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Abstract. We present an explicit formula for the Stokes automorphism acting on the
topological string partition function. When written in terms of the dual partition function,
our formula implies that flat coordinates in topological string theory transform as quantum
periods, and according to the Delabaere-Dillinger-Pham formula. We first show how the
formula follows from the non-linear Stokes phenomenon of the Painlevé I equation, together
with the connection between its 7-function and topological strings on elliptic curves. Then,
we show that this formula is also a consequence of a recent conjecture on the resurgent
structure of the topological string, based on the holomorphic anomaly equations, and it is
in fact valid for arbitrary Calabi—Yau threefolds.
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1 Introduction and conclusions

Topological string theory has been at the center of many developments in modern mathematical
physics. For example, through string dualities [11, 26] and the topological recursion of [32] it is
related to matrix models and the 1/N expansion. It has been also shown that certain “dual”
partition functions appearing in topological string theory are closely related to 7-functions of
Painlevé equations [30, 31, 45, 56]. These results have a close relation with the pioneering
works [9, 37].

The basic quantities in topological string theory are given by formal perturbative series in the
string coupling constant gy, which are factorially divergent. One can then ask, in the spirit of
the theory of resurgence [29, 58], what is the resurgent structure of these series, i.e., what are the
exponentially small trans-series associated to their Borel singularities, and the associated Stokes
constants. This question has been recently addressed in various works. Based on the trans-series
approach of [19, 20, 21], a conjecture for the resurgent structure of topological string theory on
arbitrary Calabi-Yau (CY) threefolds was put forward in [41, 42]. Although topological strings
are closely related to quantum periods (also known as Voros symbols), their resurgent structure
is quite different. For example, it is expected that the Stokes automorphisms of quantum
periods are given by the Delabaere-Dillinger-Pham (DDP) formula [23, 24, 25] (see [22, 43] for
recent arguments in that direction), but the Stokes automorphisms act on the topological string
partition function with a more complicated structure, and no closed formula is known for them.
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In this paper we provide such a closed formula. It reads
SZ(v; gs) = exp{aLiy (e_gsa) — gsalog(1 — e_gsa)ﬁ}Z(u;gs), (1.1)

where a is a Stokes constant, v is the flat coordinate (or period) parametrizing the moduli space,
and 0 is the derivative with reference to v.!

Although the partition function transforms in a relatively complicated way under the Stokes
automorphism, the dual partition function (obtained from the original one after a discrete Fourier
transform) transforms in a very simple way:

&7(v, p; gs) = PR (1 —ag log (1 — e2™0/9), i gy, (1.2)

i.e., it picks up a prefactor involving the dilogarithm function, and its argument transforms
indeed as a quantum period, following the DDP formula!

In this paper, we give two lines of argument that lead to (1.1) and (1.2). The first one is based
on the connection found in [45] between 7-functions of the first Painlevé equation, and a dual
partition function in topological string theory. By using this connection, one can show that the
non-linear Stokes phenomenon of the first Painlevé equation leads to the above transformation
formula for the dual partition function under a Stokes automorphism. Although this derivation
is based on a particular example of the topological string partition function, the resulting formula
turns out to be universally valid. To show this, we develop a second argument based on the
conjectures for the resurgent structure of the topological string proposed in [41, 42], and we
provide a derivation of (1.1) in the spirit of alien calculus. Since the conjectures of [41, 42] apply
to any topological string partition function which satisfies the holomorphic anomaly equations
(HAE) of [6], we conclude that (1.1) applies universally to closed topological strings on arbitrary
backgrounds. It can be extended to refined and real topological strings by using similar ideas
and techniques, see [1, 57].

As is mentioned above, the derivation based on [45] naturally relates the DDP formula to our
main formula. The DDP formula has a close relationship with the BPS invariants in class S theo-
ries, which are defined by a weighted counting of saddle connections in the spectral network [36].
In fact, the DDP formula for the quantum period V,, reads

Vi s Vi (1+ U(y)evy)ﬂ(v)ww’ (1.3)

where v is the cycle on the spectral curve associated with the saddle connection, the sign
o(y) € {£1} is specified by the type of saddle connection, and () is the BPS invariant; see,
e.g., [15, 36]. In view of this, we expect the Stokes constant a appearing in (1.1), (1.2) and in
the formulas in Section 3 to be given by a BPS invariant (). The precise relation is

a= %(:1) (1.4)

In the more general case considered in this paper, the Q(~) are given by the Donaldson—Thomas
invariants of the CY threefold. Here, the cycle v is dual to the Borel singularity A underlying
the Stokes discontinuity, and as we explain below A is an integral period of the CY geometry
(up to an overall normalization). This identification between Stokes constants appearing in the
resurgent structure of the topological string and BPS invariants was already suggested in [41, 42],
and it is also consistent with the results of [46, 47]. Further evidence for this identification
appears in the recent paper [40].

"We have written the formula in a somewhat schematic way, and for a simple case, involving a single modulus;
additional details, generalizations and clarifications can be found below.
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We should mention that close cousins of (1.2) have appeared before in different, but related
contexts. In [3], the transformation properties of a certain family of theta series defined on the
(twistor space of the) hypermultiplet moduli space of CY threefolds under wall-crossing were
studied. In the special case k = 1, the theta series (1.5) in [3] reduces to the dual topological
partition function [2], and their wall-crossing formula (1.9) agrees with our formula for the Stokes
automorphism. In addition, for the formula to agree, one must have the relation (1.4), giving
in this way additional evidence for the identification between Stokes constants and Donaldson—
Thomas invariants. A detailed comparison between the wall-crossing formula of [3] and our
formula will be made in Section 3. A similar wall-crossing formula was also found in [18] for
the dual partition functions of some N = 2 gauge theories. Let us point out that in [2, 3, 18]
the transformation of the flat coordinate according to the DDP formula is essentially built in,
while in our case it follows in a more indirect (and surprising) way from the resurgent structure
of the topological string perturbative series. It would be very interesting to understand better
the relation between [2, 3, 18] and our approach.

The result obtained in this paper can be understood as relating the Stokes automorphism
acting on the topological string partition function, to the Stokes automorphism acting on quan-
tum periods. It might have a connection to the blowup formula which relates in a similar way
the topological string free energy to the Nekrasov—Shatashvili free energy [39, 50]. This idea
has also been developed in [40] and it might lead to a different derivation of our main formula.
It would be also interesting to study the relation between our work and a series of papers by
Bridgeland [12, 13, 14].

After this paper was finished, we were informed by R. Schiappa and M. Schwick that in
forthcoming work they address similar issues and obtain related results, albeit with different
methods.

2 From non-linear Stokes phenomenon of the first
Painlevé transcendents to the main formula

In this section, we give a derivation of the formula (1.2) for the topological recursion partition
function through the analysis of the non-linear Stokes phenomenon of the first Painlevé equation.
Our derivation is based on the exact WKB theoretic approach to the Stokes multipliers of the
isomonodromy system associated with the first Painlevé equation, which was developed in [45,
Section 5]. We note that our result is closely related to [5, 65, 67], and we will make a comment
in the end of this section. We also note that our derivation is based on several conjectures on the
Borel summability of partition function and wave function etc., which are naturally expected
from the viewpoint of the exact WKB analysis of Schrédinger equations (see [54], for example).
See [29, 58] for materials in Borel summation method and resurgence.

2.1 Topological recursion and Painlevé 1

Let us briefly review the relationship between topological recursion and the first Painlevé equa-
tion.
We focus on the topological recursion partition function

2001, = exp( 22, 00 ) (2.1)

920

defined from a family of genus 1 spectral curves of the form

Y y? =da® 4 2tx +u(t,v) (2.2)
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parametrized by independent complex parameters t and v. Here, u(t,v) is a locally-defined
function given by the implicit relation

L fya (2.3)

v=— x .
ori Jo Y
after fixing a choice of a symplectic basis A, B of H{(X,Z). See Appendix A for the definition
of F, (see also [32, 45]). These quantities depend on the choice of the symplectic basis, and we
will choose a specific one to derive our main formula in Section 2.3.
It was shown in [45] that the discrete Fourier transform

T(t,v,pigs) = Y &I Z(t,v + kgs; gs) (2.4)
keZ

gives a 7-function for the Painlevé I equation®

d?q
2 2
—_— t. 2,
That is,
2 d2
a(t,v,p395) = =95 33 108 7(t, v, p; gs) (2.6)

is a formal solution of (2.5). Actually, the formal series (2.4) and (2.6) (and (2.9) below) are
not a usual power series in %, but can be regarded as a two-sided trans-series (which contain
both positive and negative exponential factors). These exponential terms can be summed up to
Y-functions. The discrete Fourier transform can be regarded as a non-perturbative correction to
perturbative partition function; see [31, 33, 45] for details. The parameters v and p are regarded
as integration constants parametrizing the general solution of Painlevé I. The formula (2.4) is
analogous to the formula obtained in [9, 37].

To derive our main formula (1.1), we will also use the isomonodromy system associated with
Painlevé I [51]:

2
[92‘9_ gs <ga—p)—(4x3—|—2t$—|—2H) Y =0,

s 2 S
ox T —q ox (2.7)
o 1 (.9 Ny_o
gSat 2(.’1:‘—q) gSa:E p - )
where
dq 14 3
= gs—t. H=>p>-2¢ —tq. 2.8
P=95q oF q q (2.8)

It is well known that the compatibility condition of the system (2.7) of PDEs is given by the
Painlevé I equation. The compatibility implies that the Stokes multipliers® of the first equation
of the system (2.7), which is a linear ODE with an irregular singular point * = oo of Poincaré
rank 5/2, are independent of the isomonodromic time t. It was also shown in [45] that

Vel 6,0, pigs) = S kez €2 %019 Z(t v + kgs; gs) X (ot v + Kgs; gs) 29)
y LV, Py s Zk;eZGQﬂ-ikp/gSZ(t7y+kgs;gs) .

2This construction is now generalized to all Painlevé equations; see [30, 31, 56].

3This paper discusses two types of Stokes phenomenon. The first one is related to the limit gs — 0, while
the second one is related to © — oco. Our main formulas (1.1) and (1.2) are related to the first type Stokes
phenomenon, but we analyze the second type as well to derive the main formulas.
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gives a formal solution for the isomonodromy system. Here, x1 is a WKB-type formal series
defined by the “quantum curve formula” as follows?* (see [10], for example):

X+ (2,1, v gs) (2.10)

B (£gs)29- 2t @ . (@) B dz(z1)dz(22)

= exp <gz>;) — /0 /0 (wg,n(m, ey 2n) = 0g.00n2 () x(zz))2>> .
n>1

Here, wy ’s are the topological recursion correlators (see Appendix A for the definition).

The most important formula to have a formal solution to the isomonodromy system (2.7) is
the following one, which describes the term-wise (in g5) analytic continuation along A-cycle and
B-cycle with respect to x-variable:

eiQWiy/gS Y:t (‘Ta t7 v, p; gS) along A—CYCIG,
Yi(x,t,v,p59s) — . S
eF2min/gs v, (z,t,v,p;gs) along B-cycle.

See [45, Theorems 3.9 and 4.8] for the derivation of (2.11). In the spirit of the exact WKB
analysis, and the abelianization in the sense of Gaiotto-Moore-Neitzke [35], the monodromy and
Stokes data of a Schrodinger-type linear ODE should be written in terms of the quantum periods
on the spectral curve (see [54, Section 3| for more details). Exponentials of those periods are
called Voros symbols, which play an important role in the exact WKB analysis (see [23, 54, 68],
for example). In view of the property (2.11), it is natural to define the Voros symbols of the
isomonodromy system (2.7) along A-cycle and B-cycle by e?™ /95 and e2™P/9s  respectively,
even though the parameter p is not an actual period integral on the spectral curve. These Voros
symbols are t-independent, so it is natural to expect that Y satisfies an isomonodromy system.
This is a philosophical remark on the result of [45].

The discrete Fourier transform is absolutely crucial to obtain the constant monodromy prop-
erty (2.11) and the quantum curve (i.e., the first equation in (2.7)) as an ODE. The property is
proved for more general spectral curves in [31]. It would be interesting to apply the following
method to other Painlevé equations.

2.2 Stokes graph of the isomonodromy system

Here we also review the discussion of [45, Section 5] on heuristic computation of the Stokes
multipliers of the isomonodromy system.
Let us take the meromorphic quadratic differential

o(z) = (4:U3 + 2tz + u(t, V))dx2, (2.12)

and define the Stokes graph of (the first equation of) the isomonodromy system (2.7) as the
graph on P! as follows:

e The vertices of the Stokes graph consists of zeros and poles of .

e The edges of the Stokes graph, called Stokes curves, are trajectories of ¢ emanating from
a zero of .

Here, a (horizontal) trajectory of ¢ is any maximal leaf of the foliation on P* defined by

Im /x vV ¢(x) = constant. (2.13)

See [63] for more details on trajectories of quadratic differentials.

“Precisely speaking, we must regularize the integral in (2.10) for (g,n) = (0,1) and (0, 2); see [45].
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D,

Dg

t=t.— i€ t=t.+1ie

Figure 1. Stokes graphs for several ¢ (with v = 1). Here we choose t. = —5 and € = 1/2.

The Stokes graph is also known as an example of spectral networks of [35]. Note that the
Stokes graph depends on the parameters ¢t and v. Away from the zero locus of the discriminant,
 has three simple zeros, and three Stokes curves emanate from each simple zero. Each face
of the Stokes graph is called a Stokes region. Some examples are shown in Figure 1. The
neighborhood of the irregular singular point z = oo is divided into five sectors by asymptotic
directions of Stokes curves. The five directions are called singular directions.

The main conjectural ansatz for the computation of the Stokes multipliers of the isomon-
odromy system (2.7) around x = oo are the following:

(i)

(iii)

If the Stokes graph does not contain any saddle connection (i.e., a Stokes curve connecting
zeros of ¢), then the partition function (2.1) is Borel summable. Moreover, the discrete
Fourier series

T (t,v,p;95) = > ™ P19 Z(t, v + kgs; ) (2.14)
keZ
converges and gives an analytic 7-function for Painlevé I. Here, Z is the Borel sum of the
partition function Z.

Under the same saddle-free condition, the WKB-type series x+ defined in (2.10) is Borel
summable on each Stokes region. Moreover,
S pez ©TEPI9: Z (v + kg go) Xi (2, t, v + kgs; gs)

Yy (x,t,v,p;9s) = S B 21,0 4 kg g0) (2.15)

converges and give an analytic solution of the isomonodromy system (2.7) on the Stokes
region. Here, X4 is the Borel sum of .

Under the same saddle-free condition, the Borel sums X1 of the WKB-type series (2.10)
defined on adjacent faces of the Stokes graph are related by the Voros connection formula
[54, 62, 68] (or the path-lifting rule in the sense of Gaiotto-Moore—Neitzke [35]).
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Figure 2. A-cycle and B-cycle.

The assumption (i) is consistent with the conjecture in [27, 41, 42] which claims the Borel
singularities appear on the lattice generated by the integral periods of ydx. For a class of
genus 0 spectral curves, the conjecture is proved rigorously in [46, 47]. Note that the saddle-free
condition in (i) is satisfied if all the integral periods of ydz on the spectral curve have a non-zero
imaginary part.

The assumption (ii) is inferred from the known result on the Borel summability of WKB
solution of Schrédinger equations (cf. [28, 59, 60] and an unpublished work by Koike—Schéfke).
These known rigorous results are not applicable to our case since y+ defined in (2.10) does not
satisfy an ODE but a PDE, but we expect that the same statement is true since the PDE also
has ¥ as the classical limit (see [45, Theorem 3.7]). Under the assumption (ii), we have five
canonical solutions @f ) defined in the Stokes region D; in Figure 1 (j = 0,£1,42 mod 5).
Then, we define the Stokes multiplier s; attached to the j-th singular direction argx = 27;j/5
as the non-trivial entry of the Stokes matrix S; defined by

(@) g0y = (7 D) gDy . s, (2.16)

where

1 .
( 3”), j=0,%2,
0 1
S = (2.17)

) /1
0 . j =1
Sjl

The Voros connection formula in (iii) is also well established in the case of Schrodinger
equation in [54, 68]. It enables us to describe these Stokes multipliers explicitly via the Voros
symbols e2™/9s and e*>7#/9s. A rough explanation is the following: The Voros connection
formula allows us to describe the analytic continuation of the Borel resummed WKB solution
by the term-wise analytic continuations on the spectral curve, and the formula (2.11) gives
an explicit description of those analytic continuations in terms of the Voros symbols (see [45,
Section 5] for details.). We will present the resulting Stokes multipliers in the next subsection.

2.3 Delabaere—Dillinger—Pham formula and non-linear Stokes phenomenon

Now, let us discuss the non-linear Stokes phenomenon for Painlevé I. We borrow the idea of
Takei used in [64, 65] where he relates the mutation of Stokes graphs (which we will explain
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shortly) to non-linear Stokes phenomenon of Painlevé transcendents, through the invariance of
the Stokes multipliers of (2.7). This idea has been recently further developed in [5, 67]. We also
note that our result is closely related to [34, 53] based on the Riemann—Hilbert method.

Figure 1 depicts Stokes graphs for v = 1 and several t’s which are close to t. = —5. Let us
label the three zeros of p(z) at t = t. as

e1 = 1.59075, ea = —0.01288, e3 = —1.57157, (2.18)

and take the A cycle (resp., the B cycle) as the cycle encircling the zeros e; and es (resp., es
and eg). See Figure 2. Here the orientation of these cycle is given so that

el €2
7{ ydx = 2/ ydx, j[ ydxr = —2/ ydz, (2.19)
A e B €3

where the branch of y is chosen so that it has a positive imaginary part (resp., a negative real
part) on the segment [eg, e1] (resp., [es, e2]). We may observe that a saddle connection appears
at t = t., where the B-period

f ydz = 5.87065 (2.20)
B

of ydx has zero imaginary part. As we have mentioned in Section 2.2, we expect that this
induces singularities on the positive real axis on the Borel-plane, and we will discuss the action
of the Stokes automorphism below.

The saddle connection is resolved and we have saddle-free Stokes graphs under a small vari-
ation of t since the B-periods of ydx are no longer real:

(2.21)

7{ Lo [583465 4 147447 at £ =t i
T =
e 5.83465 — 1474471 at t = t, + ic.

Here we take € = 1/2. We can observe that the topology of the Stokes graphs changes discon-
tinuously before and after the appearance of the saddle connection. This is what we call the
mutation of Stokes graph.

Since the Stokes graphs at t = t. + ie are saddle-free, we can use the recipe of [45, Section 5]
to compute the Stokes multipliers around x = co. The resulting Stokes multipliers are

_ 3a2mi s
S_o9 =1ie Tiv/g ’
s = i(e—Qﬂiu/gS _ e—?ﬂ'i(y—‘,—p)/gS + e—27rip/gs)’

At t =t.—ie: { so=ie?mP/9s, (2.22)
s1 = ie—27rip/gs (1 . e27riz//gS

)

Sg = ie*Qﬂiv/gs (1 _ eQﬂ'ip/gS)
S_o = je2miv/gs (1 _ e%ip/gs)’

S.1= ie*2Trip/gs (1 _ 6727'('111/95),

Att =t.+ie: { sg = ie?™P/9s, (2.23)
51 = i(e—27rip/g5 _ 2mi(v—p)/gs + e27ri1//gs)’

52 = ie=2m¥/0s

Although Figure 1 is drawn for € = 1/2, the formulas (2.22) and (2.23) are valid for any
sufficiently small € > 0 since the topological configuration of the Stokes graphs are same for
those e. We can check that the consistency conditions (cf. [66])

1+ §j—185 + iSj +2 =0, Sj = Sj+5 (2.24)
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of the Stokes multipliers are satisfied for both cases. We note that the result agrees with the
computation of [5, Section 7.4]. This is also consistent with [65, 67] through the identification
of [5, equations (7.71)—(7.72)].

Thus, we have seen that the mutation of Stokes graphs induces a discontinuous change of
the expressions of the Stokes multipliers. It is easy to observe that the Stokes data (2.23) are
obtained from (2.22) by the transformation

(e%il//gs7e27rip/gs) N (e%iV/gs (1 _ e%ip/gs) , e27rip/gs). (2.25)

In fact, this is an example of a cluster transformation (or a Kontsevich-Soibelman transforma-
tion). Our observation is consistent with the results [23, 25, 36, 48, 49] where the mutation of
Stokes graphs induces a cluster transformation for the Voros symbols (the quantum period, the
Fock—Goncharov coordinates). (2.25) is an example of the Delabaere-Dillinger—-Pham (DDP)
formula.

Now we get to the crucial point. Since ¢ is the isomonodromic time, these Stokes multipliers
must be preserved under the variation of t. Therefore, the above formulas suggest the following:
Let (v*,pt) and (v, p~) be possibly different pairs of parameters, and let 7% (¢, v, pt, gs)
be the Borel sum of 7(¢,v%, p*, g;) defined at t = t, & ie. If these 7-functions correspond to
a common solution of Painlevé I, then they must be glued at t = ¢, so that the corresponding
Stokes multipliers are identical. Namely, we have

_ _ _ 1 i 27i +/ s
T (07, p7 5 95) = 2 V2T I Z (1t gt gy) (2.26)
with
(v, pt) = (1/_ - ;—;ilog (1- e%ipi/gs),p_) . (2.27)

Here, the prefactor exp (ﬁ Lis (eQ’TipW 95)) on the right hand side is related to the generating
function of the monodromy symplectomorphism (which is the cluster transformation in this
case). The 2-form 27ig; 2dv A dp is a natural symplectic form on the space of initial conditions
for Painlevé I, and (2.27) is a symplectic transform on the space. It was proposed in [55,
equation (3.17)] that the (extended) 7-function for Painelvé I should be defined by taking the
exponential of the primitive of —27ig;?vdp as a normalization factor (see also [7, 8, 18]). The
relation (2.27) implies
2T dp — vrdpt) = o Lig(e2mv ™t /99)
—— (v dp~ —vTdp") = dlogezn , (2.28)
S
and hence we have taken the prefactor in (2.26).°
The formula (2.26) can be regarded as the connection formula which describes the non-linear
Stokes phenomenon for the Painlevé transcendents on the negative real axis in ¢-plane. We may

write the formula in terms of the Stokes automorphism as

GT(t, v, p; gs) — eﬁ Li2(62ﬂ'ip/gs)7— <t, U — gs IOg (1 - e?ﬂiﬂ/gs)7p; gs) ) (229)

2mi

If we look at the zero Fourier mode (i.e., coefficient of e?™##/9s with k = 0), we have the all
order instanton corrections of the partition function:

SZ(t,v;gs) = Z ZM(t,v; gs) (2.30)
n=0

5We would like to thank I. Coman and F. Del Monte for helpful discussion on the prefactor.
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with the terms of the form
AL (t,v;gs) = 3(") (t,v —ngs; gs) Z(t, v — ngs; gs). (2.31)

Here, 3™ (t,v;gs) is a differential polynomial of the free energy F'(t,v;gs) with respect to v.
The Seiberg-Witten relation 0, Fy = ¢ yda implies that Z (n) is a formal power series in g5 with
an exponential factor e™" $p vdz/gs Namely, Z(™ is an n-instanton amplitude. It turns out that
the first few terms

ZO(t,v;95) = Z(t,v gs), (2.32)
) gs OF

ZV(tvygs) = |14+ c=5—(t,v —gs39s) | Z(t, v — gs3 9s) (2.33)
271 Ov

of (2.30) precisely agree (up to a normalization factor) with the multi-instanton results for the
topological string obtained in [41, 42]. In the next section, we will show that the agreement
occurs for all n as well. We may also observe that the first few terms of the 1-instanton part (2.33)
are consistent with a known connection formula for Painlevé I (see, e.g., [52, 53]). This supports
our heuristic derivation of (2.29).

Before ending the section, let us make a remark on a relation with the results of [5, 65, 67].
These works also derive a connection formula for solutions of Painlevé I through the isomon-
odromy property. Our result (2.29) describes the connection formula at the level of 7-functions,
and the main difference is the appearance of the prefactor given by the dilogarithm function.
The factor disappears in the solution of Painlevé I due to the logarithmic derivative (2.6). As we
will see in the next section, we can relate the connection formula of Painlevé I with the results
of [41, 42] thanks to the prefactor. This is our new observation.

3 Resurgent structure and Stokes automorphisms
in topological string theory

In this section, we show that the main result from the previous section, (2.29), is a consequence
of the conjectures of [41, 42] on the resurgent structure of the topological string.

3.1 Resurgent structure of the topological string

In [41, 42], a general conjecture on the resurgent structure of the topological string on arbitrary
Calabi—Yau manifolds was put forward. This conjecture is based on a trans-series solution of
the HAE of [6], as proposed in [19, 20]. For this reason, it applies to the free energies obtained
by doing topological recursion on curves of genus g > 1, but it also applies to the free energies of
compact Calabi—Yau threefolds, since both are perturbative solutions to the HAE. For simplicity,
we will first present the results in the one-modulus, local case originally studied in [42]. The
generalization to the multi-modulus, general case is straightforward and will be presented below.

The conjecture of [41, 42] is as follows. First, it asserts that Borel singularities of the topo-
logical string free energy are integral periods of the Calabi—Yau manifold, up to some overall
normalization (in the local case, this was already conjectured in [27]). In the one-modulus, local
case, this means that the singularity A can be written as

A = cd, Fy + dv + dy, (3.1)

where ¢, d, dy are integer numbers, times a normalization factor which depends on the nor-
malization of gs (see [41] for a detailed discussion of normalizations). We will assume that A
is a primitive vector of the period lattice. Then, £A, with ¢ € Z~¢ is also a Borel singularity,
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and we are interested in the structure of these “multi-instanton” singularities. There are two
different situations. When ¢ = 0, the resurgent structure is of the Pasquetti-Schiappa form [61].
This means the following. Let us define

1A 1Y\ _
o _ (6 i ﬁ) ot/ (3.2)
Then, the alien derivatives of the free energy are given by
ApaF =aFY), 1€, (3.3)

where a is a Stokes constant. When ¢ # 0, one defines a modified genus zero free energy Fy by
the equation A = ¢d, Fy. We note that Iy differs from the original Fy in a quadratic polynomial
in v. The total free energy appearing in the formulas for the trans-series involves Fy, i.e., it is
given by

F(vigs) = g5 " Fo(v) + Y _ 929 Fy(v
g>1

Let us now define

WF' (v — (hygs) 1 | |
FO@: g.) = (W N £2> oF (v thig.)~F(vig.). (3.4)

where we have introduced the rescaled coupling constant i = cgs. The prime in (3.4) and other
equations in this section denotes the derivative with reference to v. Then, the alien derivatives
of F' are given by

ApaF =aFY, 1€ Zyy. (3.5)

These are the main conjectures of [41, 42]. They recover and extend partial results along this
direction in [19, 20, 21]. We note that both in (3.5) and (3.3) it is assumed that the Stokes
constant is independent of /.

From the formulas for the alien derivatives, one can compute the action of the Stokes auto-
morphism, through Ecalle’s formula (see, e.g., [58])

Sc = exp <Z CEAM> . (3.6)

(=1

We have introduced an additional formal parameter C to keep track of £. In view of the results of
the previous section, we should consider the action of the Stokes automorphism on the partition
function, Z, and we have S¢(Z) = exp (S¢(F')). We have again two cases to consider. The
simplest one is when ¢ = 0. In that case, the action of more than one alien derivative vanishes,
and we simply have

_ S otp) 7 - et (LA LY s,
Sc(Z) = exp <a;c FA>Z—exp (a;C <€gs+€2)e Z, (3.7)
which we can write as

Sc(Z) = exp <a Lig (Ce_A/gs) — a;t log (1 — Ce_A/gs)> Z. (3.8)

This is the result obtained for the resolved conifold after using the Pasquetti-Schiappa form
(see, e.g., [4]). We note that the ingredients for our main formula (the dilogarithm and the
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logarithm) are already here, and they follow from the Pasquetti-Schiappa form of the multi-
instanton amplitudes, which is in turn ultimately due to the universal behavior of the topological
string at the conifold point [38].

The non-trivial case for the calculation of the Stokes automorphism occurs when ¢ # 0, since
one has to act with multiple alien derivatives. Explicit calculations show that the result has the
form

6c(2) =) €3 —th)Z(v — th gs), (3.9)
£>0

where 3(5)(1/) can be computed explicitly and 3(©) = 1. One finds, for the very first values,

2 1 AF' 3.10

3% = % (14 2hF' + (AF')? + h*F") 4+ a <4 + 3 > . (3.10)

This is in accord with (2.30)—(2.33). We will show in the next subsection that the structure (3.9)

follows from the results of [42]. The arguments in Section 2 suggest in addition the following
explicit generating functional for the functions 3 (v):

Z(v;95) Y €30 () = e* O Z (v — halog(1 - C); gs) (3.11)
>0

Indeed, it follows from (3.9) and (3.11) that
Sc(Z) = exp{aLiy (Ce_ha) — halog (1 — Ce_ha)G}Z, (3.12)

where 0 is the derivative with reference to v. If we introduce now the discrete Fourier transform
as in (2.4),

T(v,pi9s) = Y T Z (0 + kg ga), (3.13)
keZ

one easily finds
667'(]/, P gs) = eaLiQ(ceQﬂCP/gs)T(lj — ha 10g (1 - Ce27riCp/gS) s P5 gs), (314)

where we have made a choice of normalizations in such a way that the coefficient c is an integer.
The formula above has precisely the structure anticipated in (2.29) (the two formulas agree after
setting C = ¢ = 1, a = 1/(271).) In Section 3.3, we will consider more general cases for the
transformation of the dual partition function and make contact with the results of [3].

3.2 A derivation of the formula for Stokes automorphisms

We will now show that the formulas (3.11) and (3.12) follow from the conjecture on the alien
derivatives of the free energy, (3.5). To do this, we will rely on various results of [41, 42], which
we summarize very briefly here. We refer to those papers for more details.

In the framework of the HAE, the perturbative free energies F, are non-holomorphic but
global functions on the moduli space. More precisely, they are polynomials in a non-holomorphic
propagator S, whose coefficients are functions of a complex coordinate z on the moduli space
(not necessarily flat). The conventional free energies are holomorphic but can be defined in
different frames, which are determined by a choice of A and B periods. The holomorphic free
energies in different frames are obtained by considering the non-holomorphic free energies, and
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taking different holomorphic limits of the propagator. We define the A-frame as the frame in
which A is the A-period, and the holomorphic propagator appropriate for the A-frame will be
denoted by S4. The boundary conditions to solve the HAE are obtained by evaluating the
holomorphic free energies in different frames and imposing particular behaviors at special points
in moduli space, in particular the universal behaviour at the conifold point [38] and the resulting
gap condition [44].

It was pointed out in [19, 20, 21] that the resurgent structure of the topological string free
energy can be obtained by considering trans-series solutions to the HAE of [6]. The solutions
corresponding to the /-th instanton sector are formal power series in g5, whose coefficients are also
polynomials in S with z-dependent coefficients, and they also involve A and their derivatives (the
second derivative of A can be however re-expressed in terms of S 4). The f-instanton amplitude
involves of course an exponential prefactor of the form e ¢A/9 . Explicit trans-series solutions
were obtained in [41, 42] by using an operator formalism first suggested in [16, 17]. The main
operator in this formalism is®

D = g,0.A(S — S4)0.. (3.15)

When evaluated in the holomorphic limit, this operator becomes hd,, i.e., a derivative with
reference to the flat coordinate v.

We are now ready to prove the formula (3.11). The Stokes automorphism, acting on Z,
produces a formal sum of multi-instanton sectors which has to solve the HAE for the partition
function, and in addition it has to satisfy the following boundary condition: when evaluated at
the A-frame, it is equal to (3.8). This determines its form uniquely. A general n-th instanton
solution to the HAE for the partition function was determined in [42] and has the structure:

ZM =9, e 27, (3.16)
where

1
®, = 6(1 —e"™)G,  G=—A+D(F-g;’R). (3.17)
gs
Let us note that, in the holomorphic limit, ®,, — F(v;gs) — F (v — nh; gs). The prefactor 2, is
determined as follows. Let X,, = e "PG. Then, the 2, are arbitrary linear combinations of the
objects toy, defined by

oy = CrXg. (3.18)
k, d(k)—=¢

In this formula, k = (k1,ke,...) is a vector of non-negative entries, d(k) is given by d(k) =
ijk'j, the coefficients C}, are of the form,

!
[ kil (GO

and X, = XM (DX, )k (D2Xn)k3 ---. We would like to emphasize that this structure is deter-
mined by requiring that (3.16) is a solution to the HAE (we recall that the HAE for the partition
function is linear, so we can solve it for each instanton sector separately). Let us also note that
all the X’s appearing in 2, are shifted, i.e., they are acted upon by the automorphism e~"P, so

it is convenient to introduce the “unshifted” prefactor 8,, defined by

Cr = (3.19)

A, = e "0y, (3.20)

SFor the factors of gs, we follow the conventions in [41].
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In %B,, X,, is replaced by X = G. The precise linear combination of tv, appearing in 2, is
uniquely determined by the boundary condition, i.e., by its form in the A-frame. As we will see
in a moment, when evaluated in the A-frame, the holomorphic limit of Z(™ is of the form

k
20 = (S (2) Jerioz 321
k S

where the prefactor is an arbitrary polynomial in A/g,. Then, B,, = >, ¢, i1y

Let us now apply these results to the calculation of the Stokes automorphism. As we explained
before, the Stokes automorphism produces the holomorphic limit of a formal linear combination
of solutions of the form (3.16). Therefore, we must have

&c(Z) =) C'UAZ(v — s gs). (3.22)
£>0

(To lighten the notation, we are using the same symbols for the non-holomorphic quantities
appearing in the HAE, and for their holomorphic limits. Hopefully, which one is being used
at a given moment is clear from the context.) This is precisely the structure of (3.9), which
follows from the general results for multi-instantons. We deduce that 2, = 3() (v — hif). Both
sides involve functions whose argument is shifted by —Af. In terms of the unshifted prefactors
introduced in (3.20), we have

B, =39©). (3.23)
The boundary condition obtained from (3.8) is

ch%nw‘l = exp <a Lis(C) — aé log(1 — C)>

>0 Js
Lia(C) k(AN
_ coliz —alog(1—C)) <) , (3.24)
Z . .

which is indeed of the form (3.21). According to what we explained above, we can already write
the general solution to the HAE, by simply replacing (A/gs)* by toy:

n a 12 1
o3 =ty o (—alog(1— ) oy, (3.25)
n>0 k>0

where we have already used (3.23). It was proven in [42] that

2(¢ Zﬂ Wy = exp Zg DITlX |, (3.26)

>0

where £ is an arbitrary complex parameter. We conclude that

3730 = bz ex (1

5 (emalos(1=CD _ 1)X> : (3.27)
n>0

In the holomorphic limit, we have that X — ho,F', where F' is the total free energy, and we get
in the end

> 3™ = exp(aLiz(C) + F(v — ahlog(l - C); gs) — F(v; gs)) - (3.28)
n>0

This is precisely (3.11).
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3.3 Generalizations

The above results concern the one-modulus, local case. However, the generalization to arbitrary
CY threefolds is straightforward, by using the results of [41] (to which we refer for further details).
We will now write in some detail the more general formula for the Stokes automorphism. In
the case of an arbitrary CY, the genus g free energies depend on the “big moduli space” flat

coordinates X! of the CY, where I = 0,1,...,n. The Borel singularities or instanton actions
are again integral periods, given by linear combinations,
OF
-1 19140 I
A= drX". 3.29
K o' oxr Hi (3.29)

We note that, in the local case, X° = 1, and 9F,/9X" does not appear, so in the one-modulus
case this expression reduces to (3.1). In (3.29), we have introduced explicitly the normalization
factor k relating the action to the integral periods. If all ¢! = 0, the multi-instanton amplitudes
are again of the Pasquetti—Schiappa form (3.2) and the Stokes automorphism is given by (3.8).
When not all ¢/ vanish, one defines a new genus zero free energy by A = re! 258 as in the local
case. It can be written as

Fo(X") = Ry(XxF) —i—%aUX[XJ, arje’ =dy. (3.30)

Of course, the final formulas will not depend on ayy, but only on ¢!, d;. As shown in [41], one
has to define a new genus one free energy

Fi=F— (% - 1) log X°. (3.31)

Such a redefinition has appeared before, e.g., in|2, equation (2.77)]. The total free energy relevant
for the multi-instanton amplitudes will be denoted by F (X I, gs), and is given by

F(X'595) = 9 Fo(XT) + By (XT) + ) 929 Fy (XT)
922
1
:27926L[JXIXJ+F(XI;QS)- (332)

S

Then, one has the following generalization of (3.12),

Sc(Z) = exp{aLis (Ce*"‘gsclaf) — akgslog(1 — Ce*"gscla’)claj}z, (3.33)
where we have denoted Z = ef ,and Oy = %.

As we have explained before, the action of the Stokes automorphism has a simpler form
when it acts on an appropriate dual partition function. We could obtain a direct generalization
of (3.14) involving the redefined partition function Z. However, in order to make contact with
the results of [3], it is convenient to consider the dual partition function to the original Z. This
means that in (3.33) we have to treat separately the quadratic term in X! appearing in the
second line of (3.32). If we denote

Y= XTI —argscl log(1 - C), (3.34)

we find

B 2
Z(Yl;gs) = exp {F;QQdIcI log?(1 —C) — g3 tarlog(l — C)d; X' +

1
x'x’
29217 }

x Z(Y7;gs). (3.35)
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We also note that, for n € Z,

1 2
e~ Trgsc!Or exp {CL[JXIXJ} = exp {gs_ll-sdeIn + n2/i2cldl}

292
1
X exp {2a1JXIXJ} : (3.36)
295
We have to be more concrete about the normalization factor . It was found in [41] that, with
the canonical normalization of g,, one has k> = —27i, and this means that
e%/ﬁcldl _ efﬂincld17 (337)

since n,dr, ¢! € Z. We will now put together ¢!, d; in a symplectic vector v = (cI, d]). Let us
introduce

X, =o(y)exp|— rgy ! (d[XI - pjcl)], (3.38)

where p;, I = 0,1,...,n, are additional variables, and o(y) = (—1)dfcl. Then, one finds
that (3.33) is equivalent to

/gs I I .
Se (Z e"P1 /9: Z(X + Kl gsvgs)>
Lezn
— eaLig(CXry)fﬂi(IQdIC] log?(1-CX ) Z efagglﬁlog(lf(fX,y)d[(XIJrngSZI)

Lezn
x Z (XI + kgot! — aggrel log (1 — CX,) ;gs) erprt! /g, (3.39)

The appropriate definition of the dual partition function in this general case is [3]:

Z emplff/gsz(XI + Hglgs;gs)’ (3'4())
ez

_1
(X', prigs) = €29

and the action of the Stokes automorphism is

67—(le PI; gs) = exp(aLU(W) (X’Y))
X T(XI — agskc! log(1 — X)), pr — agskdrlog(1 — X);9s), (3.41)

where we have put C = 1, and L¢(z) is the twisted Rogers dilogarithm, as in [3]:
1
Le(2) = Lis(2) + 5 log (e72) log(1 — 2). (3.42)

It is easy to see that (3.41) agrees precisely with the wall-crossing formula (1.9) in [3], where
their variables ¢/, é] are related to ours by (XI,pI) = —K(s (51,5}).7 In addition, the agree-
ment between the formulas requires the identification (1.4). One advantage of (3.41) is that,
when ¢! = 0, one recovers as well the transformation formula (3.8) (this is easily seen by looking,
e.g., at the mode with ¢/ = 0).

There is another generalization of the formula (3.11) that one could consider. So far we have
only included forward alien derivatives, and correspondingly purely instanton sectors. We can

"[3] also give a wall-crossing formula for Z, in terms of an integral transform, which is equivalent to (3.33).
We would like to thank Boris Pioline for many discussions on the relation between the approach of [2, 3] and the

one presented in this paper.
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also consider alien derivatives in both the negative and the positive directions, which lead to
amplitudes with both instantons and “negative instantons”. Let us define

FOO ;g0 = ~FOw;—g),  FU590) = —F (05 —gs). (3.43)

The basic alien derivative in the negative direction is simply,
A_j4F =aFO9  or aFJ(40|f), (3.44)

depending on whether ¢ # 0 or ¢ = 0. We can then consider the “mixed” Stokes automorphism:

601,62 = €xp (Z CfAEA + CgA—ZA) . (345)

>1

Acting on Z, it has the structure

G e(Z2) = Y e33R (w— (0 — Lo)h) Z(v — (b1 — L)), (3.46)
£1,62>0

where 3019 = 1. In this case, the boundary condition follows from (3.44), (3.43) and (3.2). It
is given by

exp {a Z (Cfij) + CSFJE{M)) }

(=1

= exp {a (Liz(C1) — Lia(Ca)) — aé (log(1 —Cy) + log(1 — Cg))} . (3.47)

9s

By using the results in [42], we can generalize (3.11) to

Z(v; gs) Z Cflc§23(£1|22)(y)

41,6220
= alli2(C1)=Li2(C2)) 7 (1, — ghlog(1 — C1) — ahlog(l — Ca); gs) - (3.48)

It is easy to write this formula in the form (3.33) or (3.41).

A Definition of correlators and free energy
in topological recursion

To apply the topological recursion, we regard (2.2) as a family of spectral curves in the sense
of [32] (i.e., a data consisting of a compact Riemann surface C' and a pair (z,y) of meromorphic
functions on it), through the Weierstrass parametrization:

C=C/A, () =p(2), yz)=¢(2) (A1)

Here p(z) = @(z;992,93) is the Weierstrass p-function with go = —2¢t and g3 = —u, which
is doubly-periodic with periods w4 and wp (we omit the ¢ and v dependence for simplicity).
A = Zwa + Zwp is the lattice generated by the periods of the elliptic curve (2.2).

Let z, € C be a generic point, and €2 be the quadrilateral with z,, z, + wa, 2o + wB
and z, + w4 + wp on its vertices; that is, a fundamental domain of C/A. The ramification points
(i.e., zeros of dx) on  are given by the half-periods 11 = w4 /2, ro = wp/2 and r3 = (wa+wp)/2
modulo A. These points correspond to the branch points e; = x(r;) (i = 1,2,3) of the elliptic
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curve which are defined by 42% + 2tx + u = 4(x — e1)(x — e2)(x — e3). The covering involu-
tion y — —y is realized by z — o0(z) = —z mod A.

To run the topological recursion, we also need the Bergman bidifferential normalized along
the chosen A-cycle. For our spectral curve, it is given by

A

B(Zl, 2:2) = <p(2’1 — 22) + ZA) dz1dzo, (A2)

where
xdz
nm=—-¢ —.
A Y

Then, the topological recursion recursively constructs a doubly-indexed sequence of meromorphic
multi-differentials wg ., (21,...,2,) (9 > 0, n > 1) on the spectral curve, called correlators, as
follows:

w071<21) = y(zl)dx(’zl)v w0,2(217 22) = B(zh ZQ)v (A3>
and for 2g — 2 +n > 1, we define

3
wWon(21s.--,2n) = ZB_%S. K(z1,2)Rgn(2, 22, ..., 2n), (A.4)
=1

where

Ryn(z,22,...,2n) = Wg—1n41(2,0(2), 22, ..., 2n)

!/
+ Y w2 20wy, g4 (0(2), 20). (A.5)
9g1+92=9g
IuJ={2,...,n}

Here, the recursion kernel K(z1, z) is given by

1 w==z
K(z,z) = / wo,2(21, w). (A.6)
(y(2) = y(o(2)))dz(2) Jw=o
We use the convention for a tuple of variables as zr = (2;,,...,2;,) if I = {i1,...,ix}, and the

prime in the right-hand side of (A.5) means that only indices satisfying (g;, I;) # (0,2) are
taken (i.e., wp1 does not appear) in the summation.

Here we also recall the definition of the genus ¢ free energy Fy, = Fy(t,v) introduced in [32].
The genus 0 free energy Fp is defined in [32, Section 4.2.2]. In our case, it is given by

tu v
Fo=—+- . A.
N (A7)

The genus 1 free energy Fi is also defined in [32, Section 4.2.3] up to a multiplicative constant.
We employ
1 6
as the definition. Here
D = —8t% — 27u(t,v)? (A.9)
is the discriminant of (2.2). Finally, we define the genus g free energy F, for g > 2 by

3

1
Fy = 55q > Bes (2w (2), (A.10)
j=1

where ® is any primitive of wg ;. See [32] for properties of wy, and Fj.



Resurgent Structure of the Topological String and the First Painlevé Equation 19

Acknowledgements

We would like to thank Ioana Coman, Fabrizio del Monte, Alba Grassi, Paolo Gregori, Jie
Gu, Shinobu Hosono, Omar Kidwai, Oleg Lisovyy, Pietro Longhi, Kento Osuga, Boris Pioline,
Ricardo Schiappa, Masa-Hiko Saito, Maximilian Schwick, Atsushi Takahashi, Yoshitugu Takei
and Joerg Teschner for useful conversations. We would also like to thank to Maxim Kontsevich
and Yan Soibelman for organizing the IHES school “Wall-crossing structures, analyticity and
resurgence”, which made possible this collaboration. The work of K.I has been supported by
the JSPS KAKENHI Grand Numbers 20K14323, 21K18576, 21H04994, 22H00094, 23K17654.
The work of M.M. has been supported in part by the ERC-SyG project “Recursive and Exact
New Quantum Theory” (ReNewQuantum), which received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation program,
grant agreement No. 810573. Finally, we would like to thank the anonymous referees for their
helpful comments that improved the quality of the paper.

References

[1] Alexandrov S., Marino M., Pioline B., Resurgence of refined topological strings and dual partition functions,
arXiv:2311.17638.

[2] Alexandrov S., Persson D., Pioline B., Fivebrane instantons, topological wave functions and hypermultiplet
moduli spaces, J. High Energy Phys. 2011 (2011), no. 3, 111, 73 pages, arXiv:1010.5792.

[3] Alexandrov S., Pioline B., Theta series, wall-crossing and quantum dilogarithm identities, Lett. Math. Phys.
106 (2016), 1037-1066, arXiv:1511.02892.

[4] Alim M., Saha A., Teschner J., Tulli I., Mathematical structures of non-perturbative topological string
theory: from GW to DT invariants, Comm. Math. Phys. 399 (2023), 1039-1101, arXiv:2109.06878.

[5] Baldino S., Schiappa R., Schwick M., Vega R., Resurgent Stokes data for Painlevé equations
and two-dimensional quantum (super) gravity, Commun. Number Theory Phys. 17 (2023), 385-552,
arXiv:2203.13726.

[6] Bershadsky M., Cecotti S., Ooguri H., Vafa C., Kodaira—Spencer theory of gravity and exact results for
quantum string amplitudes, Comm. Math. Phys. 165 (1994), 311-427, arXiv:hep-th/9309140.

[7] Bertola M., Korotkin D., Tau-functions and monodromy symplectomorphisms, Comm. Math. Phys. 388
(2021), 245-290, arXiv:1910.03370.

[8] Boalch P., Quasi-Hamiltonian geometry of meromorphic connections, Duke Math. J. 139 (2007), 369-405,
arXiv:math/0203161.

[9] Bonelli G., Lisovyy O., Maruyoshi K., Sciarappa A., Tanzini A., On Painlevé/gauge theory correspondence,
Lett. Math. Phys. 107 (2017), 2359-2413, arXiv:1612.06235.

[10] Bouchard V., Eynard B., Reconstructing WKB from topological recursion, .J. Ec. Polytech. Math. 4 (2017),
845-908, arXiv:1606.04498.

[11] Bouchard V., Klemm A., Marifio M., Pasquetti S., Remodeling the B-model, Comm. Math. Phys. 287
(2009), 117-178, arXiv:0709.1453.

[12] Bridgeland T., Tau functions from Joyce structures, arXiv:2303.07061.

[13] Bridgeland T., Riemann—Hilbert problems from Donaldson-Thomas theory, Invent. Math. 216 (2019), 69—
124, arXiv:1611.03697.

[14] Bridgeland T., Masoero D., On the monodromy of the deformed cubic oscillator, Math. Ann. 385 (2023),
193-258, arXiv:2006.10648.

[15] Bridgeland T., Smith I., Quadratic differentials as stability conditions, Publ. Math. Inst. Hautes Etudes Sci.
121 (2015), 155-278, arXiv:1302.7030.

[16] Codesido S., A geometric approach to non-perturbative quantum mechanics, Ph.D. Thesis, University of
Geneva, 2018.

[17] Codesido S., Marifio M., Schiappa R., Non-perturbative quantum mechanics from non-perturbative strings,
Ann. Henrt Poincaré 20 (2019), 543-603, arXiv:1712.02603.


https://arxiv.org/abs/2311.17638
https://doi.org/10.1007/JHEP03(2011)111
https://arxiv.org/abs/1010.5792
https://doi.org/10.1007/s11005-016-0857-3
https://arxiv.org/abs/1511.02892
https://doi.org/10.1007/s00220-022-04571-y
https://arxiv.org/abs/2109.06878
https://doi.org/10.4310/cntp.2023.v17.n2.a5
https://arxiv.org/abs/2203.13726
https://doi.org/10.1007/BF02099774
https://arxiv.org/abs/hep-th/9309140
https://doi.org/10.1007/s00220-021-04224-6
https://arxiv.org/abs/1910.03370
https://doi.org/10.1215/S0012-7094-07-13924-3
https://arxiv.org/abs/math/0203161
https://doi.org/10.1007/s11005-017-0983-6
https://arxiv.org/abs/1612.06235
https://doi.org/10.5802/jep.58
https://arxiv.org/abs/1606.04498
https://doi.org/10.1007/s00220-008-0620-4
https://arxiv.org/abs/0709.1453
https://arxiv.org/abs/2303.07061
https://doi.org/10.1007/s00222-018-0843-8
https://arxiv.org/abs/1611.03697
https://doi.org/10.1007/s00208-021-02337-w
https://arxiv.org/abs/2006.10648
https://doi.org/10.1007/s10240-014-0066-5
https://arxiv.org/abs/1302.7030
https://doi.org/10.1007/s00023-018-0751-x
https://arxiv.org/abs/1712.02603

20 K. Iwaki and M. Marino

[18] Coman I., Longhi P., Teschner J., From quantum curves to topological string partition functions II,
arXiv:2004.04585.

[19] Couso-Santamaria R., Edelstein J.D., Schiappa R., Vonk M., Resurgent transseries and the holomor-
phic anomaly: nonperturbative closed strings in local (C]P’Q, Comm. Math. Phys. 338 (2015), 285-346,
arXiv:1407.4821.

[20] Couso-Santamaria R., Edelstein J.D., Schiappa R., Vonk M., Resurgent transseries and the holomorphic
anomaly, Ann. Henri Poincaré 17 (2016), 331-399, arXiv:1308.1695.

[21] Couso-Santamarfa R., Marifio M., Schiappa R., Resurgence matches quantization, J. Phys. A 50 (2017),
145402, 34 pages, arXiv:1610.06782.

[22] Del Monte F., Longhi P., The threefold way to quantum periods: WKB, TBA equations and ¢-Painlevé,
SciPost Phys. 15 (2023), 112, 48 pages, arXiv:2207.07135.

[23] Delabaere E., Dillinger H., Pham F., Résurgence de Voros et périodes des courbes hyperelliptiques, Ann.
Inst. Fourier (Grenoble) 43 (1993), 163-199.

[24] Delabaere E., Dillinger H., Pham F., Exact semiclassical expansions for one-dimensional quantum oscillators,
J. Math. Phys. 38 (1997), 6126-6184.

[25] Delabaere E., Pham F., Resurgent methods in semi-classical asymptotics, Ann. Inst. H. Poincaré Phys.
Théor. 71 (1999), 1-94.

[26] Dijkgraaf R., Vafa C., Matrix models, topological strings, and supersymmetric gauge theories, Nuclear
Phys. B 644 (2002), 3-20, arXiv:hep-th/0206255.

[27] Drukker N., Marino M., Putrov P., Nonperturbative aspects of ABJM theory, J. High Energy Phys. 2011
(2011), no. 11, 141, 29 pages, arXiv:1103.4844.

[28] Dunster T.M., Lutz D.A., Schifke R., Convergent Liouville-Green expansions for second-order linear dif-
ferential equations, with an application to Bessel functions, Proc. Roy. Soc. London Ser. A 440 (1993),
37-54.

[29] Ecalle J., Les fonctions résurgentes appliquées a l'itération, Université de Paris-Sud, 1981.

[30] Eynard B., Garcia-Failde E., From topological recursion to wave functions and PDEs quantizing hyperelliptic
curves, Forum Math. Sigma 11 (2023), €99, 42 pages, arXiv:1911.07795.

[31] Eynard B., Garcia-Failde E., Marchal O., Orantin N., Quantization of classical spectral curves via topological
recursion, arXiv:2106.04339.

32] Eynard B., Orantin N., Invariants of algebraic curves and topological expansion, Commun. Number Theor

y g g Y
Phys. 1 (2007), 347-452, arXiv:math-ph/0702045.

[33] Eynard B., Orantin N., Marifio M., Holomorphic anomaly and matrix models, J. High Energy Phys. 2007
(2007), no. 6, 058, 20 pages, arXiv:hep-th/0702110.

[34] Fokas A.S., Its A.R., Kapaev A.A., Novokshenov V.Yu., Painlevé transcendents, Math. Surveys Monogr.,
Vol. 128, American Mathematical Society, Providence, RI, 2006.

[35] Gaiotto D., Moore G.W., Neitzke A., Spectral networks, Ann. Henri Poincaré 14 (2013), 1643-1731,
arXiv:1204.4824.

[36] Gaiotto D., Moore G.W., Neitzke A., Wall-crossing, Hitchin systems, and the WKB approximation, Adv.
Math. 234 (2013), 239-403, arXiv:0907.3987.

[37] Gamayun O., Iorgov N., Lisovyy O., Conformal field theory of Painlevé VI, J. High Energy Phys. 2012
(2012), no. 10, 038, 24 pages, arXiv:1207.0787.

[38] Ghoshal D., Vafa C., ¢ = 1 string as the topological theory of the conifold, Nuclear Phys. B 453 (1995),
121-128, arXiv:hep-th/9506122.

[39] Grassi A., Gu J., BPS relations from spectral problems and blowup equations, Lett. Math. Phys. 109 (2019),
1271-1302, arXiv:1609.05914.

[40] Gu J., Relations between Stokes constants of unrefined and Nekrasov—Shatashvili topological strings,
arXiv:2307.02079.

[41] Gu J., Kashani-Poor A.-K., Klemm A., Marifio M., Non-perturbative topological string theory on compact
Calabi—Yau 3-folds, SciPost Phys. 16 (2024), 079, 84 pages, arXiv:2305.19916.

[42] Gu J., Marino M., Exact multi-instantons in topological string theory, SciPost Phys. 15 (2023), 179, 36 pages,

arXiv:2211.01403.


https://arxiv.org/abs/2004.04585
https://doi.org/10.1007/s00220-015-2358-0
https://arxiv.org/abs/1407.4821
https://doi.org/10.1007/s00023-015-0407-z
https://arxiv.org/abs/1308.1695
https://doi.org/10.1088/1751-8121/aa5e01
https://arxiv.org/abs/1610.06782
https://doi.org/10.21468/scipostphys.15.3.112
https://arxiv.org/abs/2207.07135
https://doi.org/10.5802/aif.1326
https://doi.org/10.5802/aif.1326
https://doi.org/10.1063/1.532206
https://doi.org/10.1016/S0550-3213(02)00766-6
https://doi.org/10.1016/S0550-3213(02)00766-6
https://arxiv.org/abs/hep-th/0206255
https://doi.org/10.1007/JHEP11(2011)141
https://arxiv.org/abs/1103.4844
https://doi.org/10.1098/rspa.1993.0003
https://doi.org/10.1017/fms.2023.96
https://arxiv.org/abs/1911.07795
https://arxiv.org/abs/2106.04339
https://doi.org/10.4310/CNTP.2007.v1.n2.a4
https://doi.org/10.4310/CNTP.2007.v1.n2.a4
https://arxiv.org/abs/math-ph/0702045
https://doi.org/10.1088/1126-6708/2007/06/058
https://arxiv.org/abs/hep-th/0702110
https://doi.org/10.1090/surv/128
https://doi.org/10.1007/s00023-013-0239-7
https://arxiv.org/abs/1204.4824
https://doi.org/10.1016/j.aim.2012.09.027
https://doi.org/10.1016/j.aim.2012.09.027
https://arxiv.org/abs/0907.3987
https://doi.org/10.1007/JHEP10(2012)038
https://arxiv.org/abs/1207.0787
https://doi.org/10.1016/0550-3213(95)00408-K
https://arxiv.org/abs/hep-th/9506122
https://doi.org/10.1007/s11005-019-01163-1
https://arxiv.org/abs/1609.05914
https://arxiv.org/abs/2307.02079
https://doi.org/10.21468/SciPostPhys.16.3.079
https://arxiv.org/abs/2305.19916
https://doi.org/10.21468/scipostphys.15.4.179
https://arxiv.org/abs/2211.01403

Resurgent Structure of the Topological String and the First Painlevé Equation 21

[43]
[44]
[45]
[46]
[47]
48]
[49)
[50]
/51]
[52]
(53]
[54]
[55]
[56]

[57]
(58]

Gu J., Marinio M., On the resurgent structure of quantum periods, SciPost Phys. 15 (2023), 035, 40 pages,
arXiv:2211.03871.

Huang M., Klemm A., Holomorphic anomaly in gauge theories and matrix models, J. High Energy Phys.
2007 (2007), no. 9, 054, 33 pages, arXiv:hep-th/0605195.

Iwaki K., 2-parameter 7-function for the first Painlevé equation: topological recursion and direct monodromy
problem via exact WKB analysis, Comm. Math. Phys. 377 (2020), 1047-1098, arXiv:1902.06439.

Iwaki K., Kidwai O., Topological recursion and uncoupled BPS structures I: BPS spectrum and free energies,
Adv. Math. 398 (2022), 108191, 54 pages, arXiv:2010.05596.

Iwaki K., Kidwai O., Topological recursion and uncoupled BPS structures II: Voros symbols and the 7-
function, Comm. Math. Phys. 399 (2023), 519-572, arXiv:2108.06995.

Iwaki K., Nakanishi T., Exact WKB analysis and cluster algebras, J. Phys. A 47 (2014), 474009, 98 pages,
arXiv:1401.7094.

Iwaki K., Nakanishi T., Exact WKB analysis and cluster algebras II: Simple poles, orbifold points, and
generalized cluster algebras, Int. Math. Res. Not. 2016 (2016), 4375-4417, arXiv:1409.4641.

Jeong S., Nekrasov N., Riemann—Hilbert correspondence and blown up surface defects, J. High Energy Phys.
2020 (2020), no. 12, 006, 81 pages, arXiv:2007.03660.

Jimbo M., Miwa T., Monodromy preserving deformation of linear ordinary differential equations with ra-
tional coefficients. I, Phys. D 2 (1981), 407-448.

Kapaev A.A., Asymptotic behavior of the solutions of the Painlevé equation of the first kind, Differ. Equ.
24 (1988), 1107-1115.

Kapaev A.A., Quasi-linear stokes phenomenon for the Painlevé first equation, J. Phys. A 37 (2004), 11149—
11167, arXiv:nlin.SI/0404026.

Kawai T., Takei Y., Algebraic analysis of singular perturbation theory, Transl. Math. Monogr., Vol. 227,
American Mathematical Society, Providence, RI, 2005.

Lisovyy O., Roussillon J., On the connection problem for Painlevé I, J. Phys. A 50 (2017), 255202, 15 pages,
arXiv:1612.08382.

Marchal O., Orantin N., Quantization of hyper-elliptic curves from isomonodromic systems and topological
recursion, J. Geom. Phys. 171 (2022), 104407, 44 pages, arXiv:1911.07739.

Marifio M., Schwick M., Non-perturbative real topological strings, arXiv:2309.12046.

Mitschi C., Sauzin D., Divergent series, summability and resurgence. I, Lecture Notes in Math., Vol. 2153,
Springer, 2016.

Nemes G., On the Borel summability of WKB solutions of certain Schrodinger-type differential equations,
J. Approx. Theory 265 (2021), 105562, 30 pages, arXiv:2004.13367.

Nikolaev N., Existence and uniqueness of exact WKB solutions for second-order singularly perturbed linear
ODEs, Comm. Math. Phys. 400 (2023), 463-517, arXiv:2106.10248.

Pasquetti S., Schiappa R., Borel and Stokes nonperturbative phenomena in topological string theory and
¢ = 1 matrix models, Ann. Henri Poincaré 11 (2010), 351-431, arXiv:0907.4082.

Silverstone H.J., JWKB connection-formula problem revisited via Borel summation, Phys. Rev. Lett. 55
(1985), 2523-2526.

Strebel K., Quadratic differentials, Ergeb. Math. Grenzgeb. (3), Vol. 5, Springer, Berlin, 1984.

Takei Y., On the connection formula for the first Painlevé equation—from the viewpoint of the exact WKB
analysis, Suarikaisekikenkyasho Kokyuroku 931 (1995), 70-99.

Takei Y., An explicit description of the connection formula for the first Painlevé equation, in Toward the
Exact WKB Analysis of Differential Equations, Linear or Non-Linear, Kyoto University Press, Kyoto, 2000,
271-296.

van der Put M., Saito M.-H., Moduli spaces for linear differential equations and the Painlevé equations,
Ann. Inst. Fourier (Grenoble) 59 (2009), 2611-2667, arXiv:0902.1702.

van Spaendonck A., Vonk M., Painlevé I and exact WKB: Stokes phenomenon for two-parameter transseries,
J. Phys. A 55 (2022), 454003, 64 pages, arXiv:2204.09062.

Voros A., The return of the quartic oscillator: the complex WKB method, Ann. Inst. H. Poincaré
Sect. A (N.S.) 39 (1983), 211-338.


https://doi.org/10.21468/SciPostPhys.15.1.035
https://arxiv.org/abs/2211.03871
https://doi.org/10.1088/1126-6708/2007/09/054
https://arxiv.org/abs/hep-th/0605195
https://doi.org/10.1007/s00220-020-03769-2
https://arxiv.org/abs/1902.06439
https://doi.org/10.1016/j.aim.2022.108191
https://arxiv.org/abs/2010.05596
https://doi.org/10.1007/s00220-022-04563-y
https://arxiv.org/abs/2108.06995
https://doi.org/10.1088/1751-8113/47/47/474009
https://arxiv.org/abs/1401.7094
https://doi.org/10.1093/imrn/rnv270
https://arxiv.org/abs/1409.4641
https://doi.org/10.1007/jhep12(2020)006
https://arxiv.org/abs/2007.03660
https://doi.org/10.1016/0167-2789(81)90021-X
https://doi.org/10.1088/0305-4470/37/46/005
https://arxiv.org/abs/nlin.SI/0404026
https://doi.org/10.1090/mmono/227
https://doi.org/10.1088/1751-8121/aa6e12
https://arxiv.org/abs/1612.08382
https://doi.org/10.1016/j.geomphys.2021.104407
https://arxiv.org/abs/1911.07739
https://arxiv.org/abs/2309.12046
https://doi.org/10.1007/978-3-319-28736-2
https://doi.org/10.1016/j.jat.2021.105562
https://arxiv.org/abs/2004.13367
https://doi.org/10.1007/s00220-022-04603-7
https://arxiv.org/abs/2106.10248
https://doi.org/10.1007/s00023-010-0044-5
https://arxiv.org/abs/0907.4082
https://doi.org/10.1103/PhysRevLett.55.2523
https://doi.org/10.1007/978-3-662-02414-0
https://doi.org/10.5802/aif.2502
https://arxiv.org/abs/0902.1702
https://doi.org/10.1088/1751-8121/ac9e29
https://arxiv.org/abs/2204.09062

	1 Introduction and conclusions
	2 From non-linear Stokes phenomenon of the first Painlevé transcendents to the main formula
	2.1 Topological recursion and Painlevé I
	2.2 Stokes graph of the isomonodromy system
	2.3 Delabaere–Dillinger–Pham formula and non-linear Stokes phenomenon

	3 Resurgent structure and Stokes automorphisms in topological string theory
	3.1 Resurgent structure of the topological string
	3.2 A derivation of the formula for Stokes automorphisms
	3.3 Generalizations

	A Definition of correlators and free energy in topological recursion
	References

