees of solutions
of Vignéras equation with A = n — 1, obtained from the standard generalized error

functions @ffz m—1 Dy acting with n — 1 raising operators.

5.3. The structure of the completion. After substituting into the iterative ansatz (5.9),
the two results (5.27) and (5.32) completely specify the coefficients of the expansion
(5.2) of the generating function of DT invariants in terms of 4 ;. The result of the
iteration can in fact be written explicitly as a sum over Schroder trees. Adopting the
same notations as in Proposition 1, one has

Proposition 7. The function g,({y;, ¢;}) is given by the sum over Schréder trees with n
leaves,

Z=sym i Y o (f0-8) [ &f. (5.33)

TeTS veVr\{vo}
where vy is the root of the tree.

We conclude that the properties of g,(,o) and &, ensure that the theta series appearing
in the corresponding decomposition of G is modular so that the modularity of G requires
the function %, , to be a vector valued (non-holomorphic) modular form of weight
(—%bz — 1, 0). The functions R,, entering the non-holomorphic completion il\p,;u are
then given by the following proposition, whose proof can again be found in appendix F:

Proposition 8. Inverting the relations (5.4) and (5.12), one obtains*

Ry=Sym § Y (=Dl [ €9¢. (5.34)
TeT$ veVr\{vo}

28 In the proof of this proposition we obtain a similar formula (F.40) for the coefficients W,, appearing in
the inverse relation (5.5).
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It is important to check that the resulting functions R,, are invariant under the spectral
flow of the total charge. This is in fact a simple consequence of the fact that the functions
&y entering their definition depend on the electric charges only through the DSZ products
vij- As follows from (2.24), all such products are invariant under the spectral flow of the
total charge, hence R,, are invariant as well.

Since &, O are T2-independent, all non-holomorphic dependence of iz\,, 1« comes from
the factor 550 in the expressmn (5.34) for R,,. Expressing the holomorphic anomaly in
terms of the modular functions 7, i, » ONe obtains the following

Proposition 9. The holomorphic anomaly of the completion is given by

#hp (1) = Z Yo S ) e ON TRy, (1), (5.39)

n=2 3 vi=v i=1
where
i
Jn=58ym Y e, [ & (5.36)
TeT$ veVr\{vo}

Note that this result is consistent with the fact that 75 8;71\,,,  is amodular function of

weight (— %bz — 3, 0). Indeed, the sum over D2-brane charges forms a theta series for a
lattice of dimension (n — 1)b; (see footnote 22) and quadratic form —Q,, of signature
(n—1, (m — 1)(by — 1)). Furthermore, since

_ (_1)2,-<,- Yij
(V2!

and Vy_o> (x -9y — X)) = (x - 0y — (A — 2)) Vy, the function 7,7, is a solution of Vi-
gnéras’ equation with A = n—3. Thus, after multiplying Eq. (5.35) by 122, the theta series
generated by the sum over D2-brane charges is modular of weight ( % by+n—3,0).
Combining it with n factors of 71\1,1. _ui» One recovers the correct weight for 77 afﬁp‘ w

In appendix G we present explicit expressions for various elements of our construction
up to order n = 4. Based on these results, we conjecture a general formula for the kernel
@0 of the theta series appearing in the expansion of G in terms of I e

27205, Ep (x-0r —(n—1)dF(x) (5.37)

Conjecture 1. The instanton generating function has the theta series decomposition

o0 _n
Z : [HZ% pi. m:| ¢Sy u (B 0 —2), (5.38)

i=1 pi, i

where the kernels of the theta series are given by

B — o/ Sym Z(_l)nr—1<5§)_¢i) [T @ft 39

TeT} veVr\{vo}
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Note that this result automatically implies that the theta series ¥p, ”,(55[‘“, n— 2) is
modular, since its kernel is a solution of Vignéras’ equation.

We end the discussion of these results by observing that the formula (5.33) allows
to obtain a new representation of the tree index g ,. Indeed, as observed at the end of
Sect.5.1, g, agrees with g, in the limit 7o — oo, which amounts to replacing &, by

its non-decaying part 8,50) in (5.33). In fact, as shown in appendix F, all contributions
due to trees with non-zero number of marks in (5.27) and (5.29) cancel in the resulting
expression, leaving only the contributions coming from the terms with m = 0. Thus,
one arrives at the following representation:

Proposition 10. The tree index g, defined in (2.3) can be expressed as

e =Sym § Y =0 (g —&) T & (5.40)

TeTS veVr\{vo}

where gy is defined in (F.34) and £, = g ({yi, Bni})-

Note that this representation is more explicit than the one given in Sect. 2.2 since it does
not require taking the limit y — 1.

In fact, the mechanism by which contributions of marked trees cancel in the sum over
Schroder trees, explained in the proof of Proposition 10, is very general and applies just
as well to all the above equations (5.33)—(5.39). As a result, all of them remain valid if
we replace Cbg and @5 respectively, by ®, (5.16) and by its cousin with the vectors
{u,} replaced by {ve},

D, (x) = D 0F (e, (Vsenie)): X)- (5.41)

TeTt

2nl|

Correspondingly, g, O and 5,50) should then be replaced by their asymptotics at large 12,

given by G, ({¥, ¢i }) and G, ({¥i, Bui})- The proof that such replacement is possible is
completely analogous to the proof of Proposition 10, and we refrain from presenting it.
This shows that from the very beginning we could take the function G, as the ansatz
for g,(lo) since its t2-dependence cancels in the formula for the tree index. We could then
avoid most of complications of Sect. 5.2. However, we cannot avoid the introduction
of marked trees since they appear in the expression for G, (5.17) anyway. Moreover,
we prefer to stick to the definition (5.27) because of two reasons. Firstly, due to its
72-independence, g,go) might itself be interpretable as an index. Secondly, as we discuss
in the next subsection, it is related to other potentially interesting representations, which
might be at the basis of such interpretation.

5.4. Alternative representations. The construction presented above provides an explicit
expression for the completion h p,u and all other relevant quantities. Roughly, it can be
split into three levels:

1. sum over Schroder trees (5.34);
2. sum over marked unrooted labelled trees (5.32);
3. sum over unrooted labelled trees defining the weights associated to marks (5.22).
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The complication due to the appearance of marks and hence the last level arises due to
the non-orthogonality of the vectors vy (), (¢) appearing as arguments of the generalized
error functions uplifted to solutions of Vignéras’ equation for A = n — 1. However,
the two sums over unrooted trees are organized is such a way that all additional con-
tributions due to this non-orthogonality cancel. This suggests that there should exist a
simpler representation where the vectors appearing in the second argument of functions
55_1 (V, V; x) are mutually orthogonal from the very beginning. Below we present some
results showing that such a representation does exist at least for low values of n. We then
move on to present yet another representation of the functions g,(f)) which is significantly
simpler than (5.27), although its equivalence with the latter remains conjectural.

5.4.1. Simplified representation via flow trees We have shown, analytically for n =
2,3,4 (see appendix G) and numerically for n = 5, that the function (5.27) can be
rewritten as

5 dn n—1
g (7 cih = Sym 1 =25 3w [[sens0r (n<5), (542)
TelP, k=1

where «(T) is the factor defined in (2.7), whereas d,, and IP,, C ’]I’f;f are numerical
coefficients and subsets of flow trees with n leaves, respectively, which can be chosen
as follows:

1 1 1 1
di=1, d== dy = - d4=E, dszﬁ’
Pr={D}, P2={12)}, P3={((12)3), (1(23))},

P4 = {((1(23))4), ((12)(34)), (1((23)4)},
Ps = {(((B1H4)2)5), (((12)(34))5), ((1((23)4))5), (((12)3)(45)),
((12)(3(45))), (1((2(34))5)), (1((23)(45))), (1(4(2(53))N},
where we labelled ordered flow trees using 2-bracketings as explained in footnote 7.
Unfortunately, the simple ansatz (5.42) fails beyond the fifth order. For instance,
numerical experiments indicate that for n = 6, one should include an additional term

given by a product of n — 3 = 3 sign functions. This suggests the following more general
ansatz:

(5.43)

Conjecture 2. The function (5.27) can be rewritten as

m—1
e ah)=Sym{ > Puw[]sen(si ¢ (5.44)
e =l

where as in (2.17) jp = ny +--- +ny and Py, are polynomials in k (y;;) homogeneous
of degree n — 1 which can be represented as sums over subsets P, n, of flow trees with
n leaves

1
Pom = 305 > dr(T) (5.45)
TeP, m

with some numerical coefficients dr.
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In fact, such a representation (if it exists) is highly ambiguous since there are many
linear relations between polynomials « (7') induced by the identity

Y12V1+2,3 + V23V243,1 + V311432 = 0, (5.46)

and even more relations after multiplication by sign functions and symmetrization. Eq.
(5.42) suggests that there should exist a choice of subsets P, , which leads to simple
values of the coefficients d7. However, we do not know of a procedure which would
allow to determine it systematically beyond n = 5.

The main advantage of the representation (5.44) is that the factors « (7') multiply-
ing the products of sign functions are proportional to [, cvy (Vu, x) where the vectors
v, defined in (4.14) are all mutually orthogonal. This property allows to immediately
promote the kernel corresponding to the function (5.44), or to its value at the attractor
point

m—1
EON =W, Bu) = Sym { > Py [[sen@uj) {. (5:47)

ny+-4nm=n k=1
ng>1, ng—odd

to a solution of Vignéras’ equation, without going through the complicated construction
of Sect. 5.2. Indeed, both such kernels are linear combinations of terms, labelled by flow
trees, of the type (D.18) where the vectors v; coincide with the vectors v, for a given
flow tree. Due to their mutual orthogonality, the solutions of Vignéras’ equation with
A = n — 1 with such asymptotics are given by

1 ~
ofx)=—Sym 4§ > > dr®h o, (v Bhx) gy, (548

2n-1
np+etnm=n TeP, .
ng=l, ng—odd ’

and similarly for E)ng with exchange of v, by uj,. The vectors v, u; defined in (5.8)
can be seen as vectors v, u, for the unrooted tree of trivial topology e—e—---—e—e.
Thus, instead of a sum over marked unrooted trees with factors themselves given by
another sum over unrooted trees as in (5.32), we arrive at a representation involving
only a sum over a suitable subset of flow trees and a single unrooted tree.? It becomes
particularly simple in the case n < 5 where, as follows from (5.42), one can drop the
sum over partitions, take m = n and equate all coefficients dr to d,,.

5.4.2. Refinement Finally, there is yet an alternative way of obtaining the functions g,(,o),

which also sheds light on the origin of the representation (5.44). This representation is
inspired by the solution for the tree index presented in Sect. 2.2. As in that case, the idea
is to introduce a refinement parameter y, perform manipulations keeping y # 1 and take
the limit y — 1 in the end.

Let us therefore introduce a ‘refined’ analogue of g,(,o), which we call g,(fef) and which
satisfies the refined version of the recursive relation (5.10) where the k-factor is replaced

29 Of course, the function (5.48) must be equal to (5.32), which is guaranteed by the fact that they are
solutions of Vignéras’ equation with the same asymptotics.
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by its y-dependent version (2.8). This refined equation can be solved by the following
ansatz (cf. (2.11))

( 1)”7]+Zi<jyij
(y —y=hHr=t
(ref)

g (i) y) = sym { FD (7, e y=i<i7i L. (5.49)

Indeed, it is easy to see that g,
F(ret)
n

satisfies (5.10) with the y-dependent x -factor provided
satisfies the recursive relation

1 n—1 5
5 2 (sen(S) = senTu) £ (7. Yo B (0 eV 550
(=1 .

= ED (i, i) = FS V{7, Bui)-

This equation is simpler than (5.10) in that it is y-independent and does not involve
any «-factors. Furthermore, we already know one solution —the functions F,EO) (2.18)
which can be shown to satisfy (5.50) with help of the sign identity (F.37). However, this
solution is not yet suitable because, starting from n = 3, its substitution into the r.h.s. of
(5.49) does not produce a Laurent polynomial in y, but rather a rational function with a
poleaty — 1.

The solution can be promoted to a Laurent polynomial by noting that the recursive
equation (5.50) determines F, n(mf) in terms of F, k(ref) ,k < nonly up to an additive constant

b,,. Thus, at each order one can adjust this constant so that to ensure that g,gref) given by
(5.49) is regular at y = 1. Then we arrive at the following solution

1
S (ChES =D ]"[bnk H sen(Sj,), (5.51)
nptetnm=n f—1
np=1

where as usual ji = nj+- - -+ng. Remarkably, this solution depends only on the stability
parameters c;, despite the fact that the recursion (5.50) also involves the DSZ products
vij. It satisfies this recursion for arbitrary coefficients b,, as can be easily checked by
extracting contributions with the same sets of {n;} and applying the sign identity (F.37).
Moreover, for arbitrary values of these coefficients, the numerator of (5.49) evaluated at
y = 1 turns out’® to be a constant, independent of the ¢;’s. The coefficients b,, are then
fixed uniquely by requiring that this constant vanishes, namely

Sym F{*)({¢;})) = 0. (5.52)
Choosing one particular configuration of the moduli, say ¢; > O fori = 1,...,n — 1
and ¢;, = — Z,’-’;ll ¢; < 0, one finds numerically that all coefficients b, with n even

vanish,3! while those with n odd are given by

30 After this work was first released, Don Zagier communicated to us a proof of this assertion, and of the
conjecture (5.54) below, based on the more elementary observation that Sym F,ﬁO)({ci}) = 21""/n for n
even, or 0 for n odd, irrespective of the value of the ¢;’s, where F,SO) ({c;}) is defined in (2.18).

31 This follows from the fact that under the permutation ¢; + ¢, ;4] one has S; — —S,,_; and therefore

F,fret) flips sign. The deeper reason for this is that the terms which are products of even and odd number of
signs cannot mix. In contrast, sign identities such as (D.12) can decrease the number of signs in a product by

even number. Thus, a constant can appear in F,Sref) only for n odd. The same fact ensures the vanishing of the
coefficients a7 in (5.22) for trees with even number of vertices.
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bt o b, 216 1R
=0 8773 B705 7T 3150 T ag35 M T T 155925°

(5.53)

We observe that these coefficients coincide with the first coefficients in the Taylor series
of tanhx = x — %x3 + %xs + ---. We therefore conjecture that this identification
continues to hold in general, so that b, is expressed in terms of the Bernoulli number
B, 41 through

2"2" - 1)

b1 = ——— B,. (5.54)
n!

Using the iterative equation (5.10), the constraint (5.52) and proceeding by induction,

it is easy to see that g, 1)) defined by (5.49) and its first n — 2 derivatives with respect to

(ref) .

y vanish at y = 1. This ensures that g, is smooth and its limit y — 1 is well-defined.

Conjecture 3. The function g™, defined by (5.49), (5.51) and (5.54), reproduces the
function g(o) (5.27) in the unrefined limit,

lim 85D (7, ei), v) = &0 Ui, e (5.55)

We have checked this conjecture numerically up to n = 6 evaluating the limit y — 1

using I’Hopital’s rule. Unfortunately, the new representation of g,(,O) obtained in this way
is not helpful for the purposes of this work because it does not lead to any new represen-
tation for the completion. Nevertheless, the comparison of (5.51) and (5.44) shows that
the sum over partitions and the simple form of products of sign functions characterizing
the representation discussed in the previous subsection find their origin in the formula

for F,Eref) . Furthermore, this construction strongly suggests that the refinement may be
compatible with S-duality, and that a suitably defined generating function of refined DT
invariants may also possess interesting modular properties, which can even be simpler
than those of the usual DT invariants.

6. Discussion

In this paper we studied the modular properties of the generating function £ , (t) of
MSW invariants encoding BPS degeneracies of D4—-D2-D0 black holes in Type ITA
string theory on a Calabi—Yau threefold, with fixed D4-charge p“, D2-brane charge (up
to spectral flow) u, and invariant DO-brane charge g (defined in (2.27)) conjugate to the
modular parameter t. These properties follow from demanding that the vector multiplet
moduli space in D = 3 (or the hypermultiplet moduli space in the dual type IIB picture)
admits an isometric action of SL(2, Z). Our main result is an explicit formula for the
non-holomorphic modular completion h p.u (5.1), where the functions R, ({y;}, 72) are

given by Eq. (5.34), with &, = 850) + 5,§+) specified by (5.29) and (5.32). This result
applies for D4-branes wrapping a general effective divisor which may be the sum of an
arbitrary number n of irreducible divisors.

The existence of such completion was not guaranteed. We arrived at this result by
cancelling the modular anomaly of an indefinite theta series of signature (n, nb, (%)) —n)
with a complicated kernel (4.3). In particular, Vignéras’ equation encoding this anomaly
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involves Kdhler moduli in a non-trivial way through the walls of marginal stability,
whereas the functions R,, in our ansatz (5.1) can only depend (non-holomorphically) on
the modular parameter t and on the charges y;. Note also that the transformation (3.21)
of the contact potential, which was the starting point of our analysis, is only a necessary
condition for the existence of an isometric action of SL(2, Z) on M g. To demonstrate
that this condition is sufficient, one would have to construct suitable complex Darboux
coordinates on the twistor space such that, after expressing them in terms of the completed
generating function £, found in this paper, SL(2, Z) acts on these coordinates by a
complex contact transformation. Such coordinates were constructed at the two-instanton
level in [26], and it is an interesting challenge to extend this construction to arbitrary n.

The structure of the completion suggests that, for a divisor decomposable into a
sum of n effective divisors, the holomorphic generating function /4, ,, is a mixed vector
valued mock modular form of higher depth, equal to n — 1. Such objects have recently
appeared in various mathematical and physical contexts [36,44,69-71] and correspond
to holomorphic functions whose completion is constructed from period (or Eichler)
integrals of mock modular forms of smaller depth (with depth 0 mock modular forms
being synonymous with ordinary modular forms). For instance, in the case of standard
mock modular forms of depth one, the completion is given by an Eichler integral of a
modular function [27]. In our case this structure follows from the fact that the completion
h p.u is built from the generalized error functions which have a representation in terms
of iterated period integrals [28,44]. In order to make manifest the mixed mock modular
nature of 4, ,, one should represent the antiholomorphic derivative of its completion
ﬁp, > computed in (5.35), as a sum of products of completions of mixed mock modular
forms of lower depth and anti-holomorphic modular forms. This is a non-trivial task
which involves the technique of lattice factorization for indefinite theta series, which we
leave for future research.

An important caveat in our construction is that we did not establish the convergence of
the various generating functions and indefinite theta series. Technically, we constructed
a theta series ©p, , (P!, n — 2) whose kernel satisfies Vignéras’ equation (D.3), but we
did not demonstrate that it decays as required by Vignéras’ criterium. (For n = 2 this is
easy to show [14] since the kernel is a product of an exponentially suppressed factor and
a difference of two error functions defined by two positive vectors.) In fact, convergence
issues already arise when expressing the generating function of DT invariants in terms
of MSW invariants in (2.31), and are related to the problem of convergence of the BPS
black hole partition function. The latter was proven to converge in the large volume limit
for the case involving up to n < 3 centers in [55]. We hope that the results for the tree
index obtained in [23] will allow to extend this result to arbitrary n.

We note that many of the complications in our construction originate from the occur-
rence of polynomial factors in the kernel of theta series, which in turn can be traced to
the factors of DSZ products y;; in the wall-crossing formula. Presumably, most of these
complications would disappear if one could find a generalization of the contact potential
involving the refined DT invariants, so that all these prefactors can be traded for explicit
powers of the fugacity y, as in Sect. 5.4.2. It is possible that twistorial topological strings
[72] may provide the appropriate framework for finding such a refinement, at least in
the context of string vacua on non-compact Calabi—Yau threefolds.

On the physics side, we expect that our results will have important implications for
the physics of BPS black holes. Indeed, the mock modular property of the generating
function h, ,, will affect the growth of its Fourier coefficients [73], and should be taken
into account when performing precision tests of the microscopic origin of the Bekenstein-
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Hawking entropy. A natural question is to understand the origin of the non-holomorphic
correction terms R,, in terms of the quantum mechanics of n-centered black holes
[42,74]. Another outstanding question is to understand the physical significance of the
instanton generating function G defined in (3.22). Its modular properties are exactly
those expected from the elliptic genus of a superconformal field theory, except for the
fact that it is not holomorphic in 7. It is natural to expect that this non-holomorphy can
be traced to the existence of a continuum of states with a non-trivial spectral asymmetry
between bosons and fermions [75]. It would be very interesting to understand the origin
of this continuum in terms of the worldvolume theory of an M5-brane wrapped on a
reducible divisor. Moreover, for special N' = 2 theories in D = 4 obtained by circle
compactification of an ' = 1 theory in D = 5, G is closely related to the index
considered in [42]. It would be interesting to understand the physical origin of its modular
invariance in this context.

Finally, we expect that the structure found in the context of generalized DT-invariants
on Calabi—Yau threefolds will also arise in the study of other types of BPS invariants
where higher depth mock modular forms are expected to occur, such as Vafa-Witten
invariants and Donaldson invariants of four-folds with b; = 1 [28,69]. In particular, it
would be interesting to determine the modular completion of the generating function of
Vafa—Witten invariants on the complex projective plane computed for all ranks in [76],
generalizing the rank 3 case studied in [69], and compare with the completion found in
the present paper.
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A Proof of the Theorem

In this appendix we prove Theorem 1 presented in the Introduction. The crucial ingredient
is provided by the following Lemma>>

Lemma 1. The number of ways of labelling the vertices of a rooted ordered tree T with
increasing labels is given by

1
Nr=nr! [] T (A.1)

veVr

where nt is the number of vertices of the tree T.

Proof. First, let us find a recursive relation between the numbers Nr. Namely, consider
a vertex v and the set of its children Ch(v). Denote by T, the tree rooted at v and with
leaves coinciding with leaves of T, for which one has ny, = n,. Then it is clear that

32 We were informed that this lemma appears as an exercise in [77, p. 70].
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(Zv’eCh(v) ”v/)!
Np, = ~—=—— [] Nz, (A2)
Mvecne ™ con

From this relation, one easily shows by recursion that (A.1) follows. Indeed, assuming
that it holds for the subtrees 7, and taking into account that Zv,eCh(v) Ny = ny — 1,
the r.h.s. can be rewritten as

m-0 [T T

v'eCh(v) v"e VT

—=n! [] —, (A.3)

which coincides with (A.1) when v is the rootof 7. 0O

Given this Lemma, we can now rewrite the L.h.s. of (1.2) as

> . S : ,”T,--
T'CcT veVys T'CT T,CT\T

where the last product goes over the subtrees which complement 7’ to the full tree T'.
On the other hand, it is easy to check that the relation (A.2) is the special case m = 1 of
a more general relation

Ny = M Z Ny l_[ Nr.. (A.5)

[z crvr nt! T T.eT\T’

where the sum runs over subtrees 7’ with m vertices. Taking into account that
>.r.cr\ n1, = n — m and substituting the resulting expression into (A.4), one re-
covers the binomial coefficient as stated in the Theorem.

B. D3-Instanton Contribution to the Contact Potential

To evaluate (¢?)p3, we first replace in (3.20) the full prepotential F by its classical, cubic
part F<! (2.22) and take into account that the sum over y € —I'y is complex conjugate
to the sum over y € I';. This gives

((Im ))+— >R f dt *1Z L —17, (u“)) . (B.D

yel'y

Next, we substitute the quantum corrected mirror map (3.8), change the integration
variable 7 to z, and take the combined limit t* — 0o, z — 0. Keeping only the leading
contributions, one obtains

(€3 = —= Z Re / dz [qo + (g +b)+2(ptH)zz, — 5 zz(prz)}

yeF

> (tp1p2)<Re/l: dleyl) (Re/Z dzan). (B.2)

v1,y2€l: 72
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To further simplify this expression, we note that

1
0= Z,/zydzaz(ZHy)

vely

/

1 » s, dz
:Z/Zydz E+T2(pt )(zzy—z)—é—1 Z(%V/)/ H, | Hy,

o
yely y'ely Z}//Z <

(B.3)

where we used the integral equation (3.15). Multiplying this identity by 3/4 and adding
its real part to (B.2), one finds

s = 2
@p3=2 Y Re /e dza, () Hy

yely
1
1 Z |:(l1l7u!72)<R€/1Z dz Hyl) (Re/g dzan)
v, n2€ls 71 2]
3 iy,
+2 Re /dm Hylf dzy Hy, V) | (B.4)
4 £y Ly, =7
where we introduced
ay (@) =—149 +l( +b)2+l(pt2)zz +L (B.5)
v.h q0 2 q ) 1% 4ﬂT2 . .

The meaning of this function is actually very simple: it gives the action of the modular
covariant derivative operator Dy, (3.23) on the classical part of the Darboux coordinate
(3.12),

Dy XS = ay ()X (B.6)

Combining this fact with equation (3.15), it is easy to check that the function (3.22)
satisfies, for any value of the weight b,

1
DyG = E '/;dzay,b(z)Hy-'-E E /L: dzy
v i

yels yi.y2€ls

/{ dz [(fplpz) +2h ((tplpz) + %)} Hy, (z1)Hy,(z2), (B.7)
2

0;,G =2mi Y p“/ dz H,,, (B.8)
ZV

vely

which allows to rewrite (B.4) exactly as in (3.24).
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(=0

o€Sn,

Fig. 9. Combination of trees showing cancellation of discontinuities across the wall of marginal stability
corresponding to the decay y» — y1, + YR. The parts corresponding to attractor flow trees are drown in blue

C. Smoothness of the Instanton Generating Function

In this appendix we prove the smoothness of the function G across walls of marginal
stability. The starting point is the representation (4.2) where the potential discontinuities

are hidden in the kernel of the theta series (4.3). Given that <bnf1 is represented as a
sum over unrooted labelled trees (4.6), whereas CID,fk appear as sums over flow trees
(4.15), the kernel <I>},°t can be viewed as a sum over ‘blooming trees’ which are unrooted
trees with a flow tree (the ‘flower’) growing from each vertex. Then the idea is that the
discontinuities due to flow trees (i.e. due to DT invariants) of a blooming tree with m
vertices are cancelled by the discontinuities due to exchange of integration contours in

(Dlil +1 corresponding to blooming trees with m + 1 vertices.

Following this idea, let us consider a tree which has an attractor flow tree 7}, growing
from a vertex v (see Fig. 9). We denote by 7;,i = 1, ..., ny, the blooming subtrees
connected to this vertex and by 77, and Tg the two parts (which may be trivial) of 7, with
the total charges y; and yg so that y, = yr + yr. Together with the contribution of this
tree, we consider the contributions of the trees obtained by splitting the vertex v into two
vertices v, and v connected by an edge, carrying charges y;, and yg and all possible
allocations of the subtrees 7; to these two vertices. Different allocations are accounted
for by the sum over permutations, whilethe weight m takes into account the fact
that permutations between subtrees connected to one vertex are redundant. The attractor
flow trees Ty, and Ty are then connected to vy and v, respectively, as shown in Fig. 9.

The contribution corresponding to the first blooming tree has a discontinuity at the
wall of marginal stability for the bound state y;, + yg and originating from the factor
A3, . assigned to the root vertex of Ty. The other contributions have discontinuities at
the same wall due to the exchange of the contours £,, and £, for the integrals assigned
to vy and vg, respectively. They are given by the residues at the pole of the integration
kernel K, . It is clear that the structure of all jumps is very similar since different
subtrees produce essentially the same weights. Let us analyze what differences may
arise.

e First, the contributions of the flow trees T;, and Tx could differ in the two cases
because they have different starting points for the attractor flows: for the trees on the
right side of Fig. 9 this is z* € Mg, whereas for the tree on the left this is the point
on the wall for y;, + yg reached by the flow from z¢. But we are evaluating the dis-
continuity exactly on the wall where the two points coincide. Thus, the contributions
are the same.
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e Although the subtrees 7; give rise to the same contributions for all blooming trees
shownin Fig. 9, the contributions of the edges connecting them to eithervor vy, v ¢ are
not exactly the same. Each of them contributes the factor given by the kernel (3.16).
After taking the residue, the z-dependence of these kernels for the trees shown on the
left and the right sides of the picture is identical. However, their charge dependence
is different: for the tree on the left they depend on y,, whereas for the trees on the
right they depend on y, or yg, depending on which vertex they are connected to. But
it is easy to see that the sums over ¢ and permutations produce the standard binomial
expansion of a single product of kernels which all depend on y, + yg = Y, and thus
coinciding with the contribution of the tree on the left.

e Finally, one should take into account that the discontinuity of A7 ., in the first
contribution gives the factor (yr, yr). Butexactly the same factor arises as the residue
of Ky, ,, corresponding to the additional edge.

Thus, it remains only to check that all numerical factors work out correctly. Leaving
aside the factors which are common to both contributions, we have

(=Dlrevr) . 2m
_ 5 (2V)2 —+(2m)( 2mi) ¢

9y m(m+1)
em* m+1)!°

(C.1)

_Dvovr) . . .
Here — CD7E"®L - mes from the factor — AZ Lye D Ty, the factors with quadratic refine-

ment are due to functions H,, (3.9) assigned to v or vy, bg, (27i) is the standard weight
of the residue, (—2m1i) is the residue of K, . (3.16), and factorials are the weights of
the trees in the expansion (3.26). Finally, the factors 2m and m(m + 1) arise due to the
freedom to relabel charges assigned to the marked vertices: on the left these are vertex
v and the two children of the root in 7y, whereas on the right these are vy and vg. It
is immediate to check that all these numerical weights cancel, which ensures that the
function G is continuous across walls of marginal stability. Moreover, in this cancellation
the condition that we sit on the wall was used only in locally constant factors. Therefore,
this reasoning proves not only that G is continuous, but that it is actually smooth around
these loci.

D. Indefinite Theta Series and Generalized Error Functions

D.1. Vignéras’ theorem. Let A be a d-dimensional lattice equipped with a bilinear form
(x,y) =x-y,wherex, y € A®R, such that its associated quadratic form has signature
(n,d — n) and is integer valued, i.e. k> =k -k € Z for k € A. Furthermore, let PEA
be a characteristic vector (such thatk - (k+ p) € 2Z,Vk € A), p € A*/A a glue vector,
and A an arbitrary integer. We consider the following family of theta series

Vpu(®, A7, b,0)
= Y CORP o 2nk+bye (<5 (kb +e- (e+5h) (D)

keA+u+%p

s
defined by a kernel @ (x) such that the function f(x) = ®(x)e?2 x? e L'Y(A®R) so
that the sum is absolutely convergent. Irrespective of the choice of this kernel and of the
parameter A, any such theta series satisfies the following elliptic properties
Ppu (@2t brke)= (=D Pe(~3c k) Ppu(® hit.b.o),

1
. 2 (D.2)
Opu (@01, b,c+k)=(—D*Pe(5b-k)9pu (P21, b o).
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Now let us require that in addition the kernel satisfies the following two conditions:

1. Let D(x) be any differential operator of order < 2, and R(x) any polynomial of degree
< 2. Then f(x) defined above must be such that f(x), D(x) f(x) and R(x) f(x) €
L2 A®@R)NLYA®R).

2. ®(x) must satisfy

Vi-®(x)=0, Vi=02+2m(x-0x —1). (D.3)

Then in [43] it was proven that the theta series (D.1) transforms as a vector-valued mod-
ular form of weight (A +d /2, 0) (see Theorem 2.1 in [28] for the detailed transformation
under 7 — —1/7). We refer to V) as Vignéras’ operator. The simplest example is the
Siegel theta series for which the kernel is ®(x) = e™7" *1 where x; is the projection of
x on a fixed positive plane of dimension n. This kernel is annihilated by V_,,.

In this paper we apply the Vignéras’ theorem to the case of A = @}_; A;. Thus,
the charges appearing in the description of the theta series (D.1) are of the type k =
(k$, ..., k%), whereas the vectors b and ¢ are taken with i-independent components,
namely, bf = b°, ¢! =c*fori =1,...,n. The lattices A; carry the bilinear forms
Kiab = Kabe pic which are all of signature (1, b, — 1). This induces a natural bilinear
form on A:

x-y=> (pixiy). (D.4)

i=1

Note also that the sign factor (—l)k "2 in (D.1) can be identified with the quadratic
refinement provided we choose the latter as

o, =0 =el” =e L g ptp? (D.5)
y =0pgq = 2p 4a | Op, Op = ) abP P |- .

The matrix Agp, satisfying

1
Agpp? — zlcabcpbpc € forVp® e, (D.6)

appears due to the non-trivial quantization of charges on the type IIB side (2.19) and
can be used to perform a symplectic rotation to identify them with mirror dual integer
charges on the type IIA side [56]. It is easy to check that the quadratic refinement (D.5)
satisfies (3.4).

D.2. Generalized error functions. Animportant class of solutions of Vignéras’ equation
is given by the error function and its generalizations constructed in [28] and further
elaborated in [29] (see [30,31] for a more conceptual explanation of the origin of these
functions). Let us take

. d .
My () = —sgn(u) Erfe(ul/7) = — / = i, (D.7)
T Jy 2

Eq () = sgn(u) + M ()
= Erf(uﬁ) = / du/e_”(u—u/)zsgn(u/), (D.8)
R



Black Holes and Higher Depth Mock Modular Forms 597

where the contour £ = R — iu runs parallel to the real axis through the saddle point

at z = —iu. Then, given a vector with a positive norm v? > 0 so that [v] = Vv2, we
define
v-Xx vV-Xx
oE(v;x) = E; (ﬁ) . oM(wix) = M, (ﬁ) : (D.9)
v v

Itis easy to check that the first function is a smooth solution of (D.3) with A = 0, whereas
the second is exponentially suppressed at large x and also solves the same equation, but
only away from the locus v - x = 0 where it has a discontinuity.

Generalizing the integral representations (D.7) and (D.8), we define the generalized
(complementary) error functions

i\" ] efnz"szniz"ru
My,(M;u) = (—) det M|~ / d"z —————, D.10
"t A VI s VR A0
En (M, UJ) — / d[U/ e*ﬂ(M*U/)lr(UfﬂJ,)Sgn(MtrU/)’ (Dll)
where z = (z1,...,z,) and u = (uy, ..., u,) are n-dimensional vectors, M isn x n

matrix of parameters, and we used the shorthand notations [ [z = ]_[?:1 z; and sgn(u) =
[T_, sgn(u;). The detailed properties of these functions can be found in [29]. Here we
mention only a few:

ol
e~ TU U

[TM~ 1wy’

e M, are exponentially suppressed for large u as M, ~ (;1,,)” | det M|~!

whereas E,, are locally constant for large u as E,, ~ sgn(M"u).

e More generally, E, can be expressed as a linear combination of My, k =0, ..., n,
multiplied by n — k sign functions, generalizing the first relation in (D.8) (see Eq.
(D.15) below for a precise statement).

e From (D.11)itfollows that every identity between products of sign functions implies
an identity between generalized error functions E,. Moreover, expanding the E,
functions in terms of Mj’s and sign functions, one obtains similar identities for
functions M,,. For instance, the identity

(sgn(x1) +sgn(x2)) sgn(xy +x2) = 1 +sgn(xy) sgn(xz) (D.12)
implies

Er((vi, vi +v2); U) + Eo((v2, vi +v2); u) =1+ Ex((vy, v2); w),
My ((vi, v1 +v2); u) + Ma((v2, vi +v2); u) = Ma((vy, v2); ),
(D.13)

where v{, v, are two-dimensional vectors used to encode the 2 x 2 matrix of param-
eters.

The main reason to introduce these functions is that, similarly to the usual error
and complementary error functions, they can be used to produce solutions of Vignéras’
equation on R™“~" To write them down, let us consider d x n matrix V which can be
viewed as a collection of n vectors, ¥V = (v, ..., v,). We assume that these vectors
span a positive definite subspace, i.e. V' - V is a positive definite matrix. Let Bbe n x d
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matrix whose rows define an orthonormal basis for this subspace. Then we define the
boosted generalized error functions

dD,I:/I(V; x)=M,(B-V;B-x), CIDnE(V; x)=E,(B-V;B-x). (D.14)

It can be shown that both these functions satisfy Vignéras’ equation (for QD,]:’I one should
stay away from its discontinuities, i.e. loci where sgn((3 - V)18 - x) = 0). Moreover,
they are symmetric under permutation of the vectors v;. Since at large x one has ®£ ~
sgn(V'" - x) = []i_, sgn(v; - x), one can think about this function as providing the
modular completion for (indefinite) theta series with kernel given by a product of signs.

The relation between functions E,, and M,, mentioned above implies a similar relation
between the functions (D.14). For generic n, it takes the following form3>

OFVix) = Y oY (vidier;x) [] sen(vjiz,x), (D.15)
Ic%, jeZn\T

where the sum goes over all possible subsets (including the empty set) of the set 2, =
{1, ..., n},|Z]is the cardinality of Z, and v ; | 7 denotes the projection of v ; orthogonal to
the subspace spanned by {v; };c7. The cardinality |Z| can also be interpreted as the number
of directions in R along which the corresponding contribution has an exponential fall
off.

Finally, note that a solution of Vignéras’ equation can be uplifted to a solution of the
same equation with A shifted to A + 1 by acting with the differential operator

D) =v- <x + i 8,,) , (D.16)
21

which realizes the action of the covariant derivative raising the holomorphic weight by
1. In particular, we can construct solutions with A = m which behave for large x as
products of n sign functions. To this end, it is enough to act on @f by this operator m
times. Thus, we define the uplifted boosted error function

@, (V. V;x) = []_[ D(ﬁi):| LV x), (D.17)

i=1

where V = (91, ..., v,,) encodes the vectors contracted with the covariant derivatives.
Since the operators D(v;) commute, (D.17) is invariant under independent permutations
of the vectors v; and ;. In the case where all v; are mutually orthogonal, one finds the
following asymptotics at large x

m

n

. TE . _ ~. X

Jim &7, (V. Vix) = H(v,,x) ]_[1 sgn(v;, x). (D.18)
1= j:

Note that the derivative dx in (D.17) does not act on sign functions since ¢>f is smooth
and all discontinuities due to signs are guaranteed to cancel. Similarly to (D.17), we

can also define CAIS,QWm W, f}; x) where the action of derivatives on the discontinuities of
d),l:’l is ignored as well. In the particular case m = n, we will omit the second label and
simply write ®£ or ®M.

33 This relation reduces to Eq. (3.53) and (6.18) in [28] for n = 2, 3, and follows from Eq. (63) in [29] for
any n.
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E. Twistorial Integrals and Generalized Error Functions

In this appendix we evaluate the kernels <I>,{ (4.6) and show that they can be expressed
through the generalized error functions introduced in appendix D.2. To this end, let us
note the following identity

Wi (xiy zi) Wp, (X, 2)

Zi —Zj

iD(vij) = Ieij Wi (xiy zi) Wp, (xj, 25)- (E.)

By virtue of this relation, the kernel can be represented as

1
@) =— 3 | [] Psene) | @7@). (E2)

" TeT: | ecET
where

n
1
dzi W, (x;. 20) . (B3
[E/@n Lo l:|1_[e€E7 (Zs(e)—zt(e))

One may think that the representation (E.2) misses contributions from the covariant
derivatives acting on each other. However, such contributions are proportional to the
scalar products of two vectors v):(e) and are non-vanishing provided the two edges
have a common vertex. If this is the case, the two edges generate the following factor

1n—l
Q7 (x) = )

(pblpbzpb3)
(an - ZU3)(Z02 - ZU3) ’

(E.4)

where b1, by, b3 are the tree vertices joint by the edges and v3 = e; N e3. The crucial
observation is that if we pick up 3 subtrees, each with a marked vertex, there are exactly
3 ways to form a labelled tree out of them by joining the marked vertices as shown in
Fig. 7 on page 7. Each subtree contributes the same factor in all 3 cases, whereas the
joining edges and the sum over trees give rise to the vanishing factor

(P1p2p3) (prpaps) _ (pimp3) ES5)
(z1 —z3)(z2—2z3) (z1—22)(z1 —23) (22 —23)(z1 — 22) ) )

This ensures that no additional contributions arise and thereby proves (E.2). Note that
for this proof it was crucial that inequivalent labelled trees enter the sum with the same
weight.

Then let us do the change of variables

. —1
, i(pxt) 3 o
L =7 4 E %7, E.6
a=c V2ra(pt?) ol i o

where x? = k@ > KipeX{ (cf. (4.8)), and ef are such that

n n
Yopier =0, Y pefel =0, a#p (E.7)
i=1 i=1
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and we introduced the convenient notation p; = (p;#%). Labeling the n — 1 edges of the
tree by the same index o, one can rewrite the function (E.3) in the new variables as

n—1_/ _J'I(p)(t)z
dr(x) = ie 2 /dz/ 2w (p)2? 1_[
T

a=1

/ dZ’ o2 Ao (Zh)?—27i/202 w2,
B
25 ( €5 ~ z(a)) 2
(E.8)

where

n n n—1
_1 Ag
= (pixit)el,  Ag=Y pief)’, A= P]_[Z—_l : (E.9)
— i [Tizipi

The integral over 7z’ is Gaussian and is easily evaluated. In the remaining integrals,
rescaling the integration variables by /212 A,, one recognizes the generalized error
functions (D.10). Thus, one obtains

1 Al det M *
D7) = 55 ‘/r_[,,'_ftA {0y My (M{JwT}) (E.10)

where we used the function ® { (4.13) and introduced the matrix M such that

1/2 B
M) = Baap) ™2 (e = ) (E.11)

A simple solution to the conditions (E.7) may be constructed as follows. Let T be a
rooted ordered binary tree with n leaves decorated by y;,i = 1...n. As usual for such
trees, other vertices v carry charges given by the sum of charges of their children, i.e.
Vo = Zier y; where 7, is the set of leaves which are descendants of v. There are n — 1
such vertices which we label by index «. Then we can choose

D (Bime—iun,). (E.12)

jEIL(va) kEIR(Uq)

which satisfy (E.7) as can be easily checked. For this choice (cf. (4.14))

“ =(@ly,x), where @y = Z Z uj,

ieIL(va) jEIR(va) (E13)
Ao =i = PuyPL (o) PR -

Note that the vectors #,, are mutually orthogonal.

In principle, any rooted binary tree 7T is suitable for the above construction. However,
given the unrooted tree 7, there is a simple (but non-unique) choice of T which simplifies
the resulting matrix M. To define it, let us construct a partially increasing family of
subtrees of 7, such that two members in this family are either disjoint, or contained in
one another. Moreover, we require that the largest subtree is 7 itself, while each subtree
containing more than one vertex is obtained by joining two smaller subtrees along an
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U3 U2
v
! U1 U3
U2
71 Y2 Y3 Y4 Y1 Y2 3 Y4
‘\:;~:: _________ “T 75 ______________ el
----------------------------- =T

Fig. 10. An example of an unrooted labelled tree with 4 vertices and two choices of decompositions into
subtrees with the corresponding rooted binary trees. The edges are labelled e, e3, e3 from left to right along
T

edge of 7. Any such family contains 2n — 1 subtrees 7 labelledbya =1, ...,2n — 1.
Among them, n — 1 subtrees, which we label by« = & = 1, ..., n — 1, contain several
vertices, while the remaining n subtrees with label @ = n,...,2n — 1 have only one
vertex. For each subtree Ty, we denote by e, the edge of 7" which is used to reconstruct
Ty from two smaller subtrees 7y, , Zo,. From this data, we construct a rooted binary
tree 7 with n — 1 vertices in one-to-one correspondence with the subtrees 7, and n
leaves in one-to-one correspondence with the one-vertex subtrees 7; with @ > n. In this
correspondence, the two children of a vertex associated to 7, are the vertices associated
to the two subtrees 7y, , 74,. The ordering at each vertex is defined to be such that
the subtree containing the source/target vertex of the corresponding edge e, is on the
left/right.>* Of course, this construction is not unique since there are many ways to
decompose 7 into such a set of subtrees (see Fig. 10).
Applying the above construction to this particular choice of rooted tree, one finds

pva, o = ,3,
€aBPLvg)s €a NIy @, e Tz,
Bay My = PP S o A0 el T (E.14)
€apPRvp)s €l Tg, # 9, eq g g,
0, ea NTg =10 or eq C Tp,
where €,5 = —1 if the orientations of e, and eg on the path joining them are the same

and +1 otherwise. This result shows that the matrix M ~! turns out to be triangular which
makes it much simpler to find its inverse. On the basis of (E.14), below we will prove
the following

Lemma 2. One has B-V =Mand B -x = {%} provided

B= ( iil ﬁ”,1 >tr
VAT VA (E.15)
V :p7] (\/EML sV An—l”n—l)a

34 The orientation of the edges of 7 is fixed already in (E.2), but the full kernel <I>,‘,[ does not depend on its
choice.
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where the vectors u,, are defined in (4.11). Moreover, the vectors ty form an orthogonal
basis in the subspace spanned by u,.

This lemma allows to reexpress the kernel &7 (E.10) in terms of the boosted gener-
alized error function CD% | (D.14). It is important that its argument ) does not depend
on the choice of the binary rooted tree 7', but only on the unrooted tree 7. In addition,
the function actually does not depend on the normalization of the vectors composing V.
Given also that the determinant of M is found to be

n

n—1 n n—1
M =[] =[Te [T wo= o7 [T [T2e  ®16
a=] Tl i i=1 a=1

i=1  veVr\{vo}

so that the prefactor in (E.10) cancels, one arrives at

1
P7(x) = 5y @ () @) ({ue): x). (E.17)

Finally, since the differential operator in (E.2) commutes with functions of x due to the
orthogonality of v;; and £, one can write the kernel CD,{ as

f

- D (x)

@i =250 0 | [T P | @40 (wa): ). (E.18)
"Te’]l‘ﬁ ecET

which is the same as (4.12).

Proof of Lemma 2. We start by proving that the vectors &, form an orthogonal basis in
the subspace spanned by u,. Since the orthogonality is ensured by construction based
on a rooted binary tree, it remains to show that any vector u, can be decomposed as a
linear combination of #,. To this end, we show that the determinant of the Gram matrix
constructed from the set of vectors {ﬁa}g;ll U {ug} vanishes. This requires to calculate
the scalar product (i, ug) which can be done using

pipjpivj, =k, j=1,
(wij, up) =\ pibjpr,  i=k, j#IL (E.19)
0, i j kL

Summing i, j, k, [ over appropriate subsets, it is immediate to see that (@1, ug) = 0 if
1, C Tg or Tﬂ’, which are the two trees obtained by dividing the tree 7 into two parts
by cutting the edge e, . In other words, it is non-vanishing only if eg C 7. Then there
are two cases which give

pLpBop, a=p,

) . . . (E.20)
phspE ol —plh el py +plpl by =pLipEp, e C To,

(g, ug) = {
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where we introduced

Z pi,  Pp= Z Pis Pﬁ,‘§= Z i Pop= Z Pis

(€T (vg) iEVTBr iEIL(va)mVTg iEVZI.v ﬁVT/g

(E21)

and similarly for variables with labels R and ¢. In (E.20) in the second case we assumed
that the orientation of edges is such that eg C 7 and e, C 7; . If this is not the case,
one should replace s by ¢, L by R and flip the sign for each change of orientation. Below
we use the same assumption, but the computation can easily be generalized to a more
general situation.

Given the result (E.20), (#ly, tig) = Agdap and (ug, ug) = p% p% p, the determinant
of the Gram matrix is easily found to be

n—1 2
- . (0l 5P
det Gram(@y, ..., dn—1,ug) =p [ [ Au | phps—p Y ——F—|. (E22)

a=1 TyDep p“ap“

Note that the subtrees 7, containing the edge eg form an ordered set so that the sum in
the square brackets goes over oy, £ = 1, ..., m, such that 7,, C 7g,,,. The first element
of this set oy = B, whereas the last corresponds to the total tree, 7., = 7. Due to
pam = Py, pam = pa and pa g = = p} B the first term in the square brackets together
with the term in the sum correspondmg to oy, gives

N t N st
A

where we have used that p% = Py p + Py, and py = Per, g + P Thus, the expression
in the square brackets in (E.22) becomes

m—1 2
( )

Pa, =1 p““z pa(

The new expression in the square brackets is exactly the same as in (E.22) where tree
T was replaced by subtree 7, = 7y,, ,. Thus, one can repeat the above manipulation
until one exhausts all terms in the sum. As a result, the determinant of the Gram matrix
turns out to be proportional to p B Butsince o = B, this quantity, and hence the whole

determinant, trivially vanish.
Next, we prove that (E.15) is consistent with 5 - x = {%} and B-V = M. The
first relation is a direct consequence of (E.13). The second relation requires to show that

(g, ug) = pAl/2 _1/2Ma,3 or equlvalently Z (e, uy) /Ay A Myﬁ =P Agbap.
Using the result (E.14) for the matrix ./\/ly 8> this relation can be written explicitly as
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Pog (U, up) + Z €yPL(p) + Z €ypPRwy) | Moy uy) = p Audap, (E.25)

eyEE;f eyEEé

where E]ﬂ“ ={ee€ Er: eNTg, #0, e ¢ Tg} and similarly for Eg.

Consider first the case « = B. From (E.20), it immediately follows that the first
term gives p A, . On the other hand, the second contribution sums over edges for which
Ty CT5 or ’Ty’, and as noted above (E.20) this leads to vanishing of the scalar product.
Thus, in this case the relation (E.25) indeed holds.

Let us now show that it holds as well for @ # . To this end, one should consider
several options. If 7, N 7g = ¢, then 7, C th or Té which implies vanishing of the
first term. But the second term vanishes as well because the conditions e, < 7, and
e, NTg # () are inconsistent with 7, N 7g = .

Similarly, if 7, C 7g, one has 7, C Tﬁ* or Té which again leads to the vanishing
of the first term, whereas the vanishing of the second is a consequence of that e,, C 7,
implies e, C 7g so that the sum over e, is empty.

It remains to consider the case 7g C 7. It is clear that 73 C 7. or 7. Without
loss of generality, let us assume that 7g C 7 and e, C ’Z}f Then according to (E.20),

the first term gives py, p_j ps p. If instead we have chosen the orientation such that

eq C 7735, then we would find —p,, pgé p§ p. Similar results are obtained for each term
in the sum of the second contribution. Again without loss of generality we assume that
for all relevant edges e, one has e, C Ty’ , otherwise one flips their orientation. Then
the Lh.s. of (E.25) is proportional to

Pus BLs+ D EupPEPEy + Y eppfpl. (E.26)

eVeEé" eyeEg

Lete) € E g is the edge belonging to the path from 7 to ¢, (which may coincide with
ey). Then our choice of orientation implies that €,5 = —1 fore, € E é‘ U {e}} and

€yp=1lTfore, € Eg\{e(;}. Furthermore, one has
Pays =Pus+ D Phe P =REE Y boy (E.27)
ey €EFUER\{ef) eyeEk

As a result, one finds

(P +P5) [ P5+ D Pay | =PhRay + D PhPay = D PPy =0
eVEEé eVeEg\{e&} eyeEg

(E.28)

This completes the proof of the required statement (E.25).

F. Proofs of Propositions

In this appendix we prove several propositions which we stated in the main text.
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Proposition 1. To prove the recursive equation (5.3), let us note that the tree index g,
satisfies a very similar equation (cf. (2.10) or (2.16)) which can be seen as the origin of
its representation (2.3) in terms of attractor flow trees. The only difference is the absence
of the last term in (5.3). Therefore, it is easy to see that this equation implies a simple
relation between g, and g

?n({);z}v ) = Z gtr,m({);]é}’ %) 1_[ Wnk (?jk_wl’ ceey );jk)5 (F.1)

ny+tnm=n k=1
ng=1

where as usual we use notations from (2.17).
Next, we substitute this relation into the expansion (5.2). The result can be represented
in the following form

n
WY = Y gea(lyi). ) TN TTRE (o), (F2)
Z?:] Yi=y i=l1

where we introduced

n
W= > W) e LD TRy, 0 (0)
i=1

Y vi=y
= Y | e [T R | et )
Y =y LTems veVr ‘
n o0
it Qp. ({)/ )
SUETIONDS a7 [
i=1

n; ZZI 17’/ ji=1

and in the last relation we used the definition of W,, (5.4) and the expansion of E,,, "
(5.1). The crucial observation is that if one picks up a factor R, from the second line
of (F.3), appearing due to the expansion of iz\pi, u;» and combines it with the contribution
of a tree T from the first line, one finds the opposite of the contribution of another tree
obtained from T by adding »; children to its ith leaf. As a result, all such contributions
cancel and the function (F.3) reduces to the trivial term

hy o =hpp (E4)

Substituting this into (F.2), it gives back the original expansion (2.31) of the generating
function of DT invariants, which proves the recursive equation (5.3).

Finally, letus evaluate (5.2) at the attractor point z&_ (). Atthis point the DT invariants
coincide with MSW invariants so that the Lh.s. becomes the generating function %, ;.
Meanwhile, all factors AZ? vanish at the attractor point and g, reduces to W,. As a

YLY
result, the relation (5.2) reﬁrgduces (5.5), which completes the proof of the proposition.

Proposition 2. We prove Proposition 2 by induction. For n = 2 the recursive relation
(5.10) reads
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Oy 5. v O v L _
& i, y2ic) — & V1, v2; Bar) = 4(Sgn(01) sgn(B21)) k(y12),  (F5)

where we took into account that S = ¢y and ['y1 = 21 = —y12. Since géo) is supposed
to have discontinuities only at walls of marginal stability, it must not involve signs of
DSZ products. Therefore, we are led to take

.. 1
8y (1. Pai e1) = = sen(en (o). (F.6)

Then (5.11) and (5.12) imply

1
&= 1 sgn(y12) k (y12) + Ra, (E7)

so that the ansatz (5.9) reads
-~ v 0),v ~ v
&2, yscr) = g§ "1, Vs ) — (571, )
1 v .
= =5 [senen +senoin [ ki) - RGBS
which reproduces the recursive equation (5.3). Furthermore, in appendix D.2 it is shown

that there is a smooth solution of Vignéras’ equation which asymptotes the function
(v, x)sgn(v, x), coinciding with the (rescaled) first term in & for v = vy (4.10). It is

given by
~ 1 .
B0, v 0) = v [+ 0 e (L2 (F9)
2 |v]
which corresponds to the following choice of R [14]
(—Dre 207
Ry = lyial B | — ). (F.10)
8 2\ (pp1p2)

where ,8% @ = 2|x|_1e_’”‘2 — 2w Erfe(y/7|x|). Note that the resulting £ depends on
the electric charges only through the DSZ product y1». Finally, it is immediate to see

that the kernel ®§ (5.6) satisfies (5.7).
Now we assume that (5.3) is consistent with the ansatz (5.9) for all orders up ton — 1

and check it at order n. Denoting the second term in (5.9) by §f,+) and substituting this
ansatz into the r.h.s. of (5.3), one finds

n—1
0 0 ~ ~
Sym {zgs [67 82, — &7 Broe - 8%, — 3" g,gz]c_%m] W @I
(=1 b

where

(sgn(Se) — sgn(Tne)) k (Tne). (F.12)

-

1
L z 4
= —— A —
82 2 Syt K(VLR)
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In the first term proportional to géo) gflo_) ¢» one can apply the relation (5.10), which

together with (5.11) gives g,(LO) —Séo) . The other terms in the sum over £ can be reorganized

as follows

n—1 m
~ 0)\ ~ 4
— Sym Z 85 Z gko(c,g )) gm—ko(cl'( )) l_[ gnk
=1 ny+etnm=n k=1

ng=>1, m<n, te{ji}

(F.13)

m—1 m
==Sym{ Y | Y 88 Bt | ] Em

nyteAnm=n ko=1 k=1

ng=1, l<m<n
Here we first combined three contributions into one sum over splittings by adding the
condition £ € {ji}, with ko being the index for which ji, = ¢, and then interchanged
the two sums which allows to drop the condition £ € {ji}, but adds the requirement
m > 1 (following from ¢ € {ji} in the previous representation). In square brackets
one recognizes the first contribution from the r.h.s. of (5.3) with n replaced by m < n.
Hence, it is subject to the induction hypothesis which allows to replace this expression
by gn({y;}, 2%) — Wy ({y/}). Combining all contributions together, one concludes that
(F.11) is equal to

m

g® 0 _ sym > @ = Wa) [ Eu g+ Wa (F.14)

ny+etnm=n k=1

ng=1, l<m<n
The contributions involving W’s can be combined into one sum by dropping the condition
m < n. The resulting sum coincides with the r.h.s. of (5.12) so that these contributions
can be replaced by —8,§+). Combined with —5,50), this gives —&, and allows to drop the
conditionm > 1 in the remaining sum with g,,. As aresult, (F.14) becomes equivalent to
the r.h.s. of (5.9), which proves the consistency of this ansatz with the recursive equation.

Finally, let us show that the ansatz satisfies the modularity constraint (5.7). The crucial

observation is that the vectors v;; and u;; (4.10) satisfy

(Vigjko vij) = Wisjk, vij) =0, (F.15)

where we abused notation and denoted v;4;x = v;x + vk, etc. These orthogonality
relations, together with the assumption that £, depend on electric charges only through
the DSZ products y;; ~ (v;;, x), imply factorization of the action of Vignéras’ operator
on the kernel corresponding to the second term in (5.9). Indeed, all contributions of 8)%
where two derivatives act on different factors vanish and the action reduces to the sum
of terms where Vignéras’ operator acts on one of the factors. But since it is supposed to

vanish on ® ¢, one obtains the simple result

m
Vet @ = Voo @ = Sym 1 3 (V- @) [[og b (E16)
k=1

ny+e+tnm=n
ng=1, m<n

Since for n = 2 the constraint was already shown to hold, one can proceed by induction.
Then in the second term one can substitute the r.h.s. of (5.7), whereas the first term



608 S. Alexandrov, B. Pioline

can be evaluated using the recursive relation (5.10). First of all, by the same reasoning
as above, away from discontinuities, the action of Vignéras’ operator is factorized and
actually vanishes. Furthermore, since g,(,o) have discontinuities only at walls of marginal
stability, to obtain the complete action, it is enough to consider it only on sgn(Sy). Since

©)
at Sy = 0 one has clw = ¢; (see (2.15)), one finds that ®;  satisfy exactly the same
constraint as (5.7). Thus, one can rewrite (F.16) as

Vi—1- (le
! © ©
= Sym > (P A%, 8@ ) +2u - 0:AF, S(u ) )
=1
n—1 R N m
— Sym > [Z(u% A% 8 (g - x)+2up - DAY, S(uy -x))j| []®s

nyp+etnm=n | p—1 k=1
nkzl, l<m<n

(F.17)

Note that the orthogonality relation allows to include CD,fk under the derivative in the last
term. Then one can perform the same manipulations with the sum over splittings as in
(F.13) but in the inverse direction, which directly leads to the constraint (5.7).

Proposition 3. Our goal is to find an explicit expression for 5,(10). Using the fact that the
limit of large x of the generalized error function ®Z is the product of n sign functions,
one immediately obtains

~ 1
OV =2 2 | ] Psenen | | ] senwe. o |, ®18)

TeTt | ecET ecET

where D(v) are the covariant derivative operators (D.16). The action of the derivatives
dx on the sign functions can be ignored (since the original function is smooth), however
there are additional contributions due to the mutual action of the operators D. Similar
contributions were discussed in a similar context in appendix E, where they were shown
to cancel, but here they turn out to leave a finite remainder. The contribution generated
by the mutual action of two operators D (v () (¢)) is non-vanishing only if the two edges
e1, ep have a common vertex. In this case it contributes the factor

M sgn(ue,, x) sgn(ue,, X), (F.19)
2

where v1, 02, v3 are the tree vertices joint by the edges e; = (b3, v3), e2 = (01, 03).
Again, considering the three trees shown in Fig. 7, one can note that the vectors u, defined
by these trees satisfy the following relations: ug) = —ug), ug) = ug’), ug) = ug?) and

ug) = ug) + ug) where e3 = (v, v2) and we indicated by upper index the tree with

respect to which the vector is defined. Therefore, the contributions generated by these
trees combine into
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(Puv, Pos Pos)
2

—sgn(ug), X) sgn(ug), x)]

[sgn(uﬁ,}), X) sgn(ug), x)+ sgn(ug), X) sgn(ug), X)

— _(P01P02Pn3) (F20)
2 ’ '

where we used the above relations between the vectors and the sign identity (D.12) for
Xy = (ug), x), s = 1, 2, Thus, unlike in (E.5), we now get a non-vanishing result, due
to the mutual action of derivative operators.

Each pair of intersecting edges leads to a contribution which recombines the contri-
butions of the edges from the three trees into a single factor (F.20). Furthermore, the sum
over trees implies that we have to sum over all possible subtrees 77, 73, 73, in particu-
lar, over all possible allocations of different subtrees to the vertices vy, v2, v3. The sign
factors sgn(u,, x) for edges of these subtrees do not depend on this allocation, but the
factors D(vy(e)(e)) do depend for the edges connecting to one of these vertices. It is easy
to see that the sum over allocations effectively replaces the three vertices by a single one
labelled by the total charge py, + puv, + Po;. As a result, one obtains that the function
(F.18) can be represented as a sum over marked trees where a mark corresponds to a
collapse of a pair of intersecting edges and contributes the factor (F.20). More precisely,
one has

N e
V) = 2o Xj(hw > | T Puetposh
m=0

Te Tfl—Zm.m vevVr
< [ @sterner ) senae, x), (F21)
ecET
where
m
Pulpsh = > [Tpipripi- (F22)

TU--ULy=Zome1 J=1

This factor collects the weights (F.20) assigned to a vertex due to collapse of m pairs
of edges. It is represented as a sum over all possible splittings of the set 23,41 =
{1,...,2m + 1} into union of triples Z; = {1, j2, j3} such that the labels in one triple
7 are all different, two different triples can have at most one common label, and there are
no closed cycles in the sense that there are no subsets {jx};_, suchthat Z;, NZ; , #
where j-+1 = ji. This sum simply counts all possible splittings of a collection of 2m
joint edges into m intersecting pairs, suppressing for each pair the distinction between
the three configurations of Fig. 7.

However, the representation (F.22) is not very convenient for our purposes. An al-
ternative representation can be obtained by noting that, instead of collapsing all edges
at once, one can collapse first one pair, sum over all configurations (i.e. allocations of
subtrees), then collapse another pair, and so on. In this approach at each step the sum
over different configurations ensures that all factors assigned to the elements of the sur-
viving tree depend only on the sum of collapsing charges. As a result, one obtains a
hierarchical structure described by a rooted ternary tree 7', where the leaves correspond
to the vertices of the original unrooted tree which have collapsed into one vertex with
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my marks corresponding to the root of T'. The other vertices of T are then in one-to-
one correspondence with marked vertices appearing at intermediate stages of the above
process.

This procedure gives rise to the representation (5.19) of the weight factor P, in terms
of a sum over rooted ternary trees. A non-trivial point which must be taken into account
is that the procedure leading to this representation overcounts different configurations.
As aresult, each tree is weighted by the rational coefficient N /m! where T is the rooted
tree obtained from 7' by dropping all leaves and N is the number of ways of labelling

the vertices of 7' with increasing labels, which already appeared in appendix A. Here
the numerator takes into account that the tree T is generated N times in the collapsing
process, whereas the denominator removes the overcounting produced by specifying
the order in which the m pairs of edges are collapsed. Finally, we apply Lemma 1 from
appendix A. Since n; = m, the coefficients coincides with the inverse of the tree factorial
(5.20). Taking into account that substitution of (F.21) into (5.15) gives exactly (5.17),
this completes the proof of the proposition.

Proposition 4. Our aim is to show that the recursive formula (5.24) solves the equations
(5.23). We will proceed by induction, starting with the case n = 3 where there is a
single unrooted tree and the system (5.23) contains a single equation corresponding to
the trivial trees 7, consisting of one vertex. Thus, it is solved by dees = % consistently
with (5.24).

Let us now consider trees with n vertices assuming that for all trees with less number
of vertices (5.24) holds. We start by noting that for every vertex v € V7., among the
subtrees 7, s(v) C 7, obtained by removing the vertex v, there is one which contains
v,, which we denote by 7. 5, (v). (If v = v,., we take 7, 5, (v) = §.) Since every tree ’j;
is a union of the three trees 7, substituting (5.24) into the Lh.s. of (5.23), one obtains
that the sum over vertices of 7, can be represented as

3 Ny
1
n 2D e ("ﬁ,(n) g, T "Tg,r(w) [Tz (F23)
r=1veVy, 5;1
5 SO

where ’ZA;/, ~(v) is obtained from 7, by replacing 7, by 7 5, (v). Applying the equations
(5.23), this expression gives

1 Ny ny
| 414t Z Gvnaﬂ,sm)”ﬁ“% Z Evn“’fz,s“’)

veVr s=1 veVr, s=1

Ny
+a7,arg, Z €p l_[afh(u) . (F.24)

UEVT3 s=1

Since the trees 7, have less than n vertices, they are subject to the induction hypothesis
which allows to replace the sums over vertices by n,a7. where n, is the number of
vertices in 7,.. Taking into account that n; + ny + n3 = n, the expression (F.24) reduces
to a7, ag,ar,, which proves that the equations (5.23) are indeed satisfied.
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Proposition 5. The evaluation of the large x limit of the function Ef>f (x) is very similar
to the calculation done in the proof of Proposition 3. First, using the asymptotics of the
generalized error functions, we can write

o 1 [(n—1)/2]
xll>moo (Dn (x) = m Z Z l_[ Dmn ({VU,S})
m=0 7Tt veVr

n—2m.,m

X 1—[ D(vs(e)t(e)) 1_[ sgn(ue, x)

ecET ecET

(F25)

We then observe that the two last factors depend only on sums of charges appearing in
the operators Dy, in the first factor. This implies that the vectors on which these factors
depend are orthogonal to the vectors determining the operators in (5.22). Therefore,
these operators effectively act on a constant and can be expanded as

m
Dy 1= Vi, (F.26)
k=0

where V,,, « are homogeneous polynomials in x of degree 2(m —k). In particular, the high-
est degree term coincides with the function defined in (5.26), V,,.0({ys}) = Vi ({¥s)).

Next, the mutual action of the derivative operators from the product over edges in the
second factor generates contributions described by trees with pairs of collapsed edges
replaced by marks. The difference here is that the original trees were also marked. This
fact does not change the structure of the result, which is again given by a sum over
marked trees, but it affects the weight associated with marks. Denoting this weight for
a vertex with total m marks (old and new) by V!, we recover the equation (5.25) in
the statement of the proposition, provided that V'*' = V,,. We now proceed to prove the
latter identity.

The weight factor V' coming from the above procedure is given by

V()
m (—1)’"0 2mo+1 m,
= Symi ) Gy 3 Cm ) PugUor) [T D2 Ve Wyt %) ¢ -
mo=0 2m+1 r=1 k,=0

> mp=m—my
r=1

(F27)

where the second sum goes over all ordered decompositions of m —m( into non-negative

integers, C({m,}) = %, and we used notations similar to (2.17),
Jjo=20, Jr=mi+---+m,, yr/zy,ir—1+1+"'+yjr' (F.28)

Here the first factor P, arises due to collapse of m pairs of edges in the marked trees
one sums over in (F.25), whereas the factors given by the sums over k, are the ones
corresponding to the “old" marks assigned to that trees.
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Now let us use the equations (5.23) determining the coefficients a7 . It is easy to
see that they imply the following constraint on the next-to-highest degree term in the
expansion (F.26)

3
~ 1 AN v
Vi == >0 ClmDSym (i p5ph) [TV (7KL, 20 ¢

my+mo+mz=m—1 r=1
mp=>0

(F29)
where j, = Z;Zl(st +1)and p. = Zf;"i“ Dj,_i+i- Applying this constraint recur-
sively, one can express all V,, x for k > 0 through V,. The idea is to replace the factors
Vpu, by the operators Dy, . Then one can realize that, extracting from the resulting func-
tion the terms homogeneous in x of order 2(m — 2) (which have two factors of ( p3)),
one obtains the result for 21, ». Proceeding in this way, one arrives at the representation
very similar to (F.27),

2k+1

ym > CAmDPlp) [ [ Vi Gists -0 730
2k+1 r=1
> mp=m—k

r=1

Cn 1
Vi ik ({¥s}) = W S

(E.30)

Substituting it into (F.27) and using the expression (5.19) for the factors P, through the
sum over rooted ternary trees, one can recombine all these sums in the following way

V,t,?t= Sym{z Z C({m,}) Z % Z(_l)"T, 1_[ :U((]]:/))

Ok TRy T veVe
= (E31)
2ke+1
(Pdy(v) Py (v) P (v)) . .
X 1—[ 27_[ var(yjrfl"'l""’yjr) ’
veVr r=1

where the sum over T’ is the sum over subtrees of T having the same root. In terms
of the variables appearing in (F.27), one can identify k = mqo + ), k, and ny = mo.
Thus, 7" is the tree appearing in the decomposition of P,,,, whereas T is its union with
2mg + 1 trees T, appearing in the decomposition of P, ,i.e. T = T’ U (U, T,) where T;
are the trees rooted at leaves of 7", Finally, we took into account that for such trees one
has

ny(T)
T'=1"\|[1! — . F.32
[Tz T1 PN (F.32)
r UGVT/
Remarkably, the sum over subtrees in (F.31) factorizes and for a fixed number of
vertices nyr = my is subject to Theorem 1 where the role of the trees is played by rooted
ternary trees T and T’ after stripping out their leaves. As a result, one finds for k > 0

k

n (1) (—=1)"0k! .
TgT( ) ”glr/ (T m%() mol(k —mo)! =1 (F.33)
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Thus, the only non-vanishing contribution is the one with & = 0 which coincides with
V.. This is what we had to show and therefore completes the proof of the proposition.

Proposition 6. For simplicity, let us first show that the recursive equation (5.10) is
satisfied by the contribution to g,go)({)?i, c¢i}) given by the trees without any marks, i.e.

by the function

. (=)' i Vi
gy ap) = ST E— D0 T vrce sense). (F.34)

TeTtecET

Then the inclusion of marks will be straightforward because the corresponding contri-
butions can be dealt with essentially in the same way as the contribution (F.34).

To start with, we substitute g;; into the 1.h.s. of the recursive equation and decompose
Che = — Zf: 1 Z?:z +1 Vij- Then the crucial observation is that this double sum, the
sum over £ and the two sums over trees (over ’]Tﬁ and Tﬁ— ) are all equivalent to a
single sum over trees with n vertices, i.e. over Tfl, supplemented by the sum over edges.
Namely, one can do the following replacement

n—1

%Sym;w(n_e)' Z Z Z Z o Z Z (E.35)

TLE’]TZTRE’]T@ Zl 1 j=t+1 .Te']I‘;éleeET

The idea is that on the L.h.s. one sums over all possible splittings of unrooted labelled
trees with n vertices into two trees with £ and n — £ vertices. Such splitting can be
done by cutting an edge and then i, j correspond to the labels of the vertices joined by
the cutting edge. The binomial coefficient takes into account that after splitting

(Z'(n o)
the vertices of the first tree can have arbitrary labels from the set {1, ..., n} and not
necessarily {1, ..., £}, whereas % avoids doubling due to the symmetry between 77, and

Tr.
It is easy to check that all factors in (5.10) fit this interpretation and the Lh.s. takes
the following form

(_1)n71+zi<j Vij

=T Yo T wene Y (sen(se) —sen(re))

TeT,ecET ecET
T
x ]_[ sgn (Se/ — F—i Se) , (E.36)
¢'eET\(e}

where I, was defined in (5.30). Finally, we apply the following sign identity, established
in [23, Eq.(A.7)],

> (sen(xp) — 1) ]_[ sgn(xy — xg) = ]_[ sgn(xg) — 1, (E37)
=1

=1
‘ po

where one should take the label « to run over m = n — 1 edges of a tree 7, identify
Xq = Sq/ 'y, and multiply it by ]_[g;ll sgn(I'y). Then the expression (F.36) reduces to
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eni.ci}) — gn Vi, Bui}), ie. the rhus. of (5.10) evaluated for function (F.34). This
proves that this function solves the recursive equation.

The generalization of this proof to the full ansatz (5.27) is elementary. Instead of the
relation (F.35), one now has

[(e=1)/2] [((n—£-1)/2]

DI IO M VD VD 3D

k=0 T emy_ 2% kp kr=0" TreT;_,_ kg L j=t+l

[(n 1/2]

Z >y (F.38)

k=0 TGT[ Cokk ecET

which again reflects the fact the sum over marked unrooted labelled trees can be rep-
resented as a sum over all possible splittings into two such trees by cutting them along
an edge. If the cutting edge joins a marked vertex, it counts 1 + 2m,, times, producing
the right factor yy, v, which is reflected by the fact that the sums over i, j run over £
and n — £ values, respectively. Other numerical factors work in the same way as before.
Thus, the L.h.s. of (5.10) can again be rewritten as in (F.36) with the only difference that

>_7et should now be replaced by )~ (" /2l Z’TGT s [Toev, Vo. Applying the

same sign identity (F.37) for m = n — 1 — 2k and the same identification for x,, one
recovers the r.h.s. of (5.10). This completes the proof of the proposition.

Proposition 7. This proposition trivially follows from (5.9).

Proposition 8. The easiest way to prove (5.34) is to substitute it into (5.4) and then check
that the result is consistent with the constraint (5.12). The substitution generates a sum
over trees which resemble the blooming trees of appendix C: these are trees with vertices
from which other trees grows. But now the two types of trees, representing the ‘base’ and
the ‘flowers’, are actually the same—both of them are Schroder trees. The only difference
is that vertices of the ‘base’ carry weights &SJ'), whereas the vertices of ‘flowers’ have
weights 550). Since the leaves of a ‘flower’ are in one-to-one correspondence with the
children of the vertex of the ‘base’ tree from which this flower grows, such blooming
trees can be equivalently represented by the usual Schroder trees obtained by replacing
the vertices of the ‘base’ by their ‘flowers’. In this way, we obtain

Wy=Sym { > =0 Y [[1e%,  TI €91, @®39

TeTS UT'=T T’ veVr\{vo(T")}

where the second sum goes over decompositions of 7 into subtrees such that the root
vo(T") of a subtree T is a leaf of another subtree (except, of course, the root of the total
tree).

Let us now consider a vertex v whose only children are leaves of 7. Then all decom-
positions into subtrees 7 = U; T/ can be split into pairs such that two decompositions
differ only by whether v (together with its leaves) represents a separate subtree or it is a
part of a bigger subtree. The contributions of two such decompositions into (F.39) differ
only by the factors assigned to the vertex v and therefore they combine into the factor
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&, assigned to this vertex. As a result, £, appears as a common factor and the vertex v
can be excluded from the following consideration. Proceeding in the same way with the
tree obtained by removing this vertex, one finds that the sum over decompositions can
be evaluated explicitly and gives

W, = Sym Z<_1)"r55;> ]_[ &t (F.40)
TeT$ veVr\{vo}

Given this result, the proof of the constraint (5.12) is analogous to the proof of the
relation (F.4): the contribution of each tree 7 (from the sum in (F.40)) and a splitting
with ny > 1 (from the sum in (5.12)) is cancelled by the contribution of another tree
obtained from 7 by adding ny children to its kth leaf and the same splitting but with
ny replaced by 1 + - - - + 1 (repeated ny times). The only contribution which survives is
the one generated by the tree with a single vertex and n leaves and the splitting with all

ni = 1. It is given by 5,$+), which verifies the constraint and proves the proposition.

Proposition 9. Our starting point to prove the proposition is the formula

. o0 n
~ 1 . . .
dehp (=53 D OnRalyi) r) e O WD [Thy, ().
n=23y"_ y=y i=1
(F41)

Substituting 9, R,, following from (5.34) and the inverse formula (5.5) expressing /i,
in terms of the completion, with the functions W, found in (F.40), one arrives at the
result (5.35) where the functions J, are given by

$1=%Sym Yo ong, Y [T X TT e T &

TeTS T'CT veVy\{vo} vEL veVr\ (VUL )
(F42)

where the second sum goes over all subtrees 7’ of T containing its root and L7 is the set
of their leaves. Here the subtree T corresponds to the tree in the formula (5.34) for R,
whereas the subtrees starting from its leaves correspond to the trees in the expression
(F.40) for W,,. The sum over subtrees can be evaluated in the same way as the sum over
decompositions into subtrees in (F.39): the two contributions differing only by whether
the vertex v belongs to Vs or L7/ combine into the factor £, assigned to this vertex.
Performing this recombination for all vertices of the tree T, one obtains the expression
(5.36), which proves the proposition.

Proposition 10. Our goal is to prove that in the expression

g = Sym { Y (=17 (g,gg)—s,g?) [T &”¢t. (F43)
TGTE veVr\{vo}
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Jo =1+« Y2metL

Fig. 11. Combination of two Schroder trees ensuring the cancellation of contributions generated by marked
trees

following from (5.33), all contributions due to marked trees cancel leaving only con-
tributions of trees without marks, i.e with m = 0. There are several possible situations
which we need to analyze.

First, let us consider the contributions generated by non-trivial marked trees, i.e.
trees having more than one vertex and at least one mark. Let us focus on the contribution
corresponding to a vertex v with m, > 0 marks of a tree 7, which appears in the sum
over marked unrooted trees living at a vertex v of a Schroder tree 7. Let k = n, be
the number of children of the vertex v and y; (i = 1,..., k) their charges so that y;
(s =1,...,2my+1)are the charges labelling the marked vertex v. Note thatk > 2m,+2
because the tree 7 has at least one additional vertex except v. Then the contribution we
described is cancelled by the contribution coming from another Schroder tree, which is
obtained from T by adding an edge connecting the vertex v to a new vertex v’, whose
children are the 2m,, + 1 children of v in T carrying charges y; (see Fig. 11).%3 Indeed,
choosing the same tree 7 as before in the sum over marked trees at vertex v, but now
withm, = 0, and in the sum at vertex v’ the trivial tree having one vertex and m marks,
one gets exactly the same contribution as before, but now with an opposite sign due to
the presence of an additional vertex in the Schroder tree. Thus, all contributions from
non-trivial marked trees are cancelled.

As a result, we remain only with the contributions generated by trivial marked trees,
i.e. having only one vertex and m, marks. One has to distinguish two cases: either the
corresponding vertex v of the Schroder tree is the root or not. In the former case, this
contribution is trivially cancelled in the difference g,S? - 553) in (F.43). In the latter case,
this is precisely the contribution used above to cancel the contributions from non-trivial
marked trees. This exhausts all possibilities and we arrive at the formula (5.40).

G. Explicit Results Up to 4th Order

In this appendix we provide explicit expressions for various functions appearing in our
construction up to the forth order. To write them down, we will use the shorthand notation
Yi+j = Yi+Vj,Civj = ¢i +cj, etc. as well as indicate the arguments of functions through
their indices, for instance, &;,...., = £, (i, - - -, ¥i,)- These expressions are obtained by

35 The new tree is of Schroder type because its vertex v has k — 2my > 2 children and vertex v has
2my + 1 > 3 children.



Black Holes and Higher Depth Mock Modular Forms 617

simple substitutions using the results found in the main text and the sets of trees shown
in Fig. 1. For n = 2 they all agree with the results of [14].

The results (5.33) and (5.34) generate the following expansions

DT _ 7 0) i e
h[’sq =hpu+ Z [812 - 512] emir O })hm,mhm»ﬂz
YI+2=y

3

0 0 T Qs (i h

o) [852)3 — &3 -2 (g§+)2,3 - 51+2,3) 512] OGN Ty,
Z?:I Yi=y -

0 0
+ Z [gf2)34 — &34 —2 (gf+)2+3,4 - 51+2+3,4) (€123 — 2€142,3E12)
Z?=| 7:':77

0 0 i 5
-3 (gf+)2,34 - 51+2,34) Enp+ <g§+)2,3+4 - 51+2,3+4) 512534] ™24

4
XHhPi,Mi T
i=1

(G.1)
-~ +) mi Vi
hpg="hpu+ Z & et })hm,mh,ﬂz,uz
Yi+h=y
3
(+) +) (0 i Vi
+ Z [5123 — 2815380, ] et O thi,m
Yo vi=y i=l
(+) (+) (0) 0) (0 (+) (0)
DY [51234 28112434 (5123 — 28112561 ) —3&2310
Y =y
4
0) o(0 i %
+51(:)2,3+451(2)53(4)] eI Qa(7i) 1_[ B+ s (G.2)
i=1
where the functions g,(lo) and &, can be read off from (5.27), (5.32) and (5.31),
(=Dl
§0) =T sgn(cy),
o (- 1) +riz+yis23 1
3 =g Sym {Vlz y23 sgn(cy) sgn(cs) + 32 )/23},
) (_ 1)V12+V1+2,3+)/1+2+3,4 (G'3)
g = T Sym {V12V23 34 sgn(ci)sgn(ci+2)sgn(cs)

1
— 3 V12y2syn sgn(cy)sgn(c3)sgn(cy) — 3 V12V23V1+2+3,4Sgn(c4)},

(-2

= e f (vi2, v12)

(b 2y \  Vpipy) - Eer
= )/12E1 + e wrir2) ||
4 v (pp1p2) /21
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(—1)vi2tries |
i3 = B — Sym {2_‘1,'2 D5 ((v1,243, V142,3), (V12, ¥23))
1 _ (p1p2p3)
s\ = = )
(—1)V12+7142.34 V142434
£ =
1234 6775

1 ~
E
X Sym {27 DF ((V1,24344, V142,344, V14243,4), (V12, V23, 034))
2

1~

*3 DX (V124344 V142443, V14243.4), (V12, V23, vz4))>
1 (p1p2p3) \ =

—— | yi2yms — ) O (Vis2e3 4. V14243.4) | (G4)
3 41y

where all generalized error functions are evaluated at x = /272(q + b). The last terms
appearing in the above quantities for n = 3 and n = 4 correspond to contributions of
trees with one mark (mm = 1). In fact, at these orders these results can be rewritten in a
simpler form, which coincides with the representations (5.42) and (5.48) (in the latter
formula one should drop the sum over partitions and take dr = d,,):

(= D+ra+yias

0
gy = D Sym {J/lz Y1+2.3 sgn(cy) Sgn(03)],
_1)712FV142,3 V142434
gl = COT 196 Sym{(Z Y23V1,243V14243,4 + V12734J/1+2,3+4)
xsgn(en)sen(cr2)sen(ey) |, (G.5)
(=1)V2tvi+23 ~p
£ :—Sm{CD v ) L (v, v },
123 240, y 5 (01,243, v142,3), (12, V142,3))
(=1)Y12HtV142,3%V14243.4 ~F
E = Sym {2 &7 ((v , 0 , 0 )
1234 96(20,)32 y { 5 (V1243445 V142,344, V14243.4)

X (023, V1,243, Vi4243.4))

+5§((vl,2+3+4, V142,344, V14243,4), (V12, V34, vl+2,3+4))> } (G.6)
The simplest way to prove the equality of the two representations of g,(lo) is to expand the
DSZ products appearing in (G.5) into elementary y;;’s and then, using symmetrization,
bring all their products to the form appearing in (G.3). These products are multiplied by

combinations of sign functions which can be recombined with the help of the identity
(D.12). As an example, let us perform these manipulations for n = 3:

Sym {712 y142,3 sen(er) sen(es) | = Sym {12 y2s(senten) = sen(e) senes)|

1
= Sym {)/12 123 (sgn(q) sgn(c3) + 7 sgn(c1+3)(sgn(cl) + sgn(cg)))} (G.7)

1
3 Sym {ylz 123 (3 sgn(cy) sgn(c3) + 1)}
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where we used that ¢c; = —(c1 + ¢3). This identity then shows the equality of the two
forms of géo) given above. For gio) the manipulations are very similar, but a bit more
cumbersome. The equality of the two forms of &, follows from the equality of their
asymptotics 8,(10), which is in turn ensured by the same identities as for g,(lo).

Finally, we provide expressions for the kernels ®'°* of the indefinite theta series

appearing in the expansion (5.38) of G in powers of '};,,, - For the first two orders, one
has

B =0,
~ | ~ ~ (G.8)
o5 =<I>2f + <I>1f<1>§g =12 CD{ (<I>1E(u12, v12) — ®F (vya, vlz)) ,
where dblf (x) is defined in (4.13). At the next order,
3 = @f +2Sym { @ (x142, x3) D5 (x1, x2>} + @l D (G.9)

To get an explicit expression in terms of smooth solutions of Vignéras’ equation, one
should use the relation (D.15). Applying it to the case n = 2 with V = (] 243, U142.3),
using the orthogonality properties

W(1243)1(142,3) = W12,  U(142,3)1(1,243) = U23, (G.10)

and acting by the operator D(v12)D(v23), one can show that
Sym {55((u1,2+3, ui+23), (vi2, 023))}
= Sym {5§W((U1,2+3, u123), (V12, V23))

M
+(v12, X) sgn(uz, x) DY (#1423, v142.3)
+(v12, X) (v23, X) sgn(uy 243, X) sgn(U 142 3, X)

_(p1p2p3)}

< (G.11)

This result allows to obtain the following representation for the kernel
~ 1 . ~ ~
oY = 3 q>1/ Sym {¢§((u1,2+3, u142,3), (012, v23)) — BF ((v1,243, v142,3), (V12, V23))
- (5>115(u1+2,3, v1423) — OF (V1423 vl+2,3)> of (v12, 012)}- (G.12)

Using the identity between functions 55 implied by the identity (G.7), the kernel
can also be rewritten as

—~ 1 2 /e~
oY = 3 CD{ Sym {g (Csz((ul,2+3, ui23), (Vi2,v142.3))

SE
—®5 (01,243, v142,3), (V12, v1+2,3)))

- (5f(u1+2,3, V142,3) — 5{5(vl+2,3, v1+2,3)> E’{5(1112, 012)}7 (G.13)
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so that the vectors appearing in the second argument of 2155 are now mutually orthogonal.
For n = 4, the kernel is given by

Y —q%{ + Sym {3<1>3I(X1+2,X3,X4)¢§(X1,X2)
+ @ (X142, X344) P5 (1, 12) 5 (x3, 14) (G.14)
+ 2q>2f(x1+2+3, x4) @5 (x1, x2, x3)} + CD]fq)f-

Proceeding in the same way as for n = 3, obtaining a generalization of (G.11)ton = 4,
one arrives at

—~ 1 ~
tot E
o) = 6 q’lf Sym {‘193 (124344, U142,344, U14243.4), (V12, V23, V34))

—®F (V124344 V142,344, V14243.4), (V12, V23, V34))

l (g

*3 (‘D (124344, U14244.3, U14243.4), (V12, V24, V34))

— O (0124344, V142443, V14243.4), (V12, V24, v34))>

BE(

<q>2 (142,344, U14243,4), (V142,3, V34))

SE

— @5 ((V142,344, V14243.4), (V142,3, V34))

2
( (142443, W14243,4), (V142,3, V142.4))

<I>

~ (@«
x®3

=E
(V14244,3, V14243,4), (V142,3, vl+2,4)))> ®7 (vi2, v12)

'_‘l'fj/—\

(142434, V14243.4) — PF (V11243 4, v1+2+3,4))
((v1,243, V142,3), (V12, ¥23))

(~ (142434, V14243.4) — PF (V11243 4, v1+2+3,4))
x®F (v12, v12)PF (V1423 V142,3)

1/~ ~
*7 <¢f(u1+2,3+4, V142,3+4) — OF (V142,344 vl+2,3+4)>
x®F (v12, v12) DF (v34, v34)}- (G.15)

It is possible also to rewrite this expression in terms of generalized error functions
5E (V. V) where the vectors entering the second argument are mutually orthogonal, as
in (G 13). The reader can easily guess the result by comparing (G.4) and (G.6).

The explicit results for CIJ“’t n < 4, presented above are the basis for the conjectural
formula (5.39). Note that all terms in these expressions have the sum of ranks of the
generalized error functions equal to n — 1. This shows that all contributions due to trees
with non-zero number of marks cancel in the sum over Schroder trees.
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H. Index of Notations
Symbol Description Appears/defined in
A(T) contribution of tree 7 to the integrand of the multi-instanton (3.18)
expansion of Hy and G
ar coefficient of unrooted labelled tree 7 in Dy, ({y5}) (5.22), (5.24)
Bre DSZ product (yy + - + ¥k, v¢) (2.13)
by =by(Q) second Betti number of Q) p.14
b* = Re (z%) periods of the Kalb-Ramond field ) p.11
by, rational coefficients in the expansion of F,S“"“ (5.51), (5.54)
¢ stability parameters (2.6)
ci(l) stability parameters after attractor flow (2.15)
C2.a components of the second Chern class of ) (2.19)
d =nb) dimension of the lattice A = ®}_, A; p-47
dy, dr rational weights in the representation of g,(lo) via flow tree (5.42), (5.45)
A(T), Af,L YR sign factors assigned to attractor flow tree T 2.4)
Dy Maass raising operator (3.23)
D(v) modular-covariant derivative contracted with vector v (D.16)
D {ys)) derivative operator assigning weight to vertices with m marks (5.22)
Enp(M; u) generalized error function on R (D.11)
Ep = 5,(,0) + S,(l+) function encoding the modular completion (5.31), (5.29)
¢ (logarithm of) contact potential on M g (3.20)
<I>f s 43,11\’1 boosted (complementary) error functions (D.14)
o f ms 5,1:’1 m uplifted boosted error functions in the kernel of V,;, (denoted (D.17)
by ®F, ®M when n = m)
ol contribution of tree 7 to <I>,{ (E.2), (E.17)
<I>,,f kernel defined by twistorial integrals 4.3), (4.12)
d>n£ kernel corresponding to function &, (5.32)
) ,,5 kernel promoting g,(lo) to a solution of Vignéras’ equation (5.21)
of kernel corresponding to the tree index (4.3), (4.9)
<I>,;§ kernel corresponding to completed tree index g, (5.6)
Lot total kernel in the expansion of G in terms of /1, (4.3)
Plot total kernel in the expansion of G in terms of ﬁp_ “ (5.39)
F(X) holomorphic prepotential p-11
Fun(yi}, 29 partial tree index (2.12)
F,Eref) {cih) partial contribution in g,(,ref) (5.49)
F image of G under Euler operator (3.28)
r charge lattice inside Heven (), Q) 2.19)
s positive cone in the charge lattice (2.20)
Tke, Te sums of DSZ products (2.13), (5.30)
y = (0, p%, 94, q0) charge vector of a generic D4 (or D3) brane (2.19)
Y = (" qa) projection of y on H4(9), Q) & H2(2. Q) (2.31)
Yij = Vi, vj) Dirac-Schwinger-Zwanziger product, or Euler pairing (2.24)
g ({yi} 2% tree index, also denoted by gt ({;, ¢i}) 2.3)
a({yi). 2% ™) completed tree index, also denoted by g, ({¥;, ¢;}) (5.2), (5.33)
g,go) {yi, eih) seed term in recursion for g, 5.9
&0 (5 et ) refined version of g (5.49)
g instanton generating function (3.22)
Gn{yiszih integrand in the n-instanton contribution to G (3.26)
Gu({¥i.ci}; ™) large x limit of @, (x) (5.15), (5.17)
h% (1, 7% generating function of DT invariants (2.28)
hp.u(T) generating function of MSW invariants (2.29)
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Symbol Description Appears/defined in

hp,u(t) modular completion of /1 p, ;, (T) .1

Hy (2) generator of contact transformation across £y, 3.9)

H)S] (2) classical, large volume limit of Hy (z) (3.15)

x(T) weight of attractor flow tree T 2.7)

K(x) BPS index of two-centered solutions (2.8)

Kabe intersection numbers on a fixed basis of H4(2)) p-11

Ky1y, (21, 22) integration kernel in large volume limit (3.16)

R ij (i zj) rescaled integration kernel in large volume liAmit “4.7)

NAGAR)) coefficient in the formula for the shadow of i ;, (5.35)

A= Hs9),7Z) lattice equipped with quadratic form k,p = kgpe p@ p.11

AN = Hy(Q), Z) lattice equipped with quadratic form «; 45 = Kape pl.“ p.47

A lattice A = ®}'_; A; spanned by n D1-brane charges p47

A eigenvalue under Vignéras’ operator (D.3)

£y BPS ray on the twistor fiber, or its large volume limit (3.3), p-18

Ha residue class of g, modulo spectral flow (2.26)

My (M; ) generalized complementary error function on R” (D.10)

./\/la/g matrix of parameters in the generalized error functions (D.10), (D.11)

M (D) complexified Kihler moduli space of ) p.11

My hypermultiplet moduli space in IIB/%), or vector multiplet p.13
moduli space in TIA/(Q) x S1) = M/(D) x T?)

nr number of vertices of rooted tree T excluding the leaves (5.33)

ny(T) number of descendants of the vertex v in 7 plus one (1.2)

ny valency of vertex v of an unrooted tree (5.24)

p homology class of the divisor wrapped by the D3-brane (2.20)

P ps})) weight of a vertex with m marks in G, (5.19)

q0 invariant DO-brane charge (2.27)

On({¥ihH difference of quadratic forms for constituents and the total (2.32)
charge

R,({yi}, ©) non-holomorphic correction in the completion iz\p’ w(T) (5.2), (5.34)

oy quadratic refinement 3.4), (D.5)

Sk, Se sums of stability parameters (2.13), (5.18)

Sf,l classical action of a D3-instanton in large volume limit (3.13)

Yp.u (<I>, A) indefinite theta series with kernel ® (D.1)

T=1+in 4D axio-dilaton in IIA, or torus modulus in M theory p.14

t complex coordinate on the twistor fiber p.15

t% = Im (z%) Kéhler moduli on Q) p.11

T rooted tree with charges assigned to the leaves footnote 18

T tree with charges assigned to vertices footnote 18

T,, T fl set of unrooted (labelled) trees with n vertices (3.26)

Ty,m, Ty, set of unrooted (labelled) trees with n vertices and m marks (5.17)

T}, set of rooted trees with n vertices (3.17)

']I‘?,‘,f set of attractor flow trees with n leaves 2.3)

']I‘§, set of Schroder trees with n leaves 5.4)

"]F(i: 4l set of rooted ternary trees with n leaves (5.19)

u® = (1, u?) complex structure moduli of mirror threefold @ p.15

Uij, Ue, Uy vectors in RY associated to —2 Im [ZVi Zy/], —Se and — Sy (4.10), (4.11), (5.8)

Vij, Ve, Vg vectors in RY associated to (Vi 7j) e and —=I'yg (4.10), (4.11), (5.8)

Vr set of vertices of rooted tree 7 excluding leaves p-8

Vi Vignéras’ operator (D.3)

Vi weight of a vertex with m marks in large x limit of 5"5 (5.26)

Yo weight of a vertex with m marks in g,(,O) (5.28)

Wu({(7i}, 12) coefficient in the formula for /2 ;, in terms of ﬁp[ i 5.5)

Xy holomorphic Fourier modes on the twistor space of M g (3.2)
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Symbol Description Appears/defined in
57 semi-flat limit of X, (3.1)
X}fl classical limit of &, 3.12)
X ,(,02] go-independent part of X)Sl (3.13)
x d-dimensional vector, argument of kernels of theta series p47
z coordinate on the twistor fiber, after Cayley transf. (3.6)
2y saddle point on twistor fiber (3.10)
24 =b* +1t? complexified Kédhler moduli of Q) p.14
25 () attractor moduli for charge y p.7
285 () large volume attractor point for charge y (1.1)
Zy (2% central charge 2.21)
Qy, 7% generalized Donaldson-Thomas invariant p-12
Q(y, z%) rational DT invariant 2.1)
Qi (y) attractor index p.7
QMSW (y) MSW invariant, also denoted by Qp,ﬂ Qo) p.12

Note in Proofs In a subsequent work [78], we extend the construction of the modu-
lar completion to the case of refined Donaldson-Thomas invariants, by exploiting the
observations made in Sect. 5.4.2 of the present paper. While it agrees with the present
construction in the unrefined limit, the refined construction turns out to be vastly simpler,
with all complications reduced to the final step of taking the limit y — 1.
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