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RECONSTRUCTING GKZ VIA TOPOLOGICAL RECURSION

HIROYUKI FUJI, KOHEI IWAKI, MASAHIDE MANABE, AND IKUO SATAKE

ABSTRACT. In this article, a novel description of the hypergeometric differential equation found
from Gel’fand-Kapranov-Zelevinsky’s system (referred to GKZ equation) for Givental’s J-function
in the Gromov-Witten theory will be proposed. The GKZ equation involves a parameter h, and
we will reconstruct it as the WKB expansion from the classical limit 2 — 0 via the topological
recursion. In this analysis, the spectral curve (referred to GKZ curve) plays a central role, and
it can be defined as the critical point set of the mirror Landau-Ginzburg potential. Our novel
description is derived via the duality relations of the string theories, and various physical inter-
pretations suggest that the GKZ equation is identified with the quantum curve for the brane
partition function in the cohomological limit. As an application of our novel picture for the GKZ
equation, we will discuss the Stokes matrix for the equivariant CP' model and the wall-crossing
formula for the total Stokes matrix will be examined. And as a byproduct of this analysis we
will study Dubrovin’s conjecture for this equivariant model.

CONTENTS

Introduction
Oscillatory integral and GKZ equation
Oscillatory integrals
GKZ curves from the classical limit
Asymptotics of the coefficients
Quantum curves and topological recursion
Spectral curves and quantum curves
Topological recursion
Reconstruction of quantum curves by topological recursion
GKZ equations as quantum curves
The GKZ equation from the local topological recursion a la Mulase-Sutkowski
The GKZ equation from the global topological recursion a la Bouchard-Eynard
Relation to the oscillatory integrals
Several different vantage points of the J-function
Vantage point 1: J-function as the vortex partition function
Vantage point 2: J-function as the brane partition function in the local A-model
Vantage point 3: J-function as the brane partition function in the local B-model
Stokes matrix for CPY,
Normalization of the WKB solution

1

8

8
10
11
13
13
14
16
18
18
23
25
26
27
28
34
38
39

Acknowledgments: The authors thank Prof. Hiroshi Iritani who suggests his idea on the equivariant version of the
Dubrovin’s conjecture. KI also thanks Dr. Fumihiko Sanda for fruitful discussion. HF and MM thank Prof. Piotr
Sutkowski for stimulating discussions and useful comments. The research of HF and IS is supported by the Grant-in-
Aid for Challenging Research (Exploratory) [# 17K18781]. The research of HF is also supported by the Grant-in-Aid
for Scientific Research(C) [# 17K05239], and Grant-in-Aid for Scientific Research(B) [# 16H03927] from the Japan
Ministry of Education, Culture, Sports, Science and Technology, and Fund for Promotion of Academic Research
from Department of Education in Kagawa University. The research of KI is supported by the Grant-in-Aid for JSPS
KAKENHI KIBAN(S) [# 16H06337], Young Scientists Grant-in-Aid for (B) [# 16K17613] from the Japan Ministry
of Education, Culture, Sports, Science and Technology. The work of MM is supported by the ERC Starting Grant
no. 335739 “Quantum fields and knot homologies” funded by the European Research Council under the European
Union’s Seventh Framework Programme. The work of MM is also supported by Max-Planck-Institut fiir Mathematik
in Bonn.



2 H. FUJI, K. IWAKI, M. MANABE, AND I. SATAKE

6.2. Borel summation and the Stokes graph 42
6.3. Oscillatory integral and the Borel resummed WKB solution 44
6.4. Stokes matrices for WKB solutions normalized at the turning point 45
6.5. Computation of the total Stokes matrix 47
Appendix A. GKZ curve from the J-function 51
Appendix B. GKZ equations for oscillatory integrals 53
B.1. Proof of Propositions 2.4 53
B.2. Proof of Proposition 2.7 55
Appendix C. Computational results by iteration and topological recursion 57
C.1. Some iterative computations for the GKZ equation 57
C.2. Topological recursion for the equivariant CP' model 58
References 61

1. INTRODUCTION

Let X be a smooth projective variety. The (small) quantum cohomology ring QH*(X) is a
generalization of the ordinary cohomology ring H*(X) arising from a deformation of the cup
product referred to quantum-cup product. The quantum cup product is specified by the intersection
indices of holomorphic curves in X with cycles which are Poincaré dual to elements in H*(X),
and such indices are known as Gromov-Witten invariants of X. In the physics language (see a
pedagogical expositions in [64]), the quantum cup product is realized by correlation functions for
the cohomology elements of X.

Definition 1.1. Let M, ,(X,3) denote the moduli space of stable maps from connected genus
g curves C' with n-marked points p1,...,p, to X representing the class B € Ho(X). It carries

a virtual fundamental class denoted by Wg’n(X, B)]wr. Given classes vy1,...,7n € H*(X), the
correlation function (y1,--- ,Yn)g,3 is defined by

<71,-~-,vn>g¢azzu/:4, _evi(m) U Uevi (), (1.1)
[Myn(X,8)]

where ev; : Mg (X,08) = X (i =1,...,n) denotes the evaluation map at the i-th marked point
such that ev;(C,p1,...,pn,®) = &(p;). Let L; (i =1,...,n) be the corresponding tautological line
bundles over Mg (X, ). The correlation function for the gravitational descendants () (k > 0)
is defined by

T [[ert)™ vevit. (1)

[Mg.n(X.0)]" ;27

In celebrated works [53, 54, 30] by A. Givental, an elegant framework to uncover profound as-
pects of the Gromov-Witten theory and mirror symmetry was proposed on basis of the concept of
“quantization”. In this framework, a generating function of the genus g = 0 correlation functions
with n = 1 marked point for the gravitational descendants referred to J-function plays an impor-
tant role. For our purpose, we investigate the restriction of the J-function to H?(X) C H*(X),
called small J-function. Taking a generator f31,..., S, € Hy(X,Z), we identify Hy(X,Z) = 7" and
denote its elements by d = (di,...,d,). We also take a basis Ty = 1,T1,..., T, € H*(X) such
that T1,..., T, give a basis of H*(X) and T°,...,T™ € H*(X) are the dual basis with respect to
the Poincaré pairing.

Definition 1.2 ([53, 54, 30]). The (small) J-function of the smooth projective variety X is the
H*(X)®C[[A™]]-valued formal series defined as the generating function of the correlation function
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for the g = 0 gravitational descendants:

m (oo}
Jx(x) = et TittTr)/h (1 D w? Y Y hHnTgg Ti)
d

i=0 k=0
1
— o+t T /R [ d_. d ( )
e + vy, | ———— . 1.3
e )
Here t1,...,t. denotes the linear coordinate of H?(X) with respect to a basis element Ty, ..., Ty,

d=(dy,...,d,) runs alld; >0, and x% = xfl -xdr where z; = eti. Alsoev$ : Mo 2 (X, S diBi) —

X is the evaluation map at the 1st marked point.

In the following we will consider the smooth Fano complete intersection X = X; of hypersurfaces
in the projective space cpN-t given by n equations of the degrees (I1,...,1,) with l;+---+1,, < N.
According to [53, 54], the (H*(CPY~!)-valued) J-function is defined as

Jx, (x) = et?P/h Zxd evi«(Sa(h)), r=e € C, (1.4)
d=0
_ Ed *(TAA N—-1
Sd(h) = eH (MO’Q(CP ,dﬂ))

h — Cl(ﬁl)

Here p € H2(CPY ™1, g € Hy(CPN 1) with (8, p) = 1, E4 denotes the Euler class of the vector
bundle over Mg o(CPY !, dB) with the fiber HO(C,¢* H®" @ -- @ ¢* HE'), where H®! is the I-th
tensor power of the hyperplane line bundle over CPY 1. Also evy : Mo 2 ((CPN_l, dg) — cpN-!
is the evaluation map at the 1st marked point.

As a generalization, the equivariant counterpart to the Gromov-Witten theory was also consid-
ered in [54]. For the N-dimensional torus 7', we consider the natural T-action on CPY ™', Then
we have the T-equivariant cohomology algebra

H7(CPY™1) 2 Clp, w]/((p — wo) -+~ (p — wn-1)) (1.5)
over H*(BT) = Clwo,...,wny-1]. In addition, the n-dimensional torus 7" action on the vector
bundle &7, H®! with the equivariant parameters A = (A1,...,\,) provides the T’-equivariant

Euler class e7s such that
e (B HE) = (Lip— A1) -+ (Inp — An). (1.6)
By replacing p, F4, and ¢1(£1) in (1.4) to their equivariant partners, we find the J-function for
the equivariant Gromov-Witten theory.
By means of the localization of S;(%) to the fixed point set of the torus action on the moduli
space Mg o ((CPNfl, dB), the J-functions of the projective space CP™~! and the smooth complete
intersection of hypersurfaces in the projective space CPN ! are computed manifestly:

Proposition 1.3 ([54]). As the equivariant cohomology valued function with p € Hi(CPN ™1 (i.e.
Hf\;gl(p —w;) = 0), the J-function Jpn-1(x) for the equivariant Gromov-Witten theory of the
projective space X = (CPg_1 is given by

OO d

x
Jepy-1(x) = eP/h . . : (1.7)
h ;Hm:1(p_w0+mh)"'nm:1(p_wN—1 —I—mﬁ)
And the J-function Jx, , ,(x) for the equivariant Gromov- Witten theory of the smooth Fano com-
plete intersection of hypersurfaces given by n equations of the degrees (l1,...,1,) withly+---+1, <
N in the projective space CPN ™1 is given by

[e%s} dly dl,
lip—XA+mh)--- lap — A h
T a) = e/ 3 gt ot =2 2 b dZollon =2 28
d=0 Hm:l(p — Wo + h) e Hm:l(p — WN-1 + h)

Indeed, the J-functions found in Proposition 1.3 obey the hypergeometric differential equations.
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Proposition 1.4. The J-function Jopn-1(x) for the equivariant Gromov-Witten theory of the

projective space X = (CPg_1 obeys the hypergeometric differential equation:

Acpy— (3, 0)Tepy-1 () = 0, (1.9)
where
R N-1
Acpy—1(@,0) = [[ G —wi) - =
i=0

And the J-function Jx, , ,(x) for the equivariant Gromov- Witten theory of the smooth Fano com-
plete intersection Xi.., x obeys the hypergeometric differential equation:

A\Xl:w,)\('/r\’ g)JXl:w,A(x) =0, (1'10)

where
N-1 I .

Axwn@9) = [[ G —wi) =7 J] (17— M +mh) -
=0 m=1 m=1

Here operators T and § act on Jx(x) as

(InG — An + mh).

~ . d
TIx(z) = zJx(x), yJx(x) :hx%JX(x).
We call the differential equation Ax (Z,7)Jx (z) = 0 Gel’fand-Kapranov-Zelevinsky (GKZ) equa-
tion. It is a Schrodinger-type differential equation, whose classical limit is given by

h—0, (@9 —(y), Ax(@7) — Ax(z,y) € Clz,y]
We call the algebraic curve defined by Lx = {(z,y) € C? | Ax(x,y) = 0} GKZ curve.!

On the other hand, via the mirror symmetry, the Landau-Ginzburg model with suitable pair of
a (multi-valued) potential function Wx (-;x) : (C*)* — C and a k-form ¢ (called the primitive form
[90]) gives a description of the equivariant Gromov-Witten theory of X [71, 29]. More precisely,
we consider the following integral called “equivariant oscillatory integral”:

Ix(z) = [ enWxlmemin)Cluy, ),
r
where ((u,...,u;) denotes a differential k-form defined on (C*)*, and T' C (C*)* is a Lefschetz
thimble. It is known that the equivariant oscillatory integral satisfies a differential equation, called
Gauss-Manin system. The Gauss-Manin system is regarded as the Dubrovin’s connection for the
Frobenius structure (flat structure) associated with Wx; see [91] for example.

The mirror symmetry claims that the Gauss-Manin system satisfied by the equivariant oscilla-
tory integral Zx (x) coincides with the GKZ equations (1.9) and (1.10) for J-functions (Proposition
2.4).2 This implies that the components of the .J-function (defined through the Poincaré pairing
(Jx(x),w) with some cohomology class w € H*(X)) are written in terms of the equivariant os-
cillatory integrals. To describe precise relation between these objects, we need the notion of the
Gamma class introduced by [70, 77); see [51, 52] for details.

Our goal is to reconstruct the GKZ equation, or WKB expansion of its solution, from the GKZ
curve X x by the topological recursion [42, 18]. In other words, we will show that the Gauss-Manin
connections arising from the Landau-Ginzburg B-model (and hence, the GKZ equations (1.9)
and (1.10) satisfied by J-functions) are reconstructed as the quantum curves via the topological
recursion applied to the spectral curve Xy arising from the A-model Gromov-Witten theory with
target space X = CPX~! or Xj.,, x. Note that the GKZ curve has an alternative description in
terms of the singularity theory for Wx (Proposition 2.5).

In Corollary 2.5 of [69], it is shown that the classical limit of the quantum differential operator
limz_, 5 5y, hs0 Ax (Z,7) defines a small quantum cohomology.
’In general, we can identify these differential equations after some coordinate change through the mirror map.
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In the topological recursion we need a spectral curve ¥ = (C, z,y) as an initial input; where C
is a compact Riemann surface, z,y : C — P! are meromorphic functions satisfying some condition.
Then we can define the correlators w?), which are meromorphic differential forms in AL(C)®™ on
C™ determined by the topological recursion relation [42, 18]. In [56, 86, 19] the quantum curve for
a spectral curve X is constructed via the wave function (D) defined by (Definition 3.11)

z/)(D)—expll/ 5O 4 // h2g:;!n_2/D.../D%(ly)]7 (1.11)

where w( ) and w(o) are some modification of correlators, and D denotes the integration divisor on
C. We denote by ¥x (D) the wave function defined from the GKZ curve X x.
In this article we will show the following theorem:

g>0 n>1
9.n(0,1)(0,2)

Theorem 1.5. Consider the equivariant Gromou- Witten theory of the Fano complete intersection
X = Xpwa of degree l; =1 (i = 1,...,n) hypersurfaces with n < N in CPN7'. (We regard
X =CPN™! in the case n = 0.) The GKZ curve ¥x is given by

N—-1 n
AX(x,y):H(y_wl)_xH(y_Aa):oa xe(C*a yGC,
=0 a=1

and can be described by a local coordinate z as

15 (2 — wi)
z(z)=Fo v Y(E) ==z
[Tozi(z = Ad)
Then by choosing the integration divisor as D = [z] — [00], the quantum curve reconstructed for
the wave function ¥x (x) = ¥x (D) agrees with the GKZ equation (1.10) which is satisfied by the

J-function Jx and mirror equivariant oscillatory integral Tx .

This theorem implies that the saddle point (or WKB) expansion of the equivariant oscillatory
integral Zx (x) and the wave function 1 x (z) with the integration divisor D = [z] — [00] are related
up to some factor which is independent of z. For oscillatory integrals associated with critical points
satisfying a condition given in Section 4.3, we can specify the factor and obtain

Ix(z) ~ C (=2mh)" 2 (x) (1.12)

where C' is a numerical constant which is independent of = and .

Our result is similar, and closely related to the Bouchard-Klemm-Marino-Pasquetti’s remod-
eling congecture [22]. We explain the background of our research from a mathematical-physics
perspective.

From the point of view of the string theory, a quantum structure behind the Gromov-Witten
theory has been considered in different way [3, 68, 34, 35]. The string theoretical quantum structure
emerges in the higher genus (open) string free energy in the topological A-model. The physical
definition of the open string free energy is given as follows.

Definition 1.6 ([85]). Let L be a Lagrangian submanifold in local toric Calabi-Yau 3-fold Y,
and assume that by(L) = 1. Consider the holomorphic map from a world-sheet Riemann surface

Cyn to Y, and N(gg denote the open Gromov-Witten invariants enumerating the maps in the
topological class labeled by genus g, the class B € Ho(Y,L), and the finding numbers p; € Z

(i =1,...,n) specifying how many times the i-th boundary of C,,, wraps around the one-cycle in
L. The generating function referred to the open string free energy is defined by
F9(xq,...,xn) = Z Z Néf%efﬁ'txfl eexPn (1.13)

BEH(Y,L) peL™
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where t* € C (i = 1,...,dim Hy(Y)) denotes the Kihler moduli parameters of Y. The brane
partition function Z) . .(x) is defined in terms of the open string free energy as

1
ZX—brane (X) = €Xp Z gzg+ 2EF7(19) (Xa v aX) ) (114)
92>20,n>1 ’

where the parameter gs € C is called string coupling.

For a special Lagrangian submanifold L, it is argued that the brane partition function is anni-
hilated by a g-difference operator A¥ [3, 2]:

A{;(/)Z’ y)ZX—brane(X) = 07 (115)
which is made of non-commutative operators X and y:
;(\ ZX—brane (X) =X ZX—brane (X) ) S/\ ZK—brane (X) = ZK—brane (qX) )

where ¢ = e™9s. These operators obeys the g-Weyl relation yXx = ¢Xy, and such g-difference
equation (1.15) is interpreted as a quantum curve (see section 5.2.3 as an example) [35, 34]. We
then find that the quantum curve arises from the hidden quantum mechanical system behind the
topological string.

B-brane partition function Mirror symmetry A-brane partition function
N Y
Zl};—brane (X) < ZA—brane (X)
B-model on local CY 3-fold Y A-model on local CY 3-fold Y
Remodeling | | Cohomological limit Geometric engineering | | K-theoretic uplift
Wave function Vortex partition function
Yx (x) Zortex ()

- . 9
Topological recursion on x Gauged linear sigma model on S

Reconstruction RG flow
Equivariant oscillatory integral Mirror symmetry J-function
>
Ix(z) Ix ()
Landau-Ginzburg model Gromov-Witten theory on
with a potential function Wx Fano complete intersection X

FI1GURE 1. String dualities relate the oscillatory integral with the open topological
string partition function.

At this stage, we find two kinds of hidden quantum mechanical system behind the Givental’s
formulation of the Gromov-Witten theory on the compact smooth Fano manifold X and open
topological A-model on local toric Calabi-Yau 3-fold Y. The quantum structure of these two
theories are reflected in the GKZ equation for the J-function and the g¢-difference equation for
the brane partition function, and the quantum deformation parameter appears as the Planck’s
constant h and string coupling g5, respectively. Although we find some nice similarities® between
these two theories, some crucial discrepancies also exist between them. In the physical perspective,

3Such similarities were also pointed out in [87].
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the Givental’s formulation is considered essentially as the closed string theory on X. In this sense,
the J-function is the generating function of the genus zero correlation functions and & is associated
with the degrees of freedom of the gravitational descendants. On the other hand, the latter theory
is considered as the open string theory on Y, and the brane partition function Z} , .  is the
generating function of the all genus open free energy and g, is associated with the coupling to
2-dimensional gravity [15]. Thus the J-function and the brane partition function are essentially
different objects in a sense of the string theory.

To overcome such discrepancies, we will employ the physical idea of string dualities depicted
in Figure 1. The punchline of the string dualities shown in the right hand side of this figure is
found as follows. Considering the gauged linear sigma model [100] which describes the Gromov-
Witten theory on X, we can reinterpret the J-function as the vortex partition function on S?
[36, 16]. Furthermore, for the special case X = CPY~! and smooth Fano complete intersection of
hypersurfaces with degrees I; = ... = [, = 1, the vortex partition function of the gauged linear
sigma model is realized as the brane partition function ZK_brane on a class of local toric Calabi-
Yau 3-fold referred to strip geometry [67] (see Figure 6 for the toric diagram of a strip geometry)
by the geometric engineering [36]. More precisely, the brane partition function ZX_bmne realizes
the K-theoretic version of the J-function, and we need to take a cohomological limit 8 — 0 with
reparametrization

gs =B x=pN"Tw, Qua=ePloTmd Q= e oA,

Here éw,i (i=0,...,N—1) and C~2>\7a (a=1,...,n) denote e'» and e'*a with the (reorganized)
Kéhler parameters t,, ; and ty , of the strip geometry Y, respectively. In fact for these examples,
by direct computations, the equivariant J-function of X and the brane partition function of Y
agrees in this limit, and the g-difference equation (quantum curve) for the brane partition function
reduces to the GKZ equation for the J-function. Thus, as a result of string theoretical discussions,
a novel interpretation of the GKZ equation as the quantum curve is uncovered.

Now we will further proceed with the string dualities by applying the mirror symmetry. Via the
local mirror symmetry, the open topological A-model on local toric Calabi-Yau 3-fold Y turns to
the open topological B-model on a local Calabi-Yau 3-fold Y'V:

YV = { (wrwoixy) € € x (C)? | wiwo = AE(xy) }, (L.16)

where A (x,y) € Clx,y] is given by the classical limit of the g-difference operator g{f (X,¥) such
that

g—=1(gs—=0), (XY = ky), ARV = AL(xy) e Cxyl.

For the topological B-model on this local geometry, the remodeling conjecture [22] proposed by
V. Bouchard, A. Klemm, M. Marino, and S. Pasquetti is applicable, and the open topological
B-model is studied systematically on basis of the formalism of the topological recursion. The
key ingredient of this formalism is the spectral curve ¥ = {(x,y) € (C*)?|A¥(x,y) = 0}, and
higher genus open free energies of the topological B-model are evaluated recursively. Then via the
local mirror symmetry, one can (re)construct the brane partition function Z} , . (x) in (1.14).
Therefore, by chasing the web of dualities in Figure 1, we perceive that the GKZ equation would
be reconstructible as the quantum curve by the topological recursion.

As an application of our novel description of the GKZ equation, we will also study the Stokes
structure of the GKZ equation for X = CPL,

(et ) (s ) -] o w10

from the view point of WKB analysis. It is known that the WKB expansion (1.11) or (1.12) is
usually divergent and just a formal solution of the quantum curve in general. Therefore, we employ
the Borel summation method which allows us to construct an analytic solution ¥ of the quantum
curve (i.e. an exact wave function) whose asymptotic expansion when i — 0 in a certain sectorial
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domain coincides with the given formal WKB expansion (see [32]). This framework is called the
exact WKB analysis developed in [99, 33, 78] etc. The exact WKB analysis is a powerful tool to
study the global property of exact wave functions which satisfy differential equations containing a
small parameter £ like the quantum curve (1.17).

For a divergent series, its Borel sum depends on the choice of direction 8 around & = 0 which is
regarded as the bisecting direction of the sector where the Borel sum is asymptotically expanded
to the divergent series. The Borel sum is invariant under small variation of §, and “jumps” discon-
tinuously when 6 crosses a critical direction. This phenomenon is so-called Stokes phenomenon,
and the critical directions are called Stokes directions. The jump of Borel sum when 6 crosses a
Stokes direction is described by an invertible matrix called Stokes matriz; such matrix exists since
the Borel sum in different directions are solutions of (1.17), which is a linear ODE. The theory of
exact WKB analysis allows us to find such Stokes directions by looking the configuration of Stokes
curves of (1.17); the leaves of a foliation defined by meromorphic 1-form, which is closely related to
@50) in the topological recursion, on the GKZ curve. We will also see that the integral (or residue)

of a§0> on the GKZ curve and holomorphicity of the correlation functions wr(iQ) for2g —24n >0

are crucially important in the computation of the Stokes matrices (see [78, Section 3]).

In particular, using the exact WKB method, we will compute the “total” Stokes matriz, which
captures the Stokes matrices of the WKB solution associated with all Stokes directions sitting
in the semi-closed upper half part 0 < 6 < 7 of the A-plane. Note that, since the Borel sum is
defined for fixed = (points on the GKZ curve), the Stokes directions and the total Stokes matrix
a priori depend on z. One of our results in Section 6 is that, the total Stokes matrix is locally
constant when z varies (as long as x lies in a Stokes region). This is straightforward since the Borel
sum is also locally constant when x varies, but the consequence of invariance of the total Stokes
matrix involves a non-trivial identity of infinite product of Stokes matrices. This is regarded as an
example of the 2d-4d wall-crossing formula established by D. Gaiotto, G.W. Moore and A. Neitzke
in [49] (see Remark 6.13), where a loop-type Stokes curve plays the role of the wall of marginal
stability. We also note that the wall-crossing identity is only observed in the equivariant case;
in the non-equivariant situation wg — w; = 0 a 4d-type wall-crossing (which is associated with a
loop-type Stokes curve) never happens.

Another important claim in Section 6 is an equivariant version of the Dubrovin’s conjecture
for the equivariant CP!. That is, our explicit computation of the Stokes matrices implies that a
Stokes multiplier (i.e. an off-diagonal entry of the total Stokes matrix) of (1.17) around i = 0
coincides with the equivariant Euler pairing of the coherent sheaves @ and O(1) on equivariant
CP! (regarded as an equivariant sheaves in an appropriate manner). Our claim also includes (an
alternative proof based on exact WKB method) the original Dubrovin’s conjecture for CP! which
claims that the Stokes multiplier of the quantum differential equation associated with the Gromov-
Witten theory for CP! is described by Euler pairing of coherent sheaves on CP!. We expect that
we can generalize these results for general equivariant projective spaces or complete intersections
if the higher order exact WKB theory is rigorously established. (Stokes graph for the higher order
differential equation is introduced in [14, 9], but the Borel summability theorem, a counterpart
of Theorem 6.6, is not established in full generality so far. See also [8, 61].) Note also that the
(higher order version of) Stokes graphs are called the spectral networks [50].

The organization of this paper is as follows. In Section 2 the GKZ curve for the mirror Landau-
Ginzburg model is derived for the equivariant Gromov-Witten theory on the projective space
CP™~! and the smooth Fano complete intersection of hypersurfaces in the projective space CP™ 71,
In Section 3 we will summarize the necessary ingredients of the topological recursion and quantum
curve in a nut-shell. In Section 4 the WKB reconstruction of the GKZ equation is discussed. If
the GKZ equation is the second order differential equation, the (local) topological recursion [42] is
applicable and the quantum curve is found manifestly by employing the method developed by the
work of M. Mulase and P. Sutkowski [86]. In more general case, we need to use the “global topological
recursion” [20, 18, 19], and the quantum curve is reconstructible only for the spectral curve which
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satisfies the admissibility condition considered in the work of V. Bouchard and B. Eynard [19].
Among the GKZ curves, the GKZ equation is reconstructible for the projective space CPY ™1 and
the Fano complete intersection of hypersurfaces with degree I; = 1 (i = 1,...,n < N) in the
projective space CPY ™! and we will show Theorem 1.5. In Section 5 the string dualities behind
our proposal will be discussed. In particular we will focus on 3 different vantage points of the
string theories, and the J-function is regarded as the vortex partition function and brane partition
function of the open topological A-model and B-model. As a result of the string dualities, we
will find that the GKZ curves considered in Section 4 are obtained as the mirror curve in the
open topological B-model, and the GKZ equations are found as the quantum curves for the brane
partition functions. In Section 6 we compute the total Stokes matrices for the quantum curve
arising from equivariant CP! by using the exact WKB method. We also examine a wall-crossing
formula and equivariant version of the Dubrovin’s conjecture in this particular case.

In Appendix A we will summarize the J-functions for the projective space CPY ™! and the
smooth Fano complete intersection of hypersurfaces in the projective space. And as a side remark
of our proposal, we will derive the GKZ curve from the saddle point approximation of the J-
function in the similar spirit as the generalized volume conjecture. In Appendix B.1 the GKZ
equations for the equivariant oscillatory integrals will be given for the mirror Landau-Ginzburg
models of the equivariant Gromov-Witten theory on the projective space X = (Cngl and the
Fano complete intersection X = Xj. A, and we prove Proposition 2.4. In Appendix C we will show
some explicit computational results on the asymptotic solutions of GKZ equations. In particular,
for the equivariant CP' model we also compute the free energies via the topological recursion, and
directly check the agreement with the asymptotic solutions of the GKZ equation.

2. OSCILLATORY INTEGRAL AND GKZ EQUATION

2.1. Oscillatory integrals. In the mirror theorem (see pedagogical expositions in [64]), a cor-
respondence between the Gromov-Witten theory for smooth Fano manifold X and the Landau-
Ginzburg model with potential function

Wx (@) : (C)F — C, (ur,. o ugs @) > W (ua, - wgs ), (2.1

is considered. Here C* is the universal covering of C*, and x is a deformation parameter of the
potential function. For the equivariant Gromov-Witten theory on X = CPV ™! (X = (CPg_1
in short) and the smooth Fano complete intersection of degrees I; (¢ = 1,...,n) hypersurfaces in
CPY ! withly +---+1, <N (X = Xjp.w,x in short), the mirror Landau-Ginzburg potential Wx
is given as follows.
Definition 2.1 ([30, 54]). For X = CPY ™!, the mirror Landau-Ginzburg potential Wepy-1(52) :
(@)N_1 — C is given by
N-1
chg—l(uh S SUN—1T) = Z (u; +w; logu;) +

i=1

— 4t wplog (x) . (2.2
U -1

1°'""UN UL UN—1
where x = e € C*. For X = Xy, the mirror Landau-Ginzburg potential Wx, , () :
(C)N=1 x (C*)™ — C is given by

Wxp s (UL, UN 1,01, o0, U5 T)

phlte n ol yln R
= Z (u; + w; logu;) — Z(va + Ao loguy) + —+—"—x +wylog | —=——"—z|. (2.3)
uj - 1

U UN_ CUN—
i=1 a=1 1 N-1 N

Here we introduce the notion of critical set.
Definition 2.2. Let Crit C (@;)’C x C* be the critical set of Wx defined by

Crit = {(ugc), . 7u](f);x) € (C)* x C* ou,

0
—Wx(ugc),...,u,(:);x) =0(G=1,--- ,k)}
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The image u(® = (ugc)7 . ,u,(:)) of a point (ug ... u,(:), x) € Crit by the projection Crit — (@)k
is called a critical point of Wx (-;x). The value WX(u(C);x) at a critical point u'® is called a
critical value.

In what follows, for any fixed x, we assume that the parameters w; (i = 0,...,N — 1) and A,
(a=1,...,n) are on a domain where the all critical points of Wx are non-degenerate. Then, for
each h, we associate the critical point u'®) with the Lefschetz thimble I': Tt is a relative k-cycles
in (C*)* defined as the real 1-parameter family of (k — 1)-cycles (called vanishing cycles) in the
Milnor fiber of Wi *(w), where w lies on the half-line {Wx (u(®); z)+re!(™+218") | 1 > 0} emanating
from the critical value Wy (u'®);z), and the (k — 1)-cycle tends to a point when w — Wy (u'®); )
along the half line. In this section we assume that x and & are chosen so that the half line
{Wx (u®;z) + relmtargh) | 1 > 0} associated with a critical point w(®) never hits critical values
of Wx (+; x); then the (equivariant) oscillatory integral defined below has the so-called saddle point
expansion of the form (2.9) below.

For a Lefschetz thimble I' we consider the (equivariant) oscillatory integral Zx (x) of the type

Ix(z) = [ enWxunus®) ey ), (2.4)
T

where ((uq, ..., us) denotes a k-form on (C*)*.

Definition 2.3 ([30, 54]). The oscillatory integral Zepy— () for the projective space X = CPY !
is given by

d’L l —1 Lyeeey —15
Iepyi(a / H =t o eply (), (2.5)

The oscillatory integral Ix, , ,(x) for the Fano complete intersection in the projective space X =
Xiw,x 18 given by the Laplace transform of the oscillatory integral for X = (CPﬁ_l.

o0 o0 Xl (vatAa logva) L .
Ixp o (z) = dvy - -+ dv, e R Zepn-1 (v -+ - v x)
0 0

B /FX(R>D)"

The mirror symmetry between the J-function Jx,,, , (z) for the Gromov-Witten theory and the
oscillatory integral Tx, ., , (z) for the mirror Landau-Ginzburg model is given by the proposition
below:

Proposition 2.4. The oscillatory integrals Ix (z) for X = CPY ' and X = Xy x obey the GKZ
equations (1.9) and (1.10), respectively:

A\X(/x\’ @\)IX(SU) =0, (27)

where operators T and § act on Ix(x) as

du; 1 .
4 H dv, eEWXl;wﬁk(ul ,,,,, UN 1,015, Uml’). (26)

(22
=1 a=1

0
Ix(z) =aIx(x), yIx(z)= hx%lx(x). (2.8)
The claim of Proposition 2.4 is essentially found in [54] for the equivariant CP™ ! and in [30]
for non-equivariant models, although the claim for X = Xj.,, » is not mentioned manifestly. We
will give a proof of this Proposition in Appendix B.1.

2.2. GKZ curves from the classical limit. For the purpose of the reconstruction of the GKZ
equation, we will derive the spectral curve ¥ x (referred to GKZ curve) from the leading behavior
of saddle point approximation of the equivariant oscillatory integral when A — 0:

—9r k/2 u(c
Tx(z) ~ exp (;Wx(u(c))> ( ?/EI)QSST <1+ Z "L, ) (2.9)
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where u(®) = (ugc), e 7u,(:)) is the critical point of W (+; x) for the Lefschetz thimble ', Hess(u(®)) =

det (O, Ou, Wx (6; 7)) | yy—qy() is the Hessian of Wx (-; z) at (), and we wrote ¢ = g(uq, ... yu)duy - - - dug.
Note that the right hand side of (2.9) is usually divergent, so this is understood as an asymptotic
expansion. We can also arrange the right hand side of (2.9) into a WKB form as

Tx () ~ exp (Z hmlsm(x)> (2.10)
m=0
(where overall factor (—27h)*/2 is omitted). The leading term
So(z) = Wx(ul®;z). (2.11)

is the critical value of Wx. Adopting (2.10) to A\X(x,hxaz)IX(x) = 0, then we find the semi-
classical limit of the differential operator Ax(Z,7) [41]:

. _1 I e T T m—1 T d T
0= %13% (e #50(8) A x (7, §)en S0 @) eXmz1 I Sm( )> = Ax (x,xdeo(a:)> eS1(@), (2.12)
For the critical value So(z) = Wx (u(®); ), we obtain an equation:
d
Ax (2y(2) =0, y(@) =2 Wx (@), (2.13)

From this observation we find an alternative definition of the GKZ curve:

Proposition 2.5. The GKZ curve Xx coincides with the image Im ¢ of critical set, where

C C d C C
¢ : Crit — C* x C, (ug),...,u,(c);x) — (m,xmwx(ug),...,ulg);x)>.

We give a proof of this Proposition for the cases of the projective space X = (CPg_1 and Fano
complete intersection Xy, x-
(1) Projective space CP '
The GKZ curve Acpny-1(z,y) = 0 is found from the relations

aW(Cngl(ula"'qu—l;x) T
y(x) =X = + wo,
ox UL UN_1 (2.14)
0_8WCP11X—1(U1,...,UN_1;Z‘) _1+U)7; 1 x wo .
n Ou; N Wi U UL UN—1 Uy
By eliminating u; (¢ = 1,..., N — 1) from the above relations, we obtain a polynomial constraint
equation
N—1
Acpry—1(@,y) = [[ (y—wi) =z =0. (2.15)
i=0
(2) Fano complete intersection Xj.,p a:
The GKZ curve Ax, , ,(7,y) = 0 is found from the relations
) l
( ) _ anXl;w,A(u17 ey UN—1,VU1y. . ,’Un,:L’) . /Ull .. ./Uiln +wp,
Ox UL UN_1
3W — 5 - ll... ln
0= Xpwn (U5, UN—1, V15«0, Upj T) :1+ﬂ_i 1 Un x—@, (2.16)
Ou; Us U UL~ UN-1 Us
. 1
0 OWxy (UL, UN 1,01, o0, U T) _ ﬁ N L’l ol cepln x—&-la@

O0vg Vg Ug Ul UN_1 Va
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Eliminating u; (¢ = 1,...,N — 1) and v, (a = 1,...,n) from the above relations, we obtain a
polynomial constraint equation
N-1 n
Axyur(@y) = [[ @ —w) =2 [] (lay — 2a)'= = 0. (2.17)
i=0 a=1

2.3. Asymptotics of the coefficients. In Section 4 we will compare the asymptotic expansion
of oscillatory integral to a wave function constructed via topological recursion applied to the GKZ
curve Ax(z,y) = 0, for X = (CPg_1 and Xy, x with Iy = --- =1, = 1. For the purpose, we
investigate the asymptotic behavior of the coefficients Z,,(x) in the expansion (2.9) when x tends
to oo.

In this subsection we consider the case X = Xj_j..a:

N-1 n
V1 Up V1 Up
Wx = u; + w; logu;) — Vg + Aglogv,) + ———— x4+ wyp lo <x>
X ;( gu;) ;( gva) + olog | L= =
(X = (CPNf1 is included as the case of n = 0.) It is easy to check that, at a critical point
(@, 00) = @, uff) v, 0,

(c) (c)

u' i —wp =0l + Ay — wp = B R (2.18)

¢ a (e) .., ()

Uy " Un_

holds for any ¢ and a. Since the right hand side of (2.18) is independent of ¢ and a, we can write

all ugc) and 0% in terms of ugc):

ugc) :ugc)—kwl — wy, v((f) =l )—|—w1 Ae (E=1,....N—=1,a=1,...,n).
Therefore, ugc) must be a solution of the algebraic equation
N—-1

H( (C)—|—w1—w —xH ) fwp — Aa) = 0. (2.19)
i=0
Hence, for generic w; and \A,, there are exactly N critical points of Wx. These critical points
define N Lefschetz thimbles, and hence we have N independent solutions of the GKZ equation.
Lemma 2.6. The asymptotic behavior of a critical point of Wx for large x is given by one of the
following:
(i) For any fizedp=1,...,N —n, there exists a critical point (u(®),v(®)) of Wx behaves as
U= e (14 O ), ol = (Pa¥ (14 0@ v)) (2.20)
when © — 0o. Here { = exp(2mi/(N —n)) is the primitive (N — n)-th root of unity.
(ii) For any fized b=1,...,n, there exists a critical point (u'®),v(©)) of Wx behaves as
Wl = N —wi) + et +0(@72), vl = (A — M) + ozt +0(z2) (2.21)

when x — oco. Here

_ 15 On — wy)
Z: )\ _)\a .
Ha?&%( b )

The claim follows easily from the equations (2.18) and (2.19) for the critical points.
Let us look at the asymptotic expansion (2.9) of Zx for our case:

1 21h
Ix(x)~exp (hWX( ©), v 55)) @ Ec) ™)

Cp

N+n—1
2

1+ 3 BT, (2) ). (2.22)
N’ 1 v/Hess(u(®) v(©)) < Z )

Using Lemma 2.6, we can prove
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Proposition 2.7.

(i) The factor (ugc) e ug\?ll)’l(Hess(u(c), v(©))~1/2 in (2.22) behaves when x — oo as

1 Oz~ ;V@’ijj) in the case of (2.20),

Ugc) : ~u§§),1 Hess(u(®), v(°)) O(z~1h) in the case of (2.21).
(ii) For m > 1, the coefficient T,,(x) in the asymptotic expansion (2.22) behaves as

T(x) = {O(x 2N-m) ) qn the case of (2.20)

Oo(1) in the case of (2.21) (2.23)

when x — oo.

We will give a proof of Proposition 2.7 in Appendix B.2.
Proposition 2.7 (i) implies that, if we arrange the asymptotic expansion (2.22) into WKB form
as (2.10), then

lim S,,(z) =0 form >2 (2.24)

T—00

if the corresponding critical point behaves as (2.20) when 2 — oo. This property is used to compare
the wave function and oscillatory integral.

3. QUANTUM CURVES AND TOPOLOGICAL RECURSION

Quantization of a spectral curve X (or a quantum curve, for short) is formulated as an h-deformed
differential equation, whose semi-classical limit i — 0 yields ¥ [40, 41]. In this section, under a
general setting we will briefly summarize how to construct quantum curves by the topological
recursion.

3.1. Spectral curves and quantum curves.

Definition 3.1 (Spectral curve [42, 19]). A spectral curve is a triple ¥ = (C,xz,y), where C is
a Torelli marked compact Riemann surface and x,y : C — CP" are meromorphic functions, such
that the zeroes of dxz do not coincide with the zeroes of dy.

The meromorphic functions x, y must satisfy an absolutely irreducible equation of the form
Alz,y) = Z” A; jxtyd = 0. We will just simply denote a spectral curve by

S={(r.y) €C | Aw.y) =0}, (3.1)

after the parameterization (z,y) = (x(2),y(z)) of ¥ by z € C is fixed. We will show the meromor-
phic functions z(z) and y(z) which parametrize the GKZ curves in Section 4.

Remark 3.2. From the view point of the quantum curve or the WKB analysis, it is natural to
regard that (z,y) is an affine coordinate of the cotangent bundle of C, where z (resp. y) represents
the coordinate of the base (resp. fiber) of the cotangent bundle (e.g. [40]). In particular, the
spectral curve ¥ is equipped with the 1-form

w(z) = y(z) dx, (3.2)
which is the restriction of the canonical 1-form in the cotangent bundle T*C = C2.

Definition 3.3 (Quantum curve). A quantum curve is a triple (A(Z,7), A(z,y), ¥ (x)) where ¥(z)
is a function, A(Z,y) is a differential operator with

o) = v(), T = b () (33)
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for the operators T and §,* and A(x,y) is an irreducible polynomial of x,y satisfying the following
conditions:

e Aisa (possibly infinite-order) differential operator such that

A(&,9) ¢(x) = 0. (3.4)
e y(x) has the following expression (WKB solution):

(@) = exp (;_L /gﬂw(x) + O(h0)> . (3.5)

e By taking the semi-classical limit h — 0, we have A(z,y):

h=0, (@9 > @y), A@F§ - Aly) € Clz,y]).
We call the function ¥ (x) a wave function. We also call the equation (3.4) a quantum curve for
short.

In Section 3.3, following [19] we will define the wave function associated with a spectral curve
Y. (Definition 3.11) defined by the topological recursion in Section 3.2, and give a construction of
a quantum curve which annihilates it.

Remark 3.4. For our purpose, we will regard x as a coordinate of C*:
E={(z,y) eC* xC| Az,y) =0}, (3.6)

since we use x = e! € C* as a coordinate when we regard GKZ curve Y x as a spectral curve. The
spectral curve is a subset of T*C* = C* x C. Then we use

g (3.7)

as the counterpart of (3.2), and the quantum curve is similarly defined as Definition 3.3 by®

o) = v(), ) = b ()

Remark 3.5. On the one hand, in the local mirror symmetry discussed in Section 5, spectral curves
which are algebraic in exponentiated variables x,y € C* appear. Then the corresponding quantum
curve is defined by®

XY(x) =xp(x), TP =v(e),
with the commutation relation yX = e"Xy. Here the counterpart of (3.2) in this case is given by

w(x) = log y(x)%. (3.8)

3.2. Topological recursion. For a spectral curve ¥ = (C,x,y) one can (re)construct the wave
function as the WKB expansion via the topological recursion. Before describing the reconstruction
we will firstly review the (local) topological recursion defined for ¥ with only simple ramifica-
tion points [42], and also review the (global) topological recursion defined for ¥ with arbitrary
ramification points [20, 18, 19]. In the following we use

o w(z(2)) = y(2)dx(z) if (z,y) is a coordinate of C2.

o w(z(z)) =y(2) d:f(gz)) if (z,y) is a coordinate of C* x C (see Remark 3.4).

o w(z(z)) =log y(z)cf((;)) if (x,y) is a coordinate of (C*)? (see Remark 3.5).

4We remark that the operators Z and 4 obey the commutation relation

[7,Z] = h

5The commutation relation becomes [y, Z] = xh which is sightly modified from the previous one.
6Using the operators Z and § in (3.3) one can represent operators X and y as X = e®and y = V.
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3.2.1. Local topological recursion for simple ramified spectral curves. Let ¥ be a spectral curve
whose all branch points (zeros of de = 0) on the z-plane are simple. Let R be the set of all
ramification points in C. Then near each ramification point ¢ € R C C one can take a local
coordinate z € C' and find a unique conjugate point Z = o4(z) # z, where o, is the local Galois
conjugation of ¥ near q.

Definition 3.6 ([42]). For a simple ramified spectral curve ¥, the symmetric meromorphic differ-

entials w,(zg) (9 € Z>o) on C™ for (g,n) # (0,1), (0,2) are recursively defined by the local topological
TeCUTSION,

Lmp Z _
w;g_gl(z,z]v) = Z E{es 5 J )E (wéﬂ_zl)(w,w, ZN)

p (3.9)
(g—0) (0) =
+ Z Z w|§|+1(w7ZJ)w|N|J|+1(w7zN\J)>a
£=0 0=JCN
with initial inputs
),y — (0) _B
wy(2) =0,  wy(21,22) = B(z1, 22),

in addition to the I1-form w(xz(z)) on C, where zxy = {z1,...,2,}, N = {1,...,n} D J =
{i1, ... i}, N\J = {ij41,...,in}. Here B(z1,z2) is the Bergman kernel on C?%, which is a bi-
differential and holomorphic except zy = zo, defined uniquely by

dz1d
° 3(21722)23(22,21), ° B(Zl,Zz) 1:2(21217;2)2+7"€9- b j{ 3(2'1722):@
z z — AL

where A; (i=1,...,genus of C') are canonical A-cycles (recall that C' is Torelli marked).

Ezample 3.7. For the case C' = CP', the Bergman kernel is given by
dz1dzo

(21— 22)%

3.2.2. Global topological recursion for arbitrary ramified spectral curves. The local topological re-

cursion in Definition 3.6 is applicable only for simple ramified spectral curves. In [20, 18, 19] it was

proposed the global topological recursion which is also applicable for arbitrary ramified spectral
curves. Consider a spectral curve with degree r of x defined by

B(21722) = (310)

Az,y) = Zar_k(a:)yk =0, z,y € Cor C*, (3.11)
k=0

where ai(x) are polynomials of . Let R be the set of all ramification points on the z-plane, and
o4 be the local Galois conjugation of X near ¢ € R C C. For a local coordinate z € C one finds a
set 04(z) of r — 1 points near each ramification point g.

Definition 3.8 ([20, 18, 19]). For a multi-ramified spectral curve ¥ defined by (3.11), the sym-

metric meromorphic differentials w (9 € Zxp) on C™ for (g,n) # (0,1), (0,2) are recursively
defined by the global topological recursion

W9 (2 zn) = es 5 (—1)’“‘1[::13(-,,2)
9, N>—Z£}_q<2 2 W) = wb)

gER k=1 B(w)Croq(w)

(3.12)

x ROV (w, B(w); 2n)

with initial inputs
).\ — (0) - B
wy (2) =0,  wy(21,22) = B(z1, 22),
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in addition to the 1-form w(x(z)) on C, where

L(p)

R(k)wr(ﬂﬂwl(;ZN) = Z Z Z ngiy‘,ui"i’l-]il(wﬂiVZJi)

HEP(K) wi W) 1i=N 32{%) gi=g+L(n)—k \*=1

Here zy = {z1,...,2n} (resp. wix = {wy,...,wi}) for N ={1,...,n} (resp. K = {1,...,k}),
B(w) Cy oq(w) means B(w) C o4(w) with |B(w)| =k, P(K) is the set of partitions of K, {(u) is
the number of subsets in the set partition pu, and the symbol W means the pairwise disjoint union.

wy 18 a reference point on ¥ and we see that wslg) ’s do not depend on it.

Remark 3.9. For simple ramified spectral curves, the global topological recursion in Definition 3.8
is equivalent to the local topological recursion in Definition 3.6.

3.3. Reconstruction of quantum curves by topological recursion. By the symmetric mero-
morphic differentials w?) on C™ defined by the topological recursion (3.9) or (3.12), one can

(re)construct the wave function as the WKB expansion. For the reconstruction we define the

)s

divisor D for the integration contour of w,(lg s as follows.

Definition 3.10. Let D denote the degree 0 divisor on C' with q; € C' such that
D:de[qk}, degDdek:O
k k

For the degree 0 divisor D, an integration of a meromorphic 1-form a on C is defined by

qr
a= dk/ «,
fo=%

where b € C is an arbitrary reference point, and the integration contours are assumed to not
intersect with the homology 1-cycles of C. In fact, each integral fDa does not depend on the
choice of the reference point b, because the integration divisor D obeys degD = 0.

On basis of this notation the wave function is reconstructed as:

Definition 3.11 (Reconstructing WKB). The wave function (D) associated with a spectral curve
3 and degree O divisor D is defined by

(D) = exp H/Da@(zlw;/D/Dagm(zl,@)
. (3.13)
+ Z —'hzg 2+ /}3.../Dw§i<7)(zlw..’zn)}

(0m#(0.),02) "
where z € C' is away from ramification points. Here we have defined
dx(z1)dz(z2)
(#(21) — x(22))*

In this reconstruction the leading and subleading integrals [/, Z\ugo)(zl) and [, [, r:zéo)(zl, z2) should
be regularized so as to remove divergence by an overall normalization factor for (D).

o (1) =w(@(z1)), & (21, 20) = Bla1, 20) —

In [19], by the global topological recursion (3.12) the quantum curve which annihilates the wave
function in (3.13) was reconstructed systematically for a special class of the spectral curve. Here we
will review their elegant results of the WKB reconstruction of the quantum curve. In the following
we consider the spectral curve in C? as

T = { (z,y) € C* ‘ P(z,y) = i:pk(x)yr"“ =0 } (3.14)
k=0
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FIGURE 2. The Newton polygon for 2-parameter polynomial P(z,y). The right
figure satisfies the admissibility condition.

where pg(z) are polynomials of z. The special class of the spectral curve X discussed in [19] is
referred to be admissible. The admissibility condition is defined by the Newton polygon A for the
defining polynomial P(x,y) of the spectral curve X:

P(z,y)=> pe(@)y" " = > priaty’.
k=0

(k,i)ez?
A Newton polygon A for P(z,y) is then a convex hull of the set Sp such that
Sp={(ki)eZ®|pri#0}.
For each level set labelled by m € Z in a Newton polygon A, we define
o; = inf{k|(k,i) € A}, B; = sup{k| (k,i) € A}.
The number of interior integral points of a Newton polygon A is given by » ., ([8i] — [as] — 1),
and the Newton polygon A has no interior point, if Sp satisfies
[Bi] — |ai] =1, for all q.
On basis of the above notions of the Newton polygon, the admissibility condition of the spectral
curve X is given as follows.
Definition 3.12 ([19]). The spectral curve ¥ = {(z,y) € C?|P(x,y) = 0} is admissible if the
following two conditions are satisfied:
(1) The Newton polygon A associated with > has no interior point.
(2) If ¥ contains the origin (z,y) = (0,0) € C?, then the curve is smooth at this point.

The quantum curve which annihilates the wave function (D) with D = [2]—[z,] is reconstructed
manifestly for the admissible spectral curve.

Proposition 3.13 (Lemma 5.14 in [19]). Let Dy, be the differential operators

lek] ¢
x

Dk: m%, k:17...,7'. (315)
For the degree 0 divisor D = [z] — [z4] with a simple pole z. of x as reference point, the wave

function ¥(D) satisfies the order r ordinary differential equation

Dy D 22D pyipyp, , 2 p @y ()
xLa,,.J xl_a"'*lj xl_alj l'I_O‘OJ
lar—1] lar—z] Laz]
X x x
~hCyD\Dy+ - Dyg oy = Oy DDy - Dy =g =+ = WGy ] ¥(D) = 0.

(3.16)
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Here the coefficients Cy’s (k=1,...r — 1) are given by

o Pea(wy(x)
Cr = lim — T

k
) Py (z,y) = Zpk—i(x)yi7 (3.17)
i=1

where y(x) obeys P(x,y(x)) = 0.

Remark 3.14 (Remark 5.12 in [19]). Even when the reference point z, is a higher order pole of z,
if the integrals in the WKB reconstruction (3.13) converge, Proposition 3.13 is correct.

4. GKZ EQUATIONS AS QUANTUM CURVES

In this section we will reconstruct GKZ equations as quantum curves of GKZ curves for the equi-
variant Gromov-Witten theory on the projective space (CPg ~! and the Fano complete intersection
Xi=1,w,x. For this purpose we employ two methods developed in works by Mulase-Sutkowski [86]
and Bouchard-Eynard [19].

The former method uses the local topological recursion and the recursion relation for S,,’s
obtained from the quantum curve is reconstructed manifestly for two examples: (1) CPL, and (2)
the Fano hypersurface Xj, —i.4,2, in (CP,lv. Such manifest results are helpful to find the relation
between the wave function and the WKB solution which will be studied in Section 6 (e.g. Lemma
6.4 below).

The latter method uses the global topological recursion and we can reconstruct more general
class of X such that X = CPfX_1 and the Fano complete intersection X = Xj—_1. x. For these
class of X the admissibility condition in Definition 3.12 is satisfied, and we can reconstruct the
GKZ equation as the quantum curve for the wave function ¢ x (x) which admits the expansion at
x =00 (i.e. z, = 0o which gives = oo is chosen to be the endpoint in the integration divisor D).

4.1. The GKZ equation from the local topological recursion a la Mulase-Sutkowski. In
[86] the second order ordinary differential equation for the wave function ¢(x) was derived via the
local topological recursion (3.9) in Definition 3.6. In the following we will reconstruct the GKZ
equation from the data of the GKZ curve. Among GKZ equations discussed in this article, this
derivation is applicable to the following two models.

(1) Equivariant Gromov-Witten theory on the projective space (CPL:

d d
(Fmd:r - wo) (hxd:v - w1> P(z) = zp(x). (4.1)
(2) Equivariant Gromov-Witten theory on the degree 1 hypersurface Xj,—1.4,x in (CP,luz
ot~ ) (e —wy ) wla) = (he o= X+ ) (@) (42)
T~ Wo oo w1 v) =z | he— 1 x). .

The defining equation of the GKZ curve X x is directly found by replacements « — x, had/dx — y,
and i — 0 in the GKZ equation, and indeed, one finds the GKZ curves for these models

Yepy, = {(iﬂay) eC*xC ‘ y* — (wo + w1)y + wowy *IZO}, (4.3)
XX s = { (z,y) eC* x C ‘ y? — (wo + wy + )y + wowy + Mz =0 } (4.4)

To apply the topological recursion to the above GKZ curves, we need to use appropriate local
coordinates” to pick up residues in the topological recursion (3.9) systematically. In the following
for the case (1) we will introduce a local coordinate z as

x(z) = 22— A, y(z) =z + %(wo + w), A= i(wo - w1)27 (4.5)

“In [86], such local coordinates are specified by the Lagrangian singularity of ¥ x.
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and for the case (2) we will introduce a local coordinate z via the Zhukovsky coordinate u as

2(z) = agﬁ+ﬁ;a(u(z)+ué)),

y(z)woer;Jr:E(z)Jr5804<u(z)u(lz)>7 (4.6)

a+f8=-2wy+w —2X\), f—a= 4\/()\1 —wp)(A1 —w1), wu(z)=

z+1
z—1"
We assume that the parameters w; and A\, are generic so that the dz and dy do not have common
zero. Then we can identify the GKZ curve ¥ x with the spectral curve (C = CP!,z(z),y(z)) in the
sense of Definition 3.1. For both of these local coordinates, we see that the local Galois conjugation
o near the branch point z =0 € ¥x acts as o(z) = —z.

The basic building blocks of the topological recursion (3.9) are given in the above local coordi-
nates as follows:

— (s dx(z) _ y(z) dz(z) » ) =
w(z(2)) = y( ):c(z) 2(z) dz dz, B(z1,22)

le ng

(21— 22)%

And we obtain

%sz B(.Wzl) 1 1 le
= (Z) — + TR
w(z(z)) — w(z(—2)) 2421 z—2z1) dz
z(2)
p(Z) == 2(2)
2(y(2) — y(—2))
where for the above two models the function p(z) is given by
22— A
822 '
(22 — ].)2 (('LU[) +wy — 2)\1)(1 — 22) + 2(1 + 22)\/(>\1 — 'lU())()\l — wl)) for X X
p(Z) - 6422()\1 — wo)()\l — U)l) ’ or o h=LwA-

Both of these functions do not have poles except for z = 0, co.
Adopting the ingredients one finds that the topological recursion (3.9) is rewritten as follows:

p(z) =— for X = CP.,

WP (21, 2n)

1 / (2) 1 n 1 dzy
= — z —_—
27 Wp z24+2z1 z—2z1) dz

X {Z(B(z,zj)w,(lg)l(—z,zg, 32y, Zn) F B(—z,zj)wggzl(z,ZQ, ey 2y ,zn))
j=2

!

-1
+ol =z m) > Wi (e (<, zn} , (4.7)

g1+g2=g
IuJ={2,3,...,n}

where the contour 7 encloses an annulus bounded by two concentric circles centered at the origin
encircles z = +z; (i = 1,...,n) as depicted in Figure 3. The prime in the last summation means

that w%o) and wéo) are excluded from the summation. Proceeding along the same line of the proof
for Theorem 4.1 in [86], we can show the following lemma.

Lemma 4.1. Let F,Sg)(zl, sy ZniZx) (29 — 241 > 0) denote a function such that

zZ1 Zn
F,gg)(zl,...,zn;z*):/ / W@ (2, ... 2, (4.8)
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FIGURE 3. The contour v in z-plane consists of two concentric circles centered at
the origin. The inner circle which encircles the origin has an infinitesimally small
radius with the positive orientation. The outer circle which encircles z = +z;
(i =1,...,n) is oriented negatively.

where z, denotes a reference point of the integration. If the meromorphic function p(z) does not
have any poles except for z = 0,00, the topological recursion (4.7) leads to the following recursion

relation:

021 P
—En:  ap(2) — F9 (21 20)
L7 P e E A
j=2

32
+ 2p(21) [aulaw Fo (un, g, 2 z*)]

Ul1=u2==21

+2p(z1) Z F‘(Ig‘ﬁl(zh zr; z*)F‘(Jgfll(zh 275 %), (4.9)

g1+9g2=g
IuJ={2,3,...,n}

where [n] = {1,2,...,n} and [j] = {1,2,...,7,...,n}.
In addition to (4.8) we also define

iz = [t = [CueTE,

!/
1
dxz(z)) dzyd
FQ(O) 2152272* / / ( 215’22 xSZd ) / / &t 2227
(@) (21 + 23)
where in the second equality of FQ( )(zl7 z9; 2+ ) we have used the local coordinates (4.5) and (4.6).
Note that these integrals should be regularized so that the integrals converge by adding certain

constants which depend on the reference point z,. Following the WKB reconstruction (3.13), we
define the wave function ¥ x (x) such that

wX(m):exp<th1Fm(x)>, Fu(z(2) = Y %F}Lg)(z,...,z;z*). (4.11)

9>0,n>1
2g—1+n=m

(4.10)

m=0

Adopting technical identities developed in Lemma A.1 of [86] to the recursion relation (4.9) we
arrive at the following lemma.
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Lemma 4.2. The functions F,,, (m > 2) obey the following recursion relation:

d e dF, dF, dp(2) 2 d

—Fnt1 =2 —F, —_— 2 -4 —F. 4.12

dz- ™! p() (dz2 + a-H;n-i-l dz dz > + ( dz 22— ng(z) dz (412)
a,b>2

Now we will show that the above recursion relation (4.12) agrees with the recursion relation for
F,,’s found from the GKZ equation for two models.

Proposition 4.3. For X = CP.,, the wave function 1 x (z) defined by (4.11) with the integration
divisor D = [z] — [00] in the local coordinate (4.5) satisfies the GKZ equation (4.1) for the equivari-
ant Gromov- Witten theory of (CP,ID. Here we choose the reference point z, = 00 so that x(z,) = 00

holds.
Proof. Adopt the WKB expansion

Y(x) = exp (Z hm_lsm(x)> (4.13)

m=0

into the GKZ equation (4.1), then one finds a hierarchy of differential equations for S,,’s:

d? dS, dSy d d
—Sm — | - —Sm —Sm = 0. 4.14
v <d9:2 * Z dxr dx > (wo + wl)dx 1t dx ( )
a+b=m+1
The remaining h%-terms are treated separately as follows:
dSo\* d
<xd5m0) — (wo + wl)x% + wowy —x = 0. (4.15)

By definitions (4.10) and (4.11) we see that Fy(z(2)) = 1(0)(2; zx) obeys the differential equation
(4.15) by Sy = Fy, and one obtains the GKZ curve (4.3) by a replacement xdSy/dz = y.

Next we will consider the relation between S; and F;. The subleading term S; of the WKB
expansion (4.13) is computed from the recursion relation (4.14) for m = 0.

S, 1 1

dr Az (wo —wp)? 422

where in the second equality we have used the local coordinate (4.5). On the other hand, by
definitions (4.10) and (4.11) one finds

1 o 1, (2423
Fi(z(z)) = §F2( )(z,z;z*) = §logv

1 /e —1 9 1 (4.16)
T2\ dz 242z, 2]
By comparison of these results, we see that for the specialization z, = oo with z(z.) = oo, dF}/dx

in (4.16) agrees with dS;/dz.
Now rewriting the second term in (4.14):

)

ary
dzx

r=x(z)

dS, dSy _dSo dSmi1 dS, dS,, dS, dSp
Z de dx 2 dr dx +2 de dz Z de dx’ (4.17)
a+b=m+1 a+b=m+1
a,b>2
one obtains
dSp d B d? dS, d dS, dSy
— (Qxdx (w0+w1)> ﬂsm_‘_l —f@Sm‘i’ <2$dx+]. %Sm+$a+l§n+l dr %
a,b>2

(4.18)
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To switch z-derivatives in the above recursion to z-derivatives, one can use

4 _(da\T"d & (d\T & A\ T d (4.19)
de  \dz dz’ dz?2  \dz dz? dz dz2 dz’ '

Plugging xdSy/dx = y and (4.19) into (4.18), one gets the recursion relation for S,,’s

d d? dsS, dSy d
ESmH =C (Z) <d,225m + a_H;n_H Az dZ) + CQ(Z)@S"L, (420)
a,b>2

where
—x(z)
(2y(2) — (wo +w1)) 4

-1 da\ ~? d2x ds,
xls) = o (x(z) (£) SZrme e 1) |

Using the local coordinate (4.5), after some short computations, one obtains

22— A A dp(z)
T o) el =am =

As a consequence, it is found that the recursion relation (4.20) agrees with the recursion relation
(4.12) for F,,’s of X = CPL, under the choice z, = oc. O

c(z) =

)

c1(z) = —

Proposition 4.4. For the degree 1 hypersurface X = Xj, 1.4, in (CP,lu, the wave function ¥x (x)
defined by (4.11) with the integration divisor D = [z] — [—1] in the local coordinate (4.6) satisfies
the GKZ equation (4.2) for the equivariant Gromouv-Witten theory of Xj =1.w x. Here we choose
the reference point z, = —1 so that x(z.) = 0o holds.

Proof. Adopt the WKB expansion (4.13) into the GKZ equation (4.2), then one finds a hierarchy
of differential equations for S,,’s:

dS, d d? ds d dS, dS
- (23:0 — (wo +wy + x)) —Smi1 = x@Sm + (23@1 + 1) %Sm +x Z &b

dx dx dz de dx
a+b=m+1
a,b>2
(4.21)
In particular, Sy obeys

dSo\? ds,

20 — (wo + w1 + x)x—o + wowi + Mz =0, (4.22)
dzr dx

and this differential equation gives the GKZ curve (4.4) by y = xdSy/dx.
From the recursion relation (4.21) for m = 0, it is found that

del o _U)()~|'U)1 +.’E—2)\1 + \/x2+2(w0+w1 —2)\1).’E+ (U}O —U}l)2
de 2(x? 4+ 2(wo + w1 — 21z + (wo — w1)?)
B (z+1)3(z-1)

1622 \/()\1 — ’wo)()q - wl) ’
where in the second equality the local coordinate (4.6) is adopted. On the other hand, by definitions
(4.10) and (4.11) one obtains (4.16). We see that for the specialization z, = —1 which corresponds
to x(—1) = oo, dFy/dx in (4.16) agrees with dS;/dx.

Switching from z-coordinate to the local z-coordinate, one finds that the recursion relation
(4.21) is rewritten as

d d? dS, dS, d
= Smi1 = cl(z)<dZZSm +a+b;n+1 s dz) + c2(2) S, (4.23)
a,b>2
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where
—x(z)
(2y(2) = (wo + w1 + 2(2))) 4

-1 dr\ % &%z ds;
) = S~ (wo + wr T 2(2) (‘x(z) (%) @r=oT

Using the local coordinate (4.6), after some short computations we obtain

c1(z) =

)

+1].
r=x(z)

dp(z) 4
=2 =2 .
a(z) =2p(z),  c2(2) 5 TP
Thus if one chooses z, = —1 s.t. (—1) = oo, the recursion relation (4.23) agrees with the recursion
relation (4.12) for Fy,,’s for X = Xj, —1,4,x under the choice z, = oo. O

Propositions 4.3 and 4.4 show that the GKZ equations (4.1) and (4.2) are reconstructible as the
quantum curve on the GKZ curve (4.3) and (4.4), respectively.

4.2. The GKZ equation from the global topological recursion a la Bouchard-Eynard.

In Section 4.1, it was proven for the two models (4.1) and (4.2) that their GKZ equations are

reconstructible by the local topological recursion (3.9), if endpoints of integrals of w ) (#1,.-+,2n)in

the WKB reconstruction (3.13) are chosen to be at z(z,) = oo in the global coordinate = = z(z). To
generalize these results, we will apply the consequences of the WKB reconstruction of the quantum
curve in [19] (summarized shortly in Section 3.3) to the GKZ curve (2.17) for the equivariant
Gromov-Witten theory on (CP,]X_1 and the complete intersection Xj—1., x of the degree [; =1
(i =1,...,n) hypersurfaces in (CPfol. The defining polynomial Ay, , ., , of the GKZ curve for
this model is

N-1 n
AXL:I;'LU,A (x7y) = H (y - w’L) - H(y - )\G.)’ X 6 (C*’ y 6 C? (4'24)
=0 a=1

and the GKZ equation is reconstructed subsequently.
In order to apply the consequences of the WKB reconstruction directly to the GKZ curve, we
will change the presentation of the GKZ curve (4.24):

dx

EXicrun = { @) €C X C| Axyun(@y) =0}, w(@) =y(@) =,

since the spectral curve ¥ considered in [19] is defined as a Lagrangian (3.14) in C%:
S={(@yeC|Pay =Y m@y =0},  w@) =y@d
k=0

The WKB reconstruction of quantum curves in [19] is based only on the global topological recursion
(3.12), and what we need are the 1-form w(z) and the Bergman kernel on ¥ as the inputs. Therefore,
changing the presentation of the GKZ curve ¥x,_, , , with

y=uzY, AXL:1;w,A(x’ xY) = PXZ:l;w,)\ (x’ Y)’

we can utilize the remarkable results in [19]. In the following we will consider a local coordinate z
defined by

N-1 n
. — w; — - )\a
o) = Lo G2 -y LanGo2) (4.25)
[lo=1(z = Aa) [Tz (z—wi)
Now we will prove Theorem 1.5 by applying this presentation of the GKZ curve to Proposition

3.13. At first we will show it for the equivariant Gromov-Witten theory of the Fano complete
intersection of degree [, =1 (a =1,...,n < N) hypersurfaces in (CP,]Y,_l.
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FIGURE 4. The Newton polygons for the defining polynomial Px (z,Y). Left: X
is the complete intersection of two degree 1 hypersurfaces in CPf’u. Right: X =
CP3,

Theorem 4.5. The GKZ equation (1.10) for the equivariant Gromov- Witten theory of the Fano

complete intersection of degreel, =1 (a =1,...,n < N ) hypersurfaces in (CPg_1 18 reconstructible

as the quantum curve on the GKZ curve Xx,_, ., » by specifying the integration divisor D to be
D = [z] = [oq],

in the local coordinate (4.25). Here byn < N the reference point z, = 0o corresponds to x(z,) = 00

in the global coordinate v = x(z).

Proof. Consider the defining polynomial Py, , , ,(z,Y) = Ax, Ly (z,2Y) of the GKZ curve for

the Fano complete intersection Xj—j., x of degree [; 1@ ;li, ...,n < N) hypersurfaces in
cpN-t.
N-1 n N
Px,_ywn(@,Y) = H (Y —w;) —x H(xY —Aa) = Zpk(x)YN*k, (4.26)
i=0 a=1 k=0
where
kep(w)aN =k, for 0<k<N-n-1,

pr(z) = { E:i

Here e (w) and eg () denote the elementary symmetric polynomials of degree k in w = {wo, ..., wy_1}

and A = {A1,..., A\, }, respectively. Clearly this defining polynomial satisfies the admissibility con-
dition in Definition 3.12 (see Figure 4), and one finds

|| =, r=20,...,N.

For the spectral curve Yx, , . , with the defining polynomial (4.26), the differential operators Dy
(k=1,...,N) in (3.15) become

d
Dy = ha—-., (4.27)
and the coefficients py 1 (2)/zl**) in the quantum curve (3.16) are given by
pn-k(@) _ [ (1) Fen_p(w), forn+1<k<N, (4.28)
zlex] 7 (=D)NFey_p(w) — (=1)"Fe,_p(X)x, for 0 <k < n. '

The coefficients Cy, in (3.17) for the integration divisor D = [z] — [0o] are evaluated as follows:
P Y
Ck; — hm k+1(.73, (x))

200 glan—k]+1

8The convergence in Remark 3.14 is confirmed by looking at the z — oo behavior of the building blocks of the
topological recursion (3.12) such as Y (z(z)) and f;f* B(-, 2).
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— Pk+1(937Y) . PXL:l;w,A(x7Y)
[ ol W s | s N—k+1yN—k

Y=Y (z)

= — lim < Pr(2) + Prt1(®) +...+pN(x)>

ZN—k+1 T N—ktly TN—k+1y N—k

Y=Y (z)

<k< —n —
:{O, forl<k<N-n-1, (4.29)

(—D)FN4ne, nin(N), for N—n<k< N -1,

where Y (x) obeys Px,_, ., \(7,Y(x)) = 0. To rewrite the differential equation further, use a key
identity for £ > 1:

. (hxdci 4 h)z fla) = (hx;i)gl (th(if(x)> v h (hx;i:)gl (2f()). (4.30)

This identity is proven by induction with respect to £. Adopt the equations (4.27) — (4.30) to the
equation (3.16), then one finds

N k n £
0= Y (0 Fesw) (hr ) wxsale) = YU enn N (Rl 4 1) )

=0 £=0
N-1 d n d
= Zl;](; (hxdm - w7> le:l;w,A (I) -z al;[l (hxd:v —Aq + h> wXL:l:w,/\ ('T)
Thus the GKZ equation (1.8) for the equivariant Gromov-Witten theory of the Fano complete
intersection of degree I; =1 (i = 1,...,n) hypersurfaces in CPN 1 is correctly reconstructed from
the GKZ curve (4.26). O

Specialized the number n of hypersurfaces to be zero in the above proof, we immediately find
that the GKZ equation for the equivariant (Cng1 theory is also reconstructible.

Theorem 4.6. The GKZ equation (1.9) for the equivariant Gromov-Witten theory of the projective
space (CP,]X_1 is reconstructible as the quantum curve on the GKZ curve (2.15) by specifying the
integration divisor D to be D = [z] — [00] in the local coordinate (4.25). Here the reference point
zx = 00 corresponds to x(z.) = oo in the global coordinate x = x(z).

4.3. Relation to the oscillatory integrals. As a corollary of results proved in this section, we
can find an explicit relation between the oscillatory integral Zx and the wave function ¢ x for a

complete intersection X = Xj—1.4x of degree [; =1 (i = 1,...,n) hypersurfaces with n < N in
CPY ™! (we regard X = CP™ ™! for the case n = 0).
Recall that, for generic w; and A, there are N critical points (u@,v@),...,(ug\cf)mg\?)) of

Wx (after taking the projection ((E::)N*"’1 — (C*)N*"=1) which give N solutions Zy,...,Zy of
GKZ equation (1.8) as oscillatory integrals over the associated Lefschetz thimbles. On the other

hand, Theorem 4.5 shows that the topological recursion constructs N formal solutions 1, ..., ¥n
of (1.8) as the wave function with the integration divisors Dy, ..., Dy specified as follows. For
a fixed x € C* away from branch points, we can find z1(z),...,zn(z) € CP! (or Xx) satisfying
x(zi(z)) =z (i = 1,...,N), where z(z) is given by (4.25). Then, we define D; = [z;(z)] — [o0]
(i=1,...,N).

The correspondence between the critical points and points on the GKZ curve Y x is given in
Proposition 2.5. More explicitly, we can choose a label so that

d
xdfwx(ugckvﬂx) =z(x), i=1,...,N (4.31)
i
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holds. In view of (4.25), for sufficiently large , we can arrange the label® so that

igm fori=1,...,N —
zi(x) ~ e T e " (4.32)
Aa; fori=N-n+1,...,N,
when z — oo. Here ¢ = exp(27i/(N —n)) and {an—n+1,-.-,an} = {1,...,n}. This is consistent
with Lemma 2.6, where 21 (), ..., zn_n(x) correspond to the critical points satisfying (2.20) while

ZN-n+1(2),...,zn(x) correspond to the rest n critical points satisfying (2.21).

The following claim shows that the oscillatory integrals associated with the critical points sat-
isfying (2.20) coincides with the wave functions (up to some numerical factor) after taking the
asymptotic expansion:

Corollary 4.7. Lety;(z) be the wave function (3.13) for X = Xj—_1.4x with the integration divisor
D; = [zi(z)] — [00] where the point z;(x) is specified as (4.32). Also, let Z; be the oscillatory integral
(2.4) for the mirror Landau Ginzburg potential Wx defined over the Lefschetz thimble associated
with a critical point (u§c),v-(c)) specified by (4.31). Then, fori =1,...,N —n, these (formal)

K2

solutions of the GKZ equation (1.9) are related through the asymptotic expansion for h — 0:

N4n—1

Here the constant C; is determined by
ui] ey Hess(ui”, 0
C; = lim — : , (4.34)
T—00 exp(Fl)
where we write (ugc), vgc)) = (ugcl), . ug’cj)\,fl, vz(fl), . mf‘i)

This follows from the fact that the coefficients Sy, (z) of WKB expansion are uniquely determined
up to an additive constant (cf. (4.17)) and the behavior of (2.24) when x — oo which is valid if
we choose a critical point satisfying (2.20). In particular, for X = CPY ™!, the relation (4.33) is
valid for all N solutions because n = 0 in this case.

5. SEVERAL DIFFERENT VANTAGE POINTS OF THE J-FUNCTION

In this section we will give a physical derivation of Theorem 1.5 (referred to reconstruction the-
orem) by reinterpreting the equivariant J-functions as the brane partition functions in topological
strings on local Calabi-Yau 3-folds. In the subsequent sections we will discuss the following vantage
points of the J-function:

1. J-function as the vortex partition function,
2. J-function as the brane partition function in the local A-model,

3. J-function as the brane partition function in the local B-model.

At first we will summarize the physical interpretation of the equivariant J-function as the vortex
partition function in the N = (2, 2) gauged linear sigma model (GLSM) on S? [36, 16] (Section 5.1).
Next we will reconsider it via the geometric engineering as a particular type of vortex partition
function obtained from a brane partition function in the topological A-model on a local toric
Calabi-Yau 3-fold Y [36] (Section 5.2). And then, we will move to the local B-model picture via
the local mirror symmetry, and give yet another description of the brane partition function as the
wave function via the topological recursion on a mirror curve residing in the mirror local Calabi-
Yau 3-fold YV on basis of remodeling conjecture [21] (Section 5.3). As a consequence of physical
discussions, we will find the reconstruction theorem.

9Precisely speaking, these labels are not well-defined since the labels exchange if * move around a ramification
point (oo is a ramification point). Here we consider a situation that  moves along a straight path to infinity.
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Remark 5.1. Via the string dualities, we find a novel picture of the J-function and GKZ equation.
One of the most curious but interesting aspects of this picture is the following point. Originally
the J-function is defined in regard to the genus 0 closed string theory on Fano manifold X, and
the variable 2 = e! denotes the closed string modulus which measures the area of the closed string
worldsheet around the 2-cycle in X. On the other hand, the brane partition function is defined
for all genus open string theory on local toric Calabi-Yau 3-fold Y involving a special Lagrangian
submanifold L, and the variable z = e* denotes the open string modulus which measures the area
of the open string worldsheet ending on L C Y.

5.1. Vantage point 1: J-function as the vortex partition function. In [36, 16] it was argued
that the equivariant J-function is reinterpreted as the vortex partition function in the NV = (2,2)
GLSM on S? [100]. The GLSM consists of gauge multiplet V with a gauge group G and matter
chiral multiplets ®;’s with some representations of G. The vacuum moduli space of the GLSM
is defined by D- and F-term equations. More precisely, the D-term contains Fayet-Iliopoulos (FI)
parameters € (and theta-angles @) associated with the generators of the center of the gauge group
G, and the F-term is described by a gauge invariant function W (®) of matter multiplets ®;’s called
superpotential.

Via the renormalization flow, the GLSM flows into the geometric regime £ > 0, and one finds
the non-linear sigma model with a target space X defined by D- and F-term equations, if X is
the Fano or Calabi-Yau variety. Indeed the FI parameters in the D-term are associated with the
Kéahler moduli of X, and the solutions of the F-term equation are associated with the complex
structure moduli of X. In addition, the U(1) equivariant parameter & on S? is introduced, if we
consider the A-twisted A" = (2,2) GLSM on the Q-deformed sphere which has the generator of S*
acting on S? [28] (see also [13]). The 2-deformation parameter is given by A and the S! action has
two fixed points at the north and south poles on S2.

Field | U(1) | Twisted mass | U(1)y
P, +1 —w; 0
P, —lq A 2

TABLE 1. Matter content for the complete intersection X; ¢ CPY 1. Here i =
0,...,N—landa=1,...,n.

In the following we will focus mainly on the smooth complete intersection X = Xj, defined
by homogeneous degree l,—1,. , polynomial equations F,(¢) = 0 in cpPMV! s (bo : - dN-1)
with I; +--- 4+ 1, < N. The equivariant Gromov-Witten theory of the complete intersection X;
corresponds to the G = U(1) GLSM with the matter contents listed in Table 1 and a superpotential
W(P,,®) = >."_,| P,F,(®). The D-term equation has the FI parameter ¢ and the theta-angle
0, and it realizes CPY ! as the moduli space. On the other hand, twisted masses —w; (resp.
Ao) for the matter multiplets ®; (resp. P,) are identified with the equivariant parameters of the
Gromov-Witten theory.

The GLSM also has the vector U(1)y R-symmetry and the superpotential needs to have R-
charge 2. The R-charge of matter multiplets ®; (resp. P,) are assigned to be 0 (resp. 2). In [2§]
(see also [13]) it is found that the A-twisted correlator for a function (operator) O™ (o) (resp.
0®)()) of the complex scalar field ¢ in the U(1) gauge multiplet inserted at the north (resp.
south) pole of S, is given exactly by

<O(N) (U)@(S)(U)>
do TTooi ITaZo (lao — Ao — 4% + mh)

=2 P on T 0N (o - -h)0® (0 4+ 5h), (5.1
dz::ox j{ 2mi [ e (0 — wi — §h+mh) (@ 2 ) (o 2 ) (5.1)
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where the contour v C C encloses the poles 0 = w; — %thph (i=0,...,N—-1,p=0,...,d) of
the integrand. Here

¢ = e 2mEH0
and x must be replaced with gV —(1++n) g which is modified by the RG invariant energy scale u
for the Fano (I; + - -+ 1, < N) case, because the FI parameter £ runs under the renormalization
group (RG) flow. In the following we will use the same symbol z for the modified one. Actually it
is found that the correlator (5.1) is factorized as [98]:

<O(N)( Z % Zl IOOP(O w A) Vgr)tex(a- z,w, )‘ h)Z\(firtex(o';x’wD)V _h)’
where

Zl 100p(0' w A) H i
I
o) n d
. h
Ziioh oy, w, X h) Z tlaci s (a0 = A 2mh) sy (g
d= H Hm 1 (0 — wi +mh)

In this factorization the factor Zf,or)tex (resp. Z\(,Oztex) is interpreted as “off-shell” vortex partition

function with the operator O™N) () (resp. O (o)) at the north (resp. south) pole of S?. Excluded
the operators OMN:S) (), this vortex partition function agrees with the I-function for the complete
intersection Xj. In particular for the Fano (I; +---+1, < N) case this agrees with the J-function.
By taking the residue at 0 = wy (0 = wj; in general) in the above correlator, we obtain the
(“on-shell”) vortex partition function [93 36, 101, 17]'

- = “ 1 (lqwo — Ag +mh
\A/)t()lrtexk Z \5d Nlll_l L ( 0 ) (52)
d'h Hm 1(w0_wl+mh)

This (“on-shell”) vortex partition function agrees with the (“on-shell”) equivariant J-function
introduced in Appendix A, and obeys the GKZ equation (see Lemma A.2):

A\Xl;w’)\ @ /y\>( wo/h 7 Xtw, XMz )) =0. (5.3)

vortex

Remark 5.2. In [11, 38] the N = (2,2) GLSM partition function on S? is computed exactly, and
the factorization into the vortex partition functions is shown. In [16] under the identification of
the inverse radius ! of S? with the equivariant parameter h, this vortex partition function is
reinterpreted as the I(J)-function. In [65] it is shown that the GLSM partition on S? is also
factorized into two hemisphere partition functions and one annulus partition function, where the
hemisphere partition function is shown to give the D-brane central charge (see also [94, 62]).

Remark 5.3. In [13] the twisted partition function of the 3d ' = 2 gauge theory on S? x S with
the Q-deformation is exactly computed, and shown to be factorized into the K-theoretic vortex
partition functions (see also [12, 48]). In [13] it is also discussed the factorization into the elliptic
vortex partition functions of the twisted partition function of the 4d A" = 1 gauge theory on S? x T2
with the Q-deformation (see also [102, 89]).

5.2. Vantage point 2: J-function as the brane partition function in the local A-model.
Here we will consider the 4d N' = 2 gauge theory on Q-deformed R* =2 C2 > (21, 23) with the
gauge group G = SU(N). In this gauge theory we can put a half-BPS surface operator [57]
as the codimension 2 defect along the zi-plane D at zo = 0. For the equation of motion of
the gauge theory with a surface operator, the solitonic solutions which are the composite of 4d
instantons and 2d vortices can be found, and they are called ramified instantons [81, 82]. The
moduli space for the ramified instantons is characterized by the flag manifold G/IL where L =
S[U(n1) xU(ng) x ---xU(np)] with N = ny + ng + -+ 4+ nps denotes the Levi subgroup of
G = SU(N) [25, 74] (see also [23, 24, 6, 80]).
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The generating function of the number of ramified instantons is called the ramified instanton
partition function. If we take a (decoupling) limit for the instanton counting parameter in the
ramified instanton partition function and suppress the counting of the 4d instantons (i.e. focus
only on the ramified instantons with the instanton number zero), the generating function reduces
to the vortex partition function in an N = (2,2) GLSM described by the map:

D=cP' -% G/L, de Hy(G/L,Z), (5.4)

where D denotes a one-point compactification of the z;-plane D.

In particular, the surface operator is referred to simple type, if it has the Levi subgroup L =
U(1) x SU(N —1). Here we will consider the surface operator of the simple type and D = R? (i.e.
D = S?). In this case we find G/L = CPV ™1,

If the 4d gauge theory does not involve any matter fields (i.e. pure Yang-Mills theory), the
resulting GLSM on D = S? consists of a U(1) vector multiplet and the matter multiplets ®;’s
listed in Table 1, and the superpotential is absent in this GLSM. By taking the decoupling limit

of the ramified instanton partition function, we obtain the (“on-shell”) vortex partition function

N-—1
Zgoljt’gx for this GLSM, and it is given by the specialization n = 0 of (5.2) because multiplets P,’s

are absent in this case:
© d
cpi-t x
Zvortex (I) = Z d'hd
d=0 " H

If the 4d U(N) gauge theory involves n (n < N) matter hypermultiplets in the fundamental
representation, we will find the same GLSM that we have considered in the vantage point 1. The
decoupling limit of the ramified instanton partition function agrees with the (“on-shell”) vortex

partition function Zo b= () in (5.2).

Subsequently we will survey on the punchline of the geometric engineering which realizes the
(“on-shell”) vortex partition function as the brane partition function in the open topological A-
model. And then we will see how the GKZ equation appears in the open topological A-model on

the strip geometry.

1

N oy (wo — wi +mh)

(5.5)

5.2.1. Geometric engineering of the (“on-shell”) equivariant J-function for (Cngl. Our starting
point is the open topological A-model on the local toric Calabi-Yau 3-fold Y; which is specified by
charge vectors I; € Z™*3 (i = 1,...,m). The local toric Calabi-Yau 3-fold Y; is the quotient such
that

m—+3
Yi= { (X1, Xonys) € €759 37 lial Xaf? = Re(log @) J/U(1)™, (5.6)

a=1

where U(1) charge vectors I; = (l;1,...,limt3), (1 =1,2,...,m) obey the Calabi-Yau condition
ZZZFE’ li.w = 0. Here Q;’s denote Q; = e* with the Kéhler parameters ¢;, and U(1)™ acts on X,
as X, — el Ziticilia X,

If ¥} is chosen to be the Ay _;-fibration over CP!, the physical spectra (i.e. vector multiplets,
hypermultiplets, etc.) of the 4d U(N) gauge theory are realized from the topological A-model
in the string theoretical way [75, 76]. Such a realization of the 4d gauge theory is known as the
geometric engineering.

In the framework of the geometric engineering, the surface operator of the simple type in the
4d gauge theory is realized from the topological A-model on Y; by introducing the 3d object
of the topological A-model referred to toric brane, which wraps around the special Lagrangian
submanifold L € ¥; [36]. In a local atlas of ¥; which covers X, = X3 = X, = 0, the special
Lagrangian submanifold L 2 C x S' is found as the following locus (see Theorem 3.1 in [59]):

| Xol? — | X, =Re(logx), |[Xs]*—|X,?=0, Im(X,XsX,)=0, Re(XoXpsX,)>0, (5.7)
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Xg=01 "

N
X;=10| Q}
Xy=01Qs> Xi=0
Xo= 01 Qi

~ T~
brane |
X2:0 ' /!

FIGURE 5. Strip geometry Y3 of three (—2,0) curves. The dashed line and solid
line describe the toric diagram and the dual web diagram, respectively. In this di-
agram a toric brane is inserted at Xo = 0, and this gives a Lagrangian submanifold
(5.7) witha=1,8=3,y=2.

where x = e denotes a open string modulus of the toric brane. The toric brane is represented by
a ray attached on one of the lines in the web diagram of the toric variety [1]. In Figure 5 a toric
brane insertion at the lowest leg in the web diagram is depicted.

On basis of the string theoretical discussions'?, the brane partition Z}(L_brane(x) is defined as
the generating function for the number of the holomorphic embedding maps of the open Riemann
surface (referred to the world-sheet) which ends on the toric brane L € Y, [88]. For the case that
Y; is the Ax_;-fibration over CP!, the brane partition function is computed by various physical
techniques such as the topological vertex [4], the open BPS state counting [88] and the open BPS
wall-crossing [5]. From various observations (see e.g. [10]), it is proposed that the brane partition
function Zﬁbrane (x) agrees with the K-theoretic generalization of the ramified instanton partition
function.

Here we will consider the decoupling limit of the 4d instantons at the level of the toric geometry.
Using the dictionary of the geometric engineering, we find that the decoupling limit of the 4d
instantons corresponds to the large volume limit of the base CP' in Ay_;-fibration over CP®.
After taking this large volume limit, Y¥; reduces to a local toric Calabi-Yau 3-fold Yy_; which
consists of the N — 1 copies of the local Calabi-Yau 3-fold: O(—2) @ O(0) — CP' (ie. (—2,0)
curve). More precisely Yy_; is defined by N — 1 charge vectors l;=1, . n—_1:

l, =(0,1,-2,1,0,0,0,...,0,0,0),
I, =(0,0,1,-2,1,0,0,...,0,0,0),
l5=(0,0,0,1,—2,1,0,...,0,0,0), (5.8)

lN—l = (03070707()’0707"'517_2’ 1)

Such a local toric Calabi-Yau 3-fold Yx_1 is known as the strip geometry [67] of the (—2,0) curves,
and the web diagram of Y3 is depicted in Figure 5.

Now we will see the brane partition function ZX{{;;HQ(X) for the strip geometry Yy_1 of the
(—2,0) curves. As a result of topological vertex computations [67, 36], we obtain the manifest

L0There are no mathematically rigorous definition for the brane partition function as the generating function of
the open Gromov-Witten invariants in general. But switched to the type ITA superstring picture, we can find it
as the enumeration of degeneracies of the open BPS states [88] which arise from D0-D2-D4 brane bound states for
the case of local toric Calabi-Yau 3-fold. In this sense we have only the string theoretical definition of the brane
partition function.
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form of the brane partition function which is normalized s.t. Z}Q\,’D;;ne(x =0)=1:
Yo = 1
2N mane®) = D (a"%)°, (5.9)

N—1y7d ~
izo Ilizo Iln=1(1 — Qiq™)
up to the framing ambiguity (see Remark 5.4). Here
Q0:17 Qi:q71 H Q]ﬂ q:e*957
1<j<i

and g; is the topological string coupling constant.

By construction, the brane partition function ZX?{;;HQ(X) should agree with the K-theoretic
version of the vortex partition function. To obtain the vortex partition function, we need to take

a cohomological limit. For this purpose, we will reparameterize parameters in ZX%;;HQ (x):

gs = Bh, X = ﬂNa:, @Z — o Blwo—w;)

After taking the cohomological limit 8 — 0 we find that the brane partition function (5.9) reduces
to (5.5) [36, 17]:

N-—-1
20 ) P20 7P g,

A-brane vortex

N-—-1
Thus we see that the vortex partition function Zfofgx (z) is found from the open topological A-

model on the strip geometry. Combing with the consequences in the vantage point 1, we find yet
another realization of the (“on-shell”) equivariant J-function for CPX ! as the brane partition
function in the topological A-model on the local toric Calabi-Yau 3-fold Y _1 defined by the charge
vectors (5.8) [36].

Remark 5.4. In the computation (5.9), there is a framing ambiguity f € Z of the brane at infinity
as
Xd N (_1)qufd(d71)/2 Xd.

But this ambiguity becomes irrelevant under the cohomological limit S — 0.

5.2.2. Geometric engineering of the (“on-shell”) equivariant J-functions for degree 1 complete
intersections in CPY ™", Next we will consider the geometric engineering of the 4d SU(N) gauge
theory with n (n < N) matter hypermultiplets in the fundamental representation. For this purpose
we choose the local toric Calabi-Yau 3-fold Y; to be the Ax_;-fibration over CP! with blow-ups
at n points [75, 76].

For a particular case n = N, after taking the large volume limit of the base CP! (which
corresponds to the decoupling limit of the 4d instantons), ¥; reduces to the strip geometry Yn_1 n
which consists of 2N — 1 copies of the local Calabi-Yau O(—1) ® O(—1) — CP* ((—1, —1) curves).
Such a strip geometry Yy_1 n is defined by 2N —1 charge vectors Uy ;=1 n and 1y, ;=1,. n—1 [67]:

Ir1=(1,-1,-1,1,0,0,0,...,0,0,0,0),
ly1=1(0,1,-1,-1,1,0,0,...,0,0,0,0),
l)\,2 - (07 Oa 17 _17 _17 1707 . 70707 Oa 0)7
(5.10)
lw,N—l = (07 Oa 07 07 07 07 Oa AR _15 _17 1’ 0)7
Ixn =(0,0,0,0,0,0,0,...,1,—-1,—1,1).
According to (5.6), the Kihler moduli parameters @ ; = e'* and Q,,; = e'*i are associated with
the charge vectors 1 ; and l,, ;, respectively.

Now we will introduce a toric brane which warps around the Lagrangian submanifold (5.7) in
Yn_1,n. In Figure 6, a toric brane wrapping around the Lagrangian submanifold with o = 2, 8 =
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Xo=0 : 3 X1=0
Qa4
X;=0 :Q\“\"f L Xe=
R A o

FIGURE 6. Strip geometry Y3 4 consisting of seven (—1,—1) curves (N = 4). The
dashed line and solid line describe the toric diagram and the dual web diagram,
respectively. In the diagram a toric brane is inserted at X; = 0, and this gives a
Lagrangian submanifold (5.7) with a = 2,8 =3,7=1.

FIGURE 7. A flop of strip consisting of three (—1,—1) curves gives a strip made
of one (—2,0) curve and two (—1,—1) curves.

3,v =1 is depicted as an insertion in the lowest leg in the web diagram. For this geometric set-up,

the brane partition function Z}Q{;;iﬂz (x) is computed in [67, 36]:

> N d A m—1
; 1-0y,
ZZ%;;,HZZ (X) — Z Hi;ilflmdzl( Qi\: q ) (ql/QX)d, (511)
izo Ilizo TIm=1(1 = Qu.i¢™)

up to the framing ambiguity, where

Quo=1,  Qui=a¢ " [] QrjQuj» Qni=@x1 ] Qus@ujt1, a=e.
1<j<i 1<j<i—1
Since the brane partition function on the strip geometry realizes the K-theoretic version of the
vortex partition function, we adopt the following reparametrizations:

go=Ph,  x=x,  Qui=c Py = oA,

and take the cohomological limit. In 8 — 0 we find that the brane partition function (5.11) reduces
to the vortex partition function (5.2) for the GLSM on S? with n = N:

YN_1,N B—0 Xim1w,{A1, . AN}
ZA—brane (X) Zvortex (

s iy . Xi=1;w
Thus we also find the realization of the vortex partition function Z, a1 () from the

open topological A-model on the strip geometry Yn_1 n

For the case n < N we obtain the the strip geometry Yx_1 , by taking the large volume limit
of the base CP' in ¥;. Such a strip geometry Yy_;, is made of N — 1 copies of (—2,0) and
n copies of (—1,—1) curves, and such local toric Calabi-Yau 3-fold is found by acting “flops”
and “decouplings” repeatedly to the strip geometry Yx_; n. To see the actions of “flops” and
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“decouplings” manifestly, we will focus on the N = 2 case:
Ihi=(1,-1,-1,1,0,0),
ly1=1(0,1,-1,-1,1,0), (5.12)
Ir2=1(0,0,1,-1,-1,1).

The Kéhler moduli parameters Qy 1, Qw,1, and @y 2 are associated with the charge vectors I 1,

Ly 1, and 1) o, respectively. By the flop transitions described in Figure 7, we obtain a strip geometry
made of one (—2,0) curve and two (—1, —1) curves, and it is given by the charge vectors

/)\1 = (71 1 17 713070) = 7lA,17
w,l — (1 0 2707 130) = l)\,l + lw,la (513)
)\,2 = (0,0, ]-7 _]-7 _]-7 ]-) = l)\,2~

The Kéhler moduli parameters @ ;, @, 1, and Q) , are associated with the charge vectors 1} |,

l;,1, and 1) ,, respectively, and they are related with Qx 1, Qu,1, and Qx 2 by

(Q/A,la Qiu,h Q/A,2) = (Q;}lv QA,le,la QA,2)' (5'14)
After taking the decoupling limit Q’A’l — 0 or Q’)\y2 — 0, we obtain the strip geometry made of

one (—2,0) curve and one (—1,—1) curve.
Similarly for general N one can find a strip geometry Yy_1,, with n < N. As a consequence,
the brane partition function for a toric brane in Yx_1,, takes the form [67, 36]:

V2)d Quo=1. (5.15)

(¢

YN 1n Ha 1Hm 1( _Qv)waqm_l)
Abrane Z Hm 1( —éw’iqm)

up to the framing ambiguity and the normahzation which is independent of the open string moduli.
After taking the cohomological limit 5 — 0 under the reparametrizations:

gs = Bhu X = BN—TLx’ @w,i — e—ﬁ('um—'wi)7 @/\,a _ e—/ﬁ(wo—ka-l‘ﬁ)

the brane partition function (5.15) reduces to the vortex partition function Z,';5*> in (5.2)
36, 17):
ZYN—l,n( ) [319 7X1=1w 2 (z).

A-brane vortex
Combining this result with the vantage point 1 again for n < N, this shows a realization of
the (“on-shell”) equivariant J-function for the Fano complete intersection of degree lo=1,. ., =1
hypersurfaces in CP™ ! as the brane partition function in the topological A-model on the strip
geometry [36].

5.2.3. g-difference equation for the brane partition function. The brane partition function obeys a
g-difference equation known as the Schrédinger equation or the quantum curve!® [35, 34]. For the

brane partition function ZQ{;;}; (x) in (5.15), one finds the g-difference equation (c.f. Remark 3.5)

AR ZN pare) = []ﬁ (1= Gus) -] (1~ Gsa5)

=0 a=1

Z(x) = 0, (5.16)

where the operators X and ¥ obey the relation yX = ¢Xy, and act on the brane partition function
as
o YNC1n YN-1n ~ S YN_1n YN_1n
X ZAﬁ)ral.,ne (X) =X ZAir;ne (X)7 y ZAi\{)r;ne (X) ZAA{)rzlme(qX)
Let us consider the cohomological limit of this g-difference equation. For this purpose we will
replace the operators X and ¥ by X = V"2 and y = e~ Bhed; respectively, and reparameterize

L This g-difference equation is defined simply as the annihilating equation of the brane partition function. Via
the mirror symmetry (see discussions in Section 5.3), the brane partition function is regarded as the wave function
[3], and in this sense, we can identify this g-difference equation as the quantum curve. (See Remark 3.5.)
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@w,i and CNQ,\,G as @wﬂl = B and @,\ﬂ — ¢#(a=h) Then taking the cohomological limit 3 — 0
for the quantum curve (5.16), we obtain a differential equation:

d\NT7 (, d . d -~
l(hxdx> 1_[1 (hxdx - wz) - xal;ll (hxdsr — Ag + h)

1=

ZX?}I;rane(I) =0. (517)

Using this differential equation, we find that e®o/"Zsh () obeys the GKZ equation (1.10) for
the equivariant J-function.

The classical limit of this g-difference equation is found from the WKB expansion of the brane
partition function:

YN-1,n Nt m—
ZAi\l,)r;;le (X) ~ €xp (Z gs 1F77Il< (X)> .
m=0

Denoting logy = x 9, Ff(x), we find that the g-difference equation (5.16) for the brane partition

function reduces to the defining equation of a classical curve $ff -

S, = { (x,y) €C* xC* [ Af(x,y) = ] (1 - éw,i}/) —xﬁ (1 - @,\,ay> =0 } (5.18)
a=1

under the classical limit g; — 0. In the next subsection we will see that this classical curve agrees
with the mirror curve in the mirror B-model picture.

5.3. Vantage point 3: J-function as the brane partition function in the local B-model.
Via the local mirror symmetry, we will study the brane partition function ZY , () in the
topological A-model in terms of the topological B-model on the mirror local Calabi-Yau 3-fold Y}".
The mirror local Calabi-Yau 3-fold Y;Y corresponding to the local toric Calabi-Yau 3-fold Y; of

(5.6) is defined with a substitution by |z4| = elXal? [66, 63]:

m+3 m+3
}/lv = { (w+,w_,x1,. .- 7xm+3) e C?x (C*)erg ‘ Wiw— = Z Lo, H xf;a = Zi }a (519)
a=1 a=1

where z;’s parametrize the complex moduli space. We eliminate local coordinates X5 (6 =
1,...,m+ 3) in the defining equation of (5.19) except for § = «, 8, and fix X, = 0. By choosing
local coordinates in such a way, the Lagrangian submanifold (5.7) defined on the local atlas which
covers X, = Xg = X, = 0 can be described well. As a consequence, the defining equation (5.19)
of the mirror Calabi-Yau 3-fold Y}" is rewritten as the hypersurface in C? x (C*)?:

Y = { o, 3,p) € € x (€ | wiw- = A (0,9) ],

where * = z, and y = zg, and the open string modulus x of the toric brane is mapped to z.
Mirror curve E{/(Lv is defined as the complex 1 dimensional submanifold which resides in ¥;":

K, = { (z,y) € (C*)? ‘ AE (2,9) =0 } cyyY. (5.20)

Remark 5.5. For the mirror curve E{fv one can consider degrees of freedom for the framing f € Z
l

of the brane mentioned in Remark 5.4 by an SL(2,Z) transformation x — xy/ and y — y, which
preserves the symplectic form dw = dlogx A dlogy on Z{flv [21].

Definition 5.6 (Mirror map [26, 83]). The mirror map between Q;’s in (5.6) and z;’s in (5.19)
is given by the logarithmic solutions to the Picard-Fuchs equations D;f(z) = 0 for periods of the

holomorphic 3-form on'Y,Y. Here
H 8 7li,a
0xq ’

o li,o
Di: H (8xa> _li.a<0
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. . lia ) . .
and local coordinates x4 ’s are related with z;’s by Hztlg o' = z; in (5.19). Explicitly the inverse
mirror map between Q;’s and z;’s (i.e. the logarithmic solution of the Picard-Fuchs equations) is
given by

- 1!
logQi =logzi— Y Ly >, (=D)™ (my — 1) AR (5.21)
7:(m4>0) nezy, Ha;ﬁ’y (ZJ lj»anj)'
n£(0,-,0)
where m, = — Zj Liym;.

The mirror map between open string moduli x in (5.7) and x in (5.20) is also obtained by
extending the charge vectors l; to (1;;0,0) and adding one more charge log = (... ;1,—1), where

the underbrace means loo = 1, lo, = =1, and lp. g = 0 for B # a, . Explicitly the inverse mirror
map between x and x is given by

- !
logx = logx — Z lo~ Z (=1)™ (my — 1) ' 2yt ez (5.22)
7,(my>0) nezy, [Tazy (Zj Lj.am;)!
n#(0,...,0)

5.3.1. Geometric engineering of the (“on-shell”) equivariant J-function for (CPfX_l. Consider the
local toric Calabi-Yau 3-fold defined by charge vectors (5.8), and a Lagrangian submanifold (5.7)
with a = 1,8 = 3,7 = 2 as depicted in Figure 5 for example. From the vantage point 2 this brane
partition function gives the (“on-shell”) equivariant J-function for CPY ~!. For the mirror Calabi-
Yau 3-fold (5.19), by taking local coordinate z1 = x, 5 = 1, 3 = y respecting the Lagrangian
submanifold L in the A-model, we find a defining equation of the mirror curve (5.20):

N—-1
A{flv (@,y) =Y Zw T +yt+a+1=0  Z= ] 47 (5.23)
i=1 1<j<i

Adopting the mirror maps (5.21) and (5.22) to this geometry, we see that for the local coordinate
r1 = x, x2 = 1, x3 = y the quantum corrections are absent for x, i.e. * = x. On the other hand
there are quantum corrections for z;’s such that

Q; = e~ 9i-11+29i—git1,

7.

Here go = gn =0, and ¢; = g;(z) for i = 1,2,..., N — 1 are defined by

gi(z) _ Z (_1)m_1+ni+1 (_ni—l + 2n]i\[_ i1 — 1)!(ni—1 —2n; + ni+1)! Z{Ll L. Z;\LIJ\LEl,
e [T=o(nj—1 = 2n; +1;11)!
n#(0,...,0)
where n_1 =ng = ny = ny+1 = 0. For functions f;(Q) of Q; such that
log fi(Q) = 9:(2(Q)),  fo(Q) = fn(Q) =1,
we obtain the inverse of the mirror map (5.21):
fi-1(Q) fi+1(Q)
2 = W Qi. (5.24)
We find that such functions f,(Q) are given by'?
1 ~ ~ ~ ~
i Q) = ———= Z Qt, - Qs Qo=1 Q;= H Q-
Hj:l Qj 0<t1<...<t; <N—1 1<5<i

12\We have directly checked this up to some orders.
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Example 5.7. In the case of N =4 in Figure 5 we obtain

= Q11+ Q2+ Q1Q2 + Q2Q3 4+ Q1Q2Q3 + Q1Q3Qs3)
(14 Q1+ Q1Q2 + Q1Q2Q3)? ,
Q214+ Q1+ Q1Q2 + Q1Q2Q3)(1 + Q3 + Q20Q3 + Q1Q2Q)3)
(14 Q2+ Q1Q2 + Q203 + Q1Q2Q3 + Q1Q3Q3)? ’
Qs(1+ Q2+ Q1Q2 + Q2Qs5 + Q10Q2Q3 + Q1Q3Q3)
(14 Q3+ Q2Q3 + Q1Q2Q3)?

By the mirror map (5.24) the defining equation of the mirror curve (5.23) yields

zZ9 =

zZ3 =

N-1
Ay =TT (1+ 7@ Qi) + 2 =0, (5.25)
i=0
After a change of variables:

y - —H(@Qy, = —ux

we find that the mirror curve (5.25) agrees with the classical curve (5.18) for Z}Q}'D;;ne(x) in the

A-model.

5.3.2. Geometric engineering of the (“on-shell”) equivariant J-functions for degree 1 complete
intersections in (CPﬁ ~1. Next we will consider the local toric Calabi-Yau 3-fold defined by charge
vectors (5.10), and a Lagrangian submanifold (5.7) with o = 2,8 = 3,7 = 1 as depicted in Figure
6. For the mirror Calabi-Yau 3-fold (5.19), by taking local coordinate z; = 1, x9 = z, 3 = y we
find a mirror curve (5.20) that describes this brane

N-1 N
K — AU AR 3 3 P
Ay (v,y) = E 2nizwiy Tyt +14+ E Zx,iZw,i—12Y" =0, (5.26)
i=1 i=1
where
~ o i—j+1 ~ ~ o i—j+1
Z)\i=1,...,.N = H Zxg Zw,o =0, Zw,i=1,...N—1 = H Zwj
1<5<i 1<5<i

For this mirror curve the open string modulus x receives no quantum corrections, namely x = x,
and the mirror map (5.21) is given by

Q/\,i — e—gw,i—1+gx,i71+gm,i—g>\,iZ}\J’ Qw,i — e_gA,ifl+gw,i+g)\,i_gw,1‘,+lZwﬂ;.

Here g0 = 92,0 = Gu,N = 9a.n = 0, and gui = gu,i(2), gr; = gr,i(2) fori =1,2,...,N — 1 are
defined by

i _ Nw,i—1+Nw, i +nx i+t ir1 70N 1 Nw,1 L tw, N—1 nx,N
Gu,i(2) = E (=1 TR 231 Zwd Zw,N—1 *\N
2N -1
neZzo
n#(0,...,0)
(—nwim1 10+ N — i1 — DN (Nwic1 — Nag — Nawyi + Mxit1)!
N b
[T=o(w,j—1 — 1 — Mwj + 14 1) M1y — Mg — 741 + N )]
) — _1\a it i1 R i w1 AL w1 w N—1 AN
9ri(2) = E (=L)AL A 21 2 N PAN
nezZy
n#(0,...,0)

(=nxyi + Mawi + Mrsik1 — Nawit1 — DN0x s — Ny — Nx i1 + N it1)!

N
10 (M y—1 = g = Mg + 1 ja1) (Mg — Mo — Mgt + M 1))

where 1y, 1 =)0 = Nw,o = Nw,N = NAN+1 = Ny N+1 = 0. For functions fw,z’(Q) and f/\7i(Q) of
Qx,; and @ ; such that

10g fu,i(Q) = g0, (2(Q)),  log [r:(Q) = gr.:(2(Q)),
Jw,o0(Q) = fr0(Q) = fun(Q) = fun(Q) =1,
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we obtain the inverse of the mirror map (5.21):

~ fwi—1(Q) f24(Q)  Mic1(Q) fu,in1(Q)

2\ = Qs Zwyi = Qu.i- 5.27
M R @fua(@ Fui@)F2i(Q) 527
We find that such functions f,, ;(Q) and fy;(Q) are given by'3
1 - ~ - ~
fuwiQ) = ——=— > Quyty -+ Qut,s Quo=1, Qui= [[ @;Qu,:
Hj:l Qw,j 0<t;<...<t; <N—-1 1<5<i
1 ~ ~ ~
Q) = ———— > Qrnte @ney Qui=Qn J[ QuiQajrr
Hj:l Q@xj 1<t1<...<t; <N 1<j<i—1
By the mirror map (5.27) the mirror curve (5.26) yields
N-1 N N N
Agv (z,y) = H (1 + fw,l(Q)_le,iy) +x H <1 + fw,l(Q)_lQ)\,iy) =0. (5.28)
i=0 =1

After a change of variables:
Yy — 7fw,1(Q)y7 r — —x,

we find that the mirror curve (5.28) agrees with the classical curve (5.18) for ZX%;;;: (x) in the
A-model.

To obtain the defining equation of the mirror curve for Yy_;, with n < N we will act the flop
transitions which change the toric charges from (5.12) to (5.13). In this case, by the local mirror
symmetry, the complex structure moduli parameters 2) 1, zu,1, and 2) 2 (vesp. z} 1, 2y, 1, and 2} ,)
are associated with the charge vectors ) 1, Ly 1, and Iy o (resp. l/A,l’ I}, 1, and l;\g), respectively.
Under the flop transitions, the same relation as (5.14) for the Kéhler moduli parameters holds for
the complex structure moduli parameters:

(ZS\,I’Z’IU,I’ZS\,Q) = (Z;&’Z,\,lzw,lyzm)- (5.29)

Combining this relation (5.29) with the relation (5.14) together, the inverse mirror map can be
considered after the flop transitions. As a consequence of “flops” and “decouplings” for some of

complex structure moduli parameters in the mirror curve (5.28), we obtain the classical curve
S, in(5.18).

5.3.3. Wawve function for the mirror curve and the remodeling conjecture. Regarding the mirror
curve (5.20) as the spectral curve, one can find the wave function ¥, (z) for this curve via the
L

topological recursion. The parameters z;’s and x are mapped to @;’s and x by the inverse mirror
maps (5.21) and (5.22). As a pullback of the wave function ¢{, (z) by the inverse mirror map, we
L

\%
define the wave function ¥ (x). On the other hand the brane partition function ngbrane (z) in the
local B-model is defined as the pullback of Z}(ﬂbmne(x) by the mirror map. The relation between
.. . Y; Y,V .
these brane partition functions Z,*, . (x) and Zg', . .(x) and wave functions w{,iv (z) and g5 (x)

is found from the remodeling conjecture proposed by V. Bouchard, A. Klemm, M. Marino, and
S. Pasquetti [84, 21, 22] (see [103, 43, 46, 47] for proofs and generalizations).

Conjecture 5.8 (Remodeling conjecture). Consider the topological A-model on a local toric

Calabi-Yau 3-fold Yy in (5.6) with a special Lagrangian submanifold L in (5.7). Let £ (X1y-vyXn)
be the generating function of the open Gromov-Witten invariants that enumerate the world sheet
instantons for the map from the genus g Riemann surface with n boundaries ¥, (resp. the

13We have directly checked this up to some orders.
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boundaries 0¥, of Xgr) to Yy (resp. L). Via the mirror maps (5.21) and (5.22), the generating

function Fég)(xl, ..y Xp) S given by

ﬂ%mzjmwamx w(z(2)) = logy(x(2))

*
1

FOo) = [ [ (Bt - ) (5.30)

up to the framing ambiguity. Here B(z1, z2) is the Bergman kernel and w@ ((g,n) # (0,1),(0,2))

are the multilinear meromorphic differentials recursively defined by the topological recursion (3.9)
or (8.12) on a mirror curve E{%v. z;’s denote points on the mirror curve Egv in a local coordinate,

and z}’s denote reference points in Z{flv so that the integrals converge to 0 at these points.

Following the WKB reconstruction (3.13), we can define the wave function by (5.30) such that
o0 1 3 ,
T/J)I/(LO() = exp < Z EFLQQ 2+ LF,gg)(x, ... 7x)) .
g=0,n=1
From the remodeling conjecture we see that the WKB reconstruction of this wave function 1/){2 (x)
agrees with the WKB expansion of brane partition function Z}({branc(x) in the local A-model. In

particular for the spectral curve X in (5.18) the wave function ¢/f  (x) is defined in this

way, and it gives the WKB reconstruction of the brane partition function ZX%;;H; (x) in (5.15):

YN-1,n
Zprane(0) ~ U3, (). (5.31)

From the vantage points 1 and 2, for n < N, the cohomological limit 8 — 0 of £ (x) gives a WKB
reconstruction of the (“on-shell”) equivariant J-function for the Fano complete intersection of the
degree lo—1,... », = 1 hypersurfaces in CPY~! via the topological recursion.

In summary, from these 3 vantage points, we have found results as follows.

. ZZ%;;;:; (x) obeys the differential equation (5.17) which comes from the g-difference equa-

tion (5.16) in the cohomological limit. This differential equation agrees with the GKZ
equation (1.10) compensated by a factor z*o/". (See Lemma A.2.)

e The classical limit of the g-difference equation (5.16) defines the classical curve (5.18), and
it agrees with the mirror curve E{fNiLn for Yn_1.n.

e The wave function z/;{fNil‘n (x) found from the topological recursion for the mirror curve

E{fNim is regarded as the WKB expansion of the brane partition function Z}Q,’D;;g;(x).

At the level of the cohomological limit, the above results suggest that the GKZ equation (1.10) is
regarded as the quantum curve for the GKZ curve (2.17), because the differential equation (5.17)
for the cohomological limit of the brane partition function satisfies the properties in Definition 3.3.
Although some physical (but mathematical obscure) definitions and conjectures are used to obtain
the above results, we find the physical derivation of the reconstruction theorem at last.

6. STOKES MATRIX FOR CP.

In this section we consider the quantum curve

[CERINNN YRR, i o

arising from the GKZ curve
Yepy, = {(z,y) eC* xC| Acpy, (z,y) =0}, Acpy, (z,y) = (y —wo)(y —w1) —x (6.2)
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as is discussed in Section 4.1. This equation is also known as the quantum differential equation
(Dubrovin’s first structure connection) for the equivariant Gromov-Witten theory for CP!. The
goal of this section is to compute the Stokes matrix for the WKB solution of the equation (6.1)
using the exact WKB method (see [78, 72] for the foundation of the exact WKB method). As we
will see below, integrals over the GKZ curve play crucially important role in the description of the
Stokes matrices.

6.1. Normalization of the WKB solution. From the view point of the WKB method, it is
convenient to transform (6.1) to the following Schréodinger-type equation:

d? 4 + (wo — wy)? 1
h27 _ o O — hQ = —-— 2___ 63
(i -@)e=0. Q=)+ PQs(e) h o (63)
through the gauge transform
—h
1) = exp Wotwn —h logx | ¢. (6.4)
2h
The equation (6.3) has a unique turning point (i.e., the zero of the leading term of Q) at
_(wo—wi)?
4
In what follows we assume
wo — Wy 75 0 (65)

to avoid the case that the turning point coalesces with the pole of @ .

Although the construction of the WKB solution via the topological recursion has given in Section
3, here we reformulate the construction and introduce a “normalized WKB solution at a turning
point” to use the so-called Voros’ formula (see Theorem 6.8 below).

Two independent WKB solutions of (6.3) can be written as

o+ (z, h) = exp (/x PH (2, h)dm’) , (6.6)

where P& (z,h) =37 pn—1pf® (z), are two formal solutions of the Riccati equation h? (P? + 4

Q(z,h). That is, Pfli) are determined by solving the recursion relation

PP (2) = £/Qolx) = i\/W (6.7)

(£)
P = R 0n1Qa(x)— > PP - b (n>0). (6.8)
n+1 QPO(i) s . - ni no dx [t
ny—-rna2=n
ni,me>1

The functions P,(Ii)(:v) are defined on the Riemann surface of \/Qo(z), which can be identified
with the spectral curve Xcp1 (see (6.19) below). After fixing a branch cut between the turning
point v and oo, we regard them as meromorphic functions on the cut plane CP! \ {cut}. In what
follows, we choose the branch which behaves as

Qo(z) =

as the branch on the first sheet. We will also regard the coordinate x of CP! (restricted to the
cut plane) as that of the first sheet of Ycpy, and use the covering involution o : Xcpy, — Ycpy
to describe a point on the second sheet.

The following statements are consequence of (6.7), (6.8) and [78, Remark 2.2].

L’Q_xwl (1+0(x)), z—0 (6.9)

Lemma 6.1.
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FIGURE 8. For a given z, the path ~, starts from the point o(z) and ends at
z after encircling the turning point v. The wiggly lines designate a branch cut,
and the solid (resp. dotted) part represents a part of path on the first (resp. the
second) sheet of the spectral curve.

(i) The asymptotic behavior of P,gi)(x) when x tends to 0 are given as follows:

wo — wy + 1

—o—(1+0@), Y@= (1+0@). (6.10)
and P,(Li)(:r) for n > 2 are holomorphic at 0.

(ii) The asymptotic behavior of P,(Li)(:v) when x tends to oo are given as follows:

PH (@) =0 %72) (n>0). (6.11)

P (z) =+

(iii) If we define

P (z, k) — PCO)(z, h) PE) (x,h) + PO (2, h)

Podd(xa h) = 9 ) Peven(xa h) = 9 ) (612)
(i.e. PE) =4P 4+ Peyen ), then we have
1 dP, h
Poven(, i) = oda (@, ) (6.13)

C2Pgq(x,h)  dx

Here we note that the holomorphicity of P{* (x) in (i) and (ii) is a consequence of the topological
recursion (correlation functions must be holomorphic except for the ramification point v).

We will use a special normalization of the WKB solution to compute Stokes matrices, following
[78, Section 2]. Thanks to (iii) of Lemma 6.1 implies that the WKB solutions can be written in
the following form (up to some factor which is independent of x):

1 x
2, h) = ———exp |+ | Poaal2',h dm’). 6.14
pule) = s exp (£ [ Poaa(a' 1) (6.4

Here the lower end-point v in (6.16) is the unique turning point of (6.3), and the integral is defined
in terms of contour integral

1

[ Pasate' Wi’ =5 [ Pasala’ iy (6.15)

~

along the path depicted in Figure 8 (see Remark 6.2). Through the relation (6.4), we also have an
expression of the WKB solution of (6.1):

wo+twi—h 1 x
Vi (z,h) = exp (757 og) exp <:|:/ Podd(x',h)dx'> . (6.16)
POdd(:E7 h) v

Remark 6.2. When we integrate Poqq dz, the path of integration in (6.16) should be taken on
the spectral curve Xcpy . (Although the coefficients of WKB solution are defined on Ycpy,, the
Borel sum of WKB solution (defined in Section 6.2) is single-valued around turning points (i.e.,
well-defined on the z-plane).

Remark 6.3. Since /Qo(z) has a simple pole at x = 0, the path 7, must avoid the point. If
we choose different path from v to x, then the corresponding WKB solutions are modified by
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diagonal matrix. For example, for the WKB solutions ¢4 (resp. 1/~Ji) normalized along 7, (resp.
%) depicted in Figure 9, we have
2mi ('U)O — wl)

1 -
4+ = exp (:EQVAYO) P, Vi = f Poga(z, h) dx = — (6.17)
Yo—0Ix70

(Cf. (6.9).) Here 7 is a positively oriented cycle around = = 0 on the first sheet of Ycp: , and
0.7 is the image of 79 by o. The integral V,, is called Voros coefficient for the closed cycle g
(see [33, 72]), which is important in the exact WKB analysis since it appears in the expression of
monodromy or connection matrices of (Borel resumed) WKB solutions ([78, Section 3]). Note also
that, although V,, is a priori a formal power series, V., only consists of one term in our example
thanks to the holomorphicity of P, (x) for n > 2 in Lemma 6.1 (again recall that it is a consequence
of topological recursion).

F1GURE 9. The paths v, and v,

We also note that the formal series expression of (6.16) can be arranged to

bz, h) = exp< 55 (@ ) Zh"ﬂu)(i (6.18)

where "
S (z) = wmxi/ VQo(2) da’ (6.19)

(which coincides with the one computed in Table 3 in Appendix C up to an additive constant) and
y+(z) = x(dS(()i)/dm) satisfies the equation Acp1 (z,y+(z)) = 0 for the GKZ curve Xcpy .

Lemma 6.4. The coefficients in the expansion (6.18) satisfy lim,_, o w,(,i)(x) =0 forn >0.

Proof. The term w(()i) (which coincides with exp(S7) in Table 3 in Appendix C) is given by

1
),y _ &P(—zlogz) V2 oy 6.20
0= T @ T Gt (w0 (020
(which is independent of +). The behavior of subsequent terms can be derived from the estimate
(6.11) and the equality:

/ P (o' )da' = / P (a')da' = O(x™%)  (m > 1).
The first equality holds since there is only one branch point v on the spectral curve ¥cpy , and
Péi)(m)dx has no residue at = 0 for m > 1 (see (i) in Lemma 6.1). O

The above lemma and Proposition 4.3 imply the relation between the WKB solution constructed
here and the wave function constructed through the topological recursion at the level of formal
power series.

Proposition 6.5. The WKB solution (6.18) agrees with the wave function (4.11) (up to the
overall factor h'/? ) constructed through the topological recursion for the GKZ curve Ycpy, with the
integration divisor D = [z] — [00] (i.e., the reference point is chosen as z, = o).
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6.2. Borel summation and the Stokes graph. The expansion (6.18) is a divergent series of A.
To give an analytic interpretation for (6.18), we employ the Borel summation method (for a formal
series of k). For the convenience of the readers, here we briefly recall the Borel summation method
(see [32] for details.)

For fixed 8 € R and zy € C satisfying xg # 0,v, the WKB solution 4 is said to be Borel
summable in the direction @ near xq if the following conditions are satisfied (see [78, Definition
1.3)):

e The Borel transform

= ¢¢n($) n—=
Bii(z,y) =vrp(@y) =) — 1 (y—as(z)) °? (6.21
+(Z,Y +,B\T,Y ;F(n—ki)(y + )) )

of 1 is holomorphic on a domain

D={(z,y) eUxC| —e<Im(e(y—as(z))) < +¢}

with a sufficiently small e > 0. Here U is a neighborhood of z¢ and a4 (z) = fS(()i)(r).
(The convergence of the Borel transform 11 p(x,y) near y = a4 (z) is always true; see [78,
Lemma 2.5].)

e |1 p(z,y)| < C1e®2¥! holds with some Cy,Cy > 0 on the above domain D.

If ¢4 is Borel summable in the direction 6, then the following Laplace integral defines a holomorphic
function of both  and h on {(z,h) € C* | z € U, |argh — 0| < 7/2, |h| < 1}:

vy = / e "y p(,y)dy, (6.22)
Lo

where ly = {y = ax(z) +rel € C | r > 0}. The function (6.22) is called the Borel sum of ¥4 in

the direction 6. If 14 is Borel summable in the direction @, then the Borel sum recovers the WKB

solution as its asymptotic expansion (for any fixed = € U):

\IJ(f) ~ 1y when h— 0 with |argh — 0] < 7/2.

Moreover, for any fixed A satisfying |argh — 0| < w/2 and || < 1, the Borel sum \Ilf) is a
holomorphic solution of the equation (6.1) on U. Singularities of ¢4+ p on y-plane (Borel-plane)
spoils the Borel summability of the WKB solutions, and hence causes the Stokes phenomenon.
The Stokes multipliers of the WKB solutions are discussed in [99, 78] for example (see also Section
6.4).

To discuss the Borel summability and the Stokes phenomenon for the WKB solutions, let us
recall the notion of the Stokes graph!# for a fixed phase § € R (see [78, Definition 2.6]).

e A Stokes curve of (6.1) of phase 6 is a real one-dimensional integral curve of the direction

field N
Im (e_ie/ vV Qo(z) dm) = const.

emanating from a turning point.
e A saddle connection of phase 6 is a Stokes curve of phase 6 which connects turning points.
e The Stokes graph of (6.1) of phase 6 is defined as a graph on z-plane whose vertices are
zeros and poles of Qo(x)dx?, and whose edges are Stokes curves emanating from turning
points.

We will use the notation Gy for the Stokes graph of (6.1) of phase 6. Figure 10 depicts Gy for
several 6 between 0 and 7 where the equivariant parameters are chosen as (wo,w;) = (1,0).
A sufficient condition for the Borel summability is given as follows.

Theorem 6.6 ([79]). Fiz 6§ € R. The WKB solution (6.16) is Borel summable in the direction 0
near any point on each face of the Stokes graph Gy when the following conditions are satisfied:

148t okes graph is also known as an example of spectral networks [49].
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FIGURE 10. Stokes graphs of the equation (6.1) for wy — w; = 1. A loop-type
saddle connection appears when 0 = /2.

(i) The upper end-point x of the integral in (6.16) does not lie on Gy.
(ii) The path ~y, of integration in (6.15) can be deformed in the spectral curve Ycpy so that its
projection by 7 : Ycpy — CP! never intersects with saddle connections in Gy.

A proof of Theorem 6.6 will be given in forthcoming paper [79]. See also [95, Section 3.1].
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6.3. Oscillatory integral and the Borel resummed WKB solution. As is mentioned in
Proposition 2.4, the GKZ equation (6.1) is satisfied by the oscillatory integral

W (u; d
I(G)(x, h) = /(8) exp <(Z x)) —u, W(u;x) = Weps (w5 2) = u + z + wq log u + w1 log (f) .
ry u u

U

(6.23)
Here, for a fixed 6 € R, I‘f) is the Lefschetz thimble of the phase 6 (i.e. the steepest descent path
for the function Re(e™"?1W)) associated with the critical point

wy — Wo 4o + (wg — wy)?
UL =
2 2
of W. Precisely speaklng, since the function W contains the logarithm, we regard U+ as a point

on the universal cover C* of C*. Thus, any lift e2*Tiy, (k € Z) of uy onto C* is a critical point of

W, and the corresponding critical values satisfy W (e?*™iuy;x) = W (u;x) + 2k7i(wo — w1). Note
also that these critical points are non-degenerate as long as x # v.
Using Corollary 4.7, let us compare the oscillatory integral Ij(f) and the Borel resummed WKB

0)

solution \IJ( . For the purpose, we should know the well-definedness of the Lefschetz thimbles;

that is, a sufficient condition which guarantees that the image W(I‘( ;) of the Lefschetz thimble
never hits another critical values of W.
e If e719 27i(wy — wy) € R, then the image W(I‘f); x) of Lefschetz thimbles hits the critical
value W (e?™uL;x). Therefore, we assume that the phase 0 satisfies

e 9 2mi(wy — wy) ¢ R. (6.24)

Note that the above condition is satisfied if there is no loop-type saddle connection in the
Stokes graph Gy (see (6.9)).

e Since uy = u_ at x = v, we can verify W(uy;z)—W (u_;z) = 2 [ /Qo(a')da’+2kmi(wo—
w1 ), where k is an integer specified by the branch of logarithm at the critical points. In view
of (6.9), we can take an appropriate path v from v to x (Which turns around = = 0 several
times depending on k) satisfying W (uy;x) — W(u_;z) = 2 f v/ Qo(a)dx’. Therefore, if

we assume
—19/ VQo(z')dx' ¢ R for any k € 7Z, (6.25)
Tk

then the image W(I‘gf ); x) of Lefschetz thimbles never intersect with each other. Note that
the condition is satisfied if  does not lie on Stokes curves of the phase 6.

In summary, we can show that the Lefschetz thimbles are well defined if the conditions (6.24)
and (6.25) are satisfied’®. The discussion given here also implies that the WKB solutions are
Borel summable under these conditions, and hence, the Borel resummed WKB solutions \Ilgf ) are
well-defined.

Let us compare the asymptotic expansions (saddle point approximation). As is mentioned in

Section 2.2, the asymptotic expansion of I(f) when i — 0, |argh — 9| < /2 is given by

1 (— 271'71 1/2
7 x,h) ~ex (W Uy X ) — | 1+ I(i) 6.26
where Hess(uy) = W (uy;z) is the Hessian of W at the critical point uy. We can verify that
Séi) = W(uy;x) (we fix the ambiguity in the branch of logarithm in S(()i) so that this equality

15These conditions are sufficient conditions because, even if the image of Lefschetz thimbles intersects, the
oscillatory integral is well-defined and the saddle point approximation is valid if the corresponding vanishing cycles
never intersect.
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holds), and
(72701/2 B (:I:l)fl/2(727r)1/2
us/Hess(uy) (4o 4 (wo — wi)?)t/4
This equality together with Corollary 4.7 and Proposition 6.5 show that
T ~ (1) V2 () 2y (6.28)

= (£1) V2 (=) 2450 (2). (6.27)

holds when A& — 0, |argh — 0] < w/2. Comparing the asymptotic expansion, we obtain the
relationship between exact solutions of the GKZ equation (6.1) (which is a refinement of Proposition
4.3):

Proposition 6.7. If)(x, h) = (:tl)‘l/2(—7r)1/2\1'§?) (x, h) holds if the conditions (6.24) and (6.25)

are satisfied.

Hence, the computation of Stokes matrices in the subsequent sections can be translated to
results for the oscillatory integrals.

6.4. Stokes matrices for WKB solutions normalized at the turning point. Suppose that,
in a direction 6y, the one of the following conditions is satisfied:

(i) A Stokes curve of the phase 6y hits the point z.
(ii) A saddle connection appears in Gy,, and it intersects with the path ~,.
The WKB solution is not Borel summable in these cases because certain singularities appear on

the ray {y = a4 (x) + rei®o € C | » > 0} in the Borel-plane. Let us describe the Stokes matrices
for both cases.

6.4.1. The case (i). First, we recall the Voros’ connection formula which describes the Stokes
phenomenon of the type (i) for the Borel resummed WKB solutions.

Let us specify the situation to state the connection formula. Take any point x, and suppose that
there exists a direction 6y and a sufficiently small number € > 0 satisfying the following conditions:

e The Stokes graphs Gy have no saddle connection for any 6 satisfying 6y —e < 0 < 0y + €.
e The point z lies on a Stokes curve C' of the phase 6y emanating from the turning point v.
Note that this assumption implies e =% f: VQo(z') dx’ € Ryo (where the integral is taken
along C) by the definition of Stokes curves.
e The point = does not lie on Gy for any 6 satisfying 6y —e < 0 < 0y or g < 0 <0y +¢.
Let ¢4 be the WKB solution (6.16) normalized at v along the Stokes curve C' of phase 6. Denote
by \I/fofe) (resp. \IJESOJFE)) the Borel sum of 11 in the direction §y — & (resp. 6y + ). Then, we
have the following statement.

Theorem 6.8 ([99, Section 6]; see also [78, Theorem 2.23]). In the situation above, the Borel
transformed WKB solution ¢y p (resp. _ p) has the singular point at y = a_(x) (resp. at
y = ay(x)). Moreover, the following equalities hold:

(i) Whene™% [*/Qo(z)dz > 0 on C, then

(\ijo—s)’ \I/(_GO_E)) _ (\IJEEO+E)7\IJ(_90+E)) (_11 2) . (629)
(ii) When e=% fvx \/QT(ﬂﬁ)dx <0 onC, then
(\ijo—a)’ P2y — (\Ijgf0+8)7\1/(_90+5)) <(1) —11> _ (6.30)

The lower/upper triangular matrices in (6.29) and (6.30) are called the Stokes matrices associ-
ated with the direction 6.
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6.4.2. The case (ii). Next let us show the formula for the Stokes phenomenon of the type (ii)
caused by the loop-type saddle connection.
Suppose that a direction #y and a point x satisfy the following conditions:
e The Stokes graph Gy, has a loop-type saddle connection around 0.
e The point = does not lie on the Stokes graph Gj,.
Set
0= vV Qo(z)dx = 2mi(wy — wy). (6.31)
Yo—0 Y0
The first assumption implies that e 79§ ¢ R_o. To specify the situation, we further assume:
e The real part of e7%§ is positive.
The second assumption implies z lies on one of connected components Dy and Do, of CP*\ {loop},
where Dy (resp. Do) contains x = 0 (resp. & = 00).
Let v+ be the WKB solution (6.16) normalized at v. Note that there is an ambiguity in the

choice of the path from v to z (see Remark 6.3), but the following formula holds for arbitrary
choice.

Theorem 6.9 ([7]). In the situation above, the following statements hold:

(i) If ¢ € Do, then the WKB solutions 1y are Borel summable in the direction 6y. In
particular, the Borel sum of the WKB solutions satisfy

() w7 = (w9, wr), (6:32)

P —

where \Ilgfo_e) (resp. \I/fﬁ_e)) are the Borel sum of 1y in the direction 0y —e (resp. 0p+¢)
for sufficiently small € > 0.

(ii) If x € Dy, then the Borel transformed WKB solution ¥y g has singular points at y =
a+(x) +md with m € Zxo (and hence Y+ is not Borel summable in the direction 0y). The
Borel sum of the WKB solutions satisfy

(60,R) 7.(60,R)\ _ /0(00,L) 1 (60,0)y (1 —e€ V0 0
(U, w00 ) — o) ooy (T2 0 ), (6.33)
where \Il(fo’R) (resp. \I/ng’L)) 1s the Borel sum of 1y in the direction 6y defined as the
Laplace integral as (6.22) along the path Lo, r (resp. Lo,,1,) depicted in Figure 11.

LoyL.

Loy, R

FIGURE 11. The paths ¢y, r and lg, . These paths are obtained by deforming
the path Zg,; lg,.r and £g,, 1, avoid the singular point w,, = a®) () +mé from the
right and the left, respectively.

We also call the diagonal matrix in (6.33) the Stokes matriz for the direction 6. This kind of
Stokes phenomenon is never observed in the non-equivariant case (i.e. wg—w; = 0). The condition
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v

for § implies that the quantity e~V = e~%/" in the Stokes matrix is exponentially small when

h— 0, argh = 6.

Remark 6.10. In the situation x € Dy, for any sufficiently small £ > 0, there are infinitely many
directions between 6y — ¢ and 6y + ¢ where the WKB solution is not Borel summable. Hence we
employ the slightly different version of the Borel sum in the relation (6.33). The effect of infinitely
many Stokes phenomenon will be discussed in next subsection.

6.5. Computation of the total Stokes matrix. In this subsection, for a fixed x, we compute
the “total” Stokes matriz defined as

-
St =[] Se. (6.34)
0<o<r
Here Sy is the Stokes matrix for the WKB solution in the direction #, and they are multiplied
from the left as 6 increases. We regard Sy = Id when v, is Borel summable in the direction 6.
Therefore, Siot relate the Borel sum of WKB solutions in opposite directions:

(0P 0@ = (@, 08, (6.35)
In what follows, we consider the following situation:
e wy — w; € Ryg; that is, § defined in (6.31) satisfies e™™/2§ € Rxq.
e z is fixed at one of 1, x5 or z3 satisfying the following conditions (see Figure 12 (a) and
(b) which depicts the Stokes graph G for 6 = 0 and G/, for 6 = /2, respectively):
— x7 and z9 are points on the same Stokes region, which has the point z = 0 on its
boundary in Gy. We choose x1 € D, and x2 € Dy.
— x3 is on the other Stokes region in Gy, which does not contain z; and xs.

o We use the WKB solution normalized at the turning point v, whose normalization path
from v to x; (i =1,2,3) is chosen as indicated in Figure 12 (a).

In this situation we can verify that fvz VQo(x)dx < 0 on the Stokes curve of the phase § = 0

which flows into the origin. We will employ the technique developed in [78, Section 3] to compute
the Stokes matrix for the WKB solutions.

(a) : Stokes graph for 6 = 0. (b) : Stokes graph for 0 = /2.

FIGURE 12. The points z1, x2 and x3. Note that this figure depicts the specific
situation where wg —wy =1, 1 = 0.8, x5 = 0.3 and x3 = —1.8 + 0.7i. However,
the formulas obtained in this subsection holds in general (under the assumption
above).
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(a) (b)

FIGURE 13. The point x; is hit by Stokes curves. The situation (a) (resp. (b))

occurs when 6; = aurg(f%1 VQo(z)dz) (resp. 6 = arg(f%l V/Qo(z)dz)) where

Yz, and vz, are depicted in Figure 9.

6.5.1. Stokes matriz at x1. Since the point x; is contained in D, Figure 10 shows that x; is hit
by Stokes curves twice when we vary € from 0 to w. The situation for the first hit (resp. the
second hit) is depicted in Figure 13 (a) (resp. Figure 13 (b)), and it happens at some 6; satisfying
0 < 61 < /2 (resp. at some 6Oy satisfying /2 < 0 < 7). These two Stokes curves causes Stokes
phenomena for the WKB solutions, and each of contribution to Sit is given as follows:

e For the first hit depicted in Figure 13 (a), since e~i% fWI v Qo(z)dx > 0 holds in this

situation, Theorem 6.8 (i) implies that the corresponding Stokes matrix is given by
01—¢ 01—¢ 01+4¢ 01+¢ 1 0
(\I,Srl ),\I,(: )) - (‘I’Srﬁ )’\I,(;Jr ))5017 Sp, = <i 1) ) (6.36)
e For the second hit depicted in Figure 13 (b), we need to care about the normalization
of the WKB solutions. Since ¥4 is not normalized along the Stokes curve which hits x;
in Figure 13 (b), we cannot apply Theorem 6.8 directly. However, Theorem 6.8 can be
applied to the WKB solution 1 which is normalized along the path 7, in Figure 9. Since
the WKB solutions 1+ and ¢4 are related as (6.17), we can compute the Stokes matrix
for 1)+ and obtain the Stokes matrix (note that e~ f,y v/ Qo(z)dx < 0 in this case):

0 1

Although the loop-type saddle connection appears in § = /2, WKB solution is Borel summable
since £1 € Dy (see Theorem 6.9 (i)), and hence no Stokes phenomenon occurs in 6§ = 7/2.
Therefore, we have

e VA
(\ijzfa)’ \I/(_sza)) _ (\ijz+6)7\p(_92+e))592’ S, = (1 ie 0) . (6.37)

Theorem 6.11. The total Stokes matriz at x, is given by

Ve ia—Vag
Stot = 50,50, = (1 ‘. 1e1 > (6.38)

—i
6.5.2. Stokes matriz at xo. From Figure 10, we can observe that, for 0 < 6 < 7/2 and for 7/2 <
0 < , Stokes curves hit x5 infinitely many times. Stokes directions (i.e. directions with non-trivial
Sp) accumulates to § = 7/2 due to the spiral behavior of the Stokes curve. In fact, such situation
has been analyzed in [72, Appendix B] and the total Stokes matrix which relate \Ilgg ) and \Ilir ) is

given by a convergent infinite product of matrices as follows.

o Let us describe the Stokes matrix between \Ilgg ) and \I/(f’R) which includes all contribution

from the Stokes curve which hits zo infinitely many times in 0 < § < 7/2. For each hit,
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the computation of the Stokes matrix can be done in a similar manner as above. Since
e 10 ff v/ Qo(x)dx < 0 along the Stokes curve which hits zo, each of Stokes matrix is upper
triangular due to Theorem 6.8. The result of the computation in [72, Appendix B] shows

(0) (0) _ (%,R) (Z,R) 1 —ie nVy,
(T, 07) = (B8, 00 )H(o 1 > (6.39)

n>1

The infinite product converges as long as & lies on the upper half plane.
e For § = 7/2, we can use Theorem 6.9 (ii):

(6.40)

(2,R) - (Z.R)\ (5L (5L) (1—e "o 0
(P27, w2) = (b2, v >( 0 (1—e " )—1>‘

e For /2 < 6 < m, a Stokes curve hits x5 infinitely many times again. Similarly to the case
0 < 0 < m/2, we have

(laL) (l7L) — (7‘!‘) (71') ]. 0
@ED g EH) <\If+,w_>r>[0(_ie_nvw D (6.41)

The total Stokes matrix is the product of the matrices computed in (6.39), (6.40) and (6.41):

Theorem 6.12. The total Stokes matriz at x = x5 is given by

1 0 [1—e Vo 0 L —ie "
Stot = H <_ie—nV~m 1> ( 0 (1—e" )1) H (0 1 )
n>1

n>0

— e W —je~ W
(1 R °>. (6.42)

—1

Remark 6.13. We have observed that the total Stokes matrix at x; and at x5 are the same matrix.
This is because x; and x2 lies on the same Stokes region in Gy and the Borel resummed WKB
solutions at x; and xo give the same basis of the space of the solution of the equation (6.1).
However, this is a consequence of a non-trivial identity of infinite product of matrices:

1 —ieo 1 0
0 1 -1 1

(e D) e (TG ) e

n>0 n>1

Note that, the identity (6.43) is an example of the 2d/4d wall-crossing formula in the sense of [49]
by D. Gaiotto, G.W. Moore and A. Neitzke. Each upper and lower triangular matrix (contribution
from the situation where z lies on a Stokes curve) captures 2d-BPS states, while the diagonal matrix
(contribution from the loop-type saddle connection) captures a 4d-BPS state. Here the loop-type
Stokes curve plays the role of wall, and the above identity describes how BPS indices “jump”
when x crosses the wall. The 2d/4d wall-crossing formula in CP! sigma model'® has already been
mentioned in [49, Section 8.2], and we have given an exact WKB theoretic interpretation of the
wall-crossing formula in this special case.

6.5.3. Stokes matriz at x = x3 and Dubrovin’s conjecture. As well as the case of x = 1, Figure
10 shows that there are only two Stokes directions in this case. We can verify that the two Stokes
matrices are both lower triangular, and the result is given as follows:

Theorem 6.14. The total Stokes matriz at x = x3 is given by

5 1 0\ /1 0\ 1 0
ot = \—ieYo 1) \-i 1) \—i(14e"0) 1)°

1611 this context, the GKZ curve appears as the chiral ring studied by N. Dorey [37].
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Using the relation proved in Proposition 6.7, we obtain the Stokes matrix for the oscillatory
integral solutions:

s s 1 O
(I(+0)’]£0)) = (1(+ ), 1) <1 eV 1) . (6.44)

In the non-equivariant limit wo — w; — 0 the non-trivial Stokes multiplier 14 e"0 tends to 2, and
this coincides with the Euler pairing x(O, O(1)) = 2 on the derived category D*Coh(CP%). This
is consistent with the Dubrovin’s conjecture [39] for the Stokes matrix of the quantum cohomology
of CP!. The conjecture was proved by D. Guzzetti [58] for projective spaces, K. Ueda [96, 97]
for Grassmannians and smooth cubic surfaces; see also [73, 51, 52, 92] for related works on the
conjecture.

Here we propose a statement which suggests that there is an “equivariant-version” of the
Dubrovin’s conjecture. We will verify that the above Stokes multiplier 1 + e"70 for the quan-
tum differential equation (6.1) of the equivariant CP! can be identified with the equivariant Euler
pairing of equivariant coherent sheaves on CP!, following the idea of H. Iritani.

Let T = (C*)? be the algebraic torus. We regard CP! as a T-space by the action

T x (CPl — CPl, (to,tl) . [.1'0 : xl] = [tall‘o : t;l.’lﬁl],
where [z¢ : 71] is the homogeneous coordinate of CP!. Let us also regard O and O(1) as T-
equivariant coherent sheaves (see [27, Section 5] for example) on CP! as follows:
e (O is equipped with the trivial T-action,
e To equip a T-action on O(1), use the expression
O(1) = ((C*\ {0}) x C)/C*, (w0,21,8) ~ (Awo,Aw1,As) (A€ C¥),
and denote by [z : 1 : ] the homogeneous coordinate of O(1). We introduce a T-action
on O(1) by
T x 0(1) — O(l), (to,tl) . [1'0 LX S] = [tal.’ﬂo : tl_ll'l : toS}
which gives a T-equivariant structure on O(1).
Our goal is to compute the fi-modified T-equivariant Euler pairing of O and O(1):
X1 (0,0(1)) = Y _(=1)ehy([H'(CP', O(1))),

where the right hand-side takes value in Z[T] = Z[e*2miwo/h o£2miwi/h) and chl is the A-modified
Chern character map (introduced in [31, Section 3.1]) from the T-representation ring R[T'] to Z[T.
Note that R[T] = Z[eTH° e*r1] (which can be identified with T-equivariant K-group K9 (pt) of a
point) consists of the class of irreducible representations of T'; the symbol e™#o+741 for (m,n) € Z2
is the class of the representation spanned by a weight vector v satisfying (tg,t1) - v = t7" ¢} v for
(to,t1) € T. The map chl sends e™Hotm11 ¢ R[T] to e2mi(mwotnwi)/h ¢ 7],

There are two independent global sections

5, :CP' = O(1), [xo:mw1]— [xo:21:25) (i=0,1).
of O(1). The T-actions on these global sections are given by
(to,tl) - S0 = So, (fo,tl) - S1 :totII S1 (to,tl) cT.

Therefore, the global section sy (resp. s1) gives a weight vector of the weight (0,0) (resp. weight
(1,—1)), and hence

[H°(CP',0(1))] = [[(CP,O(1))] = 1 + eto—r (6.45)
holds in R[T]. The weight decomposition (6.45) (together with the fact that H*(CP', O(1)) = 0
for i # 0) implies the following;:
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Proposition 6.15. The hi-modified T-equivariant Euler pairing of O and O(1) (regarded as T-
equivariant coherent sheaves as above) is given by

XH(0,0(1)) = 1 + e2milwo—wn)/h (6.46)
and this coincides with the Stokes multiplier 1 4+ eV in the total Stokes matriz at xs.

Thus, we conclude that the Stokes multiplier of the quantum differential equation (6.1) for the
equivariant CP! model can be identified with the equivariant Euler pairing of equivariant coherent
sheaves on CP!. This observation was pointed to the authors by H. Iritani. We expect that
similar coincidence (between Stokes multiplies and equivariant Euler pairings) hold for wider class
of quantum differential equations for equivariant target spaces. We also expect that the coincidence
follows from the categorical equivalence discussed in [44, 45] etc.

APPENDIX A. GKZ CURVE FROM THE J-FUNCTION

In this appendix we will discuss a heuristic derivation of the GKZ curves from the J-functions
for the projective space and complete intersections. For this purpose, we will introduce the on-
shell equivariant J-function.'” Let X be the projective space (CPg71 or the complete intersection
X = Xpwa in CPY71 Let £ : HA(CPY™) — C be a C-linear map. For the equivariant J-
function Jx(z), the composite map (¢ o Jx)(z) is a C-valued function satisfying GKZ equation.
We assume that ¢ is a C-algebra homomorphism. Then by

N-1
Hy(CPY Y = Clpl/([] (0 — w)), (A1)
i=0
£(p) must be one of equivariant parameters w; (i =0,...,N —1).

Definition A.1. The function Jx(x) is named on-shell equivariant J-function, if the second
equivariant cohomology element p € H%(X) in Proposition 1.3 is replaced with one of equivariant
parameters w; (1 =0,...,N —1):

Ix () = Ix (%) p=uw, - (A.2)
By the construction, we have the following lemma:
Lemma A.2. The on-shell equivariant J-function obeys the GKZ equation.
Ax(@,§)Tx(x) = 0. (A3)

We remark that if w; # wj; for ¢ # j, then (C[p]/(Hf\LBl(p —w;)) = (Clpl/(p — wo)) X -++ X
(Clp]/(p—wn—1)) is a product of N-copies of the C-algebra C. Then the C-algebra homomorphisms
Hi(CPY™1) — C,p — w; give a C-basis of the space of C-linear maps: H%:(CP™ ™) — C. Thus
the on-shell J-functions give basis of the solution of GKZ equation.

Now we will consider the asymptotic expansion of the on-shell equivariant J-function.

JIx (z) ~ exp (Z hmlSm(z)> ) (A.4)

m=0
Using (2.12) and this asymptotic expansion we find the defining equation of the GKZ equation
Ax(z,y) =01in (x,y) € C* x C from the relation:

y= de;JEx) eC. (A.5)

In the following we will evaluate the saddle point value So(z) of the on-shell equivariant J-function
Jx (z) for the projective space X = (CPTJX_1 and the smooth Fano complete intersection Xj.., » in

7The name on-shell is inherited from the (“on-shell”) vortex partition function (5.2). Indeed for the choice
p = wo, Jx () agrees with ZX . (z).

vortex
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a heuristic way. As a consequence we will show that the defining equation Ax(z,y) = 0 of the
GKZ equation is obtained for these two cases of X.

(1) Projective space CP ~1:
Let p denote one of equivariant parameters w; (i =0, ..., N —1). We focus on the factor anzl (p—
1

w + mh) to find the saddle point value of the on-shell equivariant J-function Jepy-1(z) in (1.7).
In the 7 — 0 limit while keeping dii = z finite, we use the Riemann integral as follows:
d d u
1 ! /
(p—w+ mh) = exp Zlog(p—w—i—mh) ~ exp | = du’ log(p —w + u')
h—0 h 0
m=1 m=1 dh=u:finite
1
—exp [ (= w)log(u-t p—w) —u— p— w)loglp—w)|. (A0
Adopting this factor we can approximate jCPﬁI]—l (z) by the integral on z as
1
Jepy-1(x) o L du exp {hwcpgl(u;x)} ) (A.7)
N-1
Wepy-1(ui2) = (utp)loge — Y ((u+p—wi)log(u+p —wi) —u— (p—wi)log(p — wi)),
i=0

where we interpret the term (p —w;)log(p — w;) as 0 when p = w;. Here we call Wepn-1(u; 2)
effective superpotential, and an analytical continuation can be performed by deforming the integra-
tion path v on the complex u plane.!® Assuming such analytical continuation, we can approximate
the integral (A.7) by the saddle point value in i — 0 limit:

OWepn-1(u; )
So(x) = Wepn-1(ue; o), TPy 07

ou B

The saddle point condition is then given by

Wepn-1(u; x Nl

%H ) =logx — ; log(ue +p —w;) =0, (A.8)
and by (A.5) one has

Wepn—1(u;x)
Yy = xcpg—x = Uc + P. (A.9)
U=U¢

By eliminating the variable u. from these relations (A.8) and (A.9), we find a constraint equation
n (z,y) € C* x C:
N-1
Acpry—i(@,y) = [[ (v —wi) -2 =0. (A.10)
i=0
This polynomial Acpy-1(z,y) agrees with the defining equation of the GKZ curve (2.15).
(2) Complete intersection Xj.,, » in CPY 1
Adopting the similar approximation for the factor (A.6) in Jepn-1(z), we obtain the effective
superpotential W, , , (u; z) for the on-shell equivariant J-function Jx,_,, , () in (1.8) as

JXl;w,A ({L‘) h:O/dZ exp [WXL;w,A(u;x)] i (Al].)
N-1

Wxpa (U52) = (u+p)logaz — Y ((u+p—w;)log(u+p —w;) —u— (p—w;) log(p — w;))
=0

181 [55, 60] the similar analysis is discussed for the colored Jones polynomial of the knot in S3.
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+ Z((lau +lap — )‘a) log(lau +lap — /\a) —lqu — (lap - >\a) IOg(laP - Aa))v

a=1
where p denotes one of equivariant parameters w; (¢ = 0,..., N — 1) and we interpret the term
(p — w;) log(p — w;) as 0 when p = w;. The saddle point condition is then given by
aWXl-w )\(u;x) = = —1
— ) =logx — ; log(ue +p —w;) — az::l log(laue +1lgp — Ag) "¢ =0, (A.12)

and by (A.5) one has

aWXl;w,A (u; :C)

y=1x o = e +p. (A.13)

As the result of the elimination of the variable u. from these relations (A.12) and (A.13), we find
a constraint equation on (z,y) € C* x C:

N—-1 n
Axpwa(T,y) = H (y —w;) —x H(lay — /\a)l“ =0. (A.14)
1=0 a=1

This polynomial Ax, , ,(,y) agrees with the defining equation of the GKZ curve (2.17).

APPENDIX B. GKZ EQUATIONS FOR OSCILLATORY INTEGRALS
In this appendix we will give a proof of Propositions 2.4 and 2.7.

B.1. Proof of Propositions 2.4. We will show that the oscillatory integral Zx (z) satisfies the
GKZ equation for the projective space X = Cngl and the Fano complete intersection Xj.,, x
separately.

Proposition B.1. The oscillatory integral Zopy-1(z) in (2.5) satisfies the GKZ equation (1.9).

Proof. Act a differential operator (hm% - wi) (hx% — wo) on the oscillatory integral Zopn-1 (z),

d d
<hxdz - wz) (hxdz - wo) Zepy-1(2)

d N-1 N
_ (hx _ w,) / H dus T eEWCP{Y,—l(“l"”’“N—l;x)
- 3 (3

dx oy (ug -+ un—1)?

N-1
X X Ly _ . —1;
:/ H du; 2 ( +wo—wi+h)eh el (),
T (ul"‘UNfl) UL " UN—-1

where W~ -1 is the Landau-Ginzburg potential given in (2.2). To manipulate further we will use
the following integration by parts:

N—-1 d L iw ( |
0= du; h = omVepN -1 (UL UN 15T
i=1
1
= [T
r u;

i=1 *

U+ UN—1

X W _n—1(u1,..,un—1;T
(ui—&—wi—wo—h—)]e" eply i ),

In this computation, any boundary contributions do not appear, because the image of the Lefschetz
thimble T' is a relative cycle starting from a non-degenerate critical point pe.i; of the Landau-
Ginzburg potential Wx to the infinity. Then one finds that

N-1
d d TU; W N—1 (U1, uN—13T)
(hfl}'dx — wl) (hxdx - 'LU()) I([:P,ﬁffl (.’E) = /F Z:H]- dul m e CPy .

e UN—1
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Repeating the above manipulations for [Hf\;l (hoL — w,)} (ha-L —wy), the following relation

ljjl:[: (hxddl’ - w)] (hmddx B w0> Tepy-(2)

CUN—1 +W _n—1(ul,...,un—1;T
/ H du Y el CPy ( ) = $ICPN—1($).
(up---un—1) v

is obtained:

(B.1)

This differential equation is the same as the GKZ equation (1.9) for the J-function J.pv-1. O

Proposition B.2. The oscillatory integral Ix,., ,(x) in (2.6) satisfies the GKZ equation (1.9).

Proof. Consider the GKZ equation (B.1) for the oscillatory integral Zppx-1(z) for the mirror
Landau-Ginzburg model of the projective space X = (CPiX_l denoted by

N-1
0= A(CP{X*1 (5:‘\, @\) ICP{YfI(x) = H (377 wi)ICP{Xfl(:Z?) — ‘/T\Icpgfl(l‘),

i=0
where Z (resp. y) acts on Zppn-1(z) as x (resp. had/dz). Perform the Laplace transformation of
this differential equation:

SR (it logvy) +A logvi) ~ I Lo I !
0= dvl d?]n ACP£*1 (1]1 U T y) I(cpg—l (Ul R x)

N-1
_ Xn_; (va+Xalog va) d I I
= dvl dvn iz Il hxd— w; | Lepn-1(vf' -0, @)
0 0

=0

o0 > _Eioi(atralogva) I .
- dvy -+ - dvy, e Z vl lng T cpy-1(v1' v )
0 0

N-1 d
= H (hxdm - wi) IXl;w,A(x)
i=0
i > Ya—1(Wa+Xra logva)
_x/ d’ul.../ dvne*%vil"'Uf{LICP,{Xfl(vlll Ufl"x)
0 0
To manipulate further we will use the following integration by parts repeatedly for each v;’s

o0 d va+Aq log v
0= / d’l]a h% (v;"e* = “ ICPIJX71 (’Ull1 - U'f?'r))
0 a

_ va+iglogug I .
cpy 1 (U1 -0y )

= / dvg (—va — A +mh) v te
0
vatAg logvg d

(o9}
_ VYa+tAg logug l 1
m
= —/ d’[}a R I(CP,{Xfl(,Ull e /Unnx)
0

d o vatAglogug
+ (lahmdx — Ao + mh) / dvg v™ e g I(Cpg_l(vlll el
0

Then one finds the GKZ equation (1.10) for the J-function Jx, , , ()

N—-1 d n la d
lH (hxdx - wz> —x H H (lahxdx — Ao + mh)
i=0

Ix,0x(x) =0. (B.2)

a=1m=1
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B.2. Proof of Proposition 2.7. Here we investigate the behavior of coefficients when z — oo in
the saddle point approximation (2.22) of the oscillatory integral for

N-1 n

U1 Up V1 Up
WX = ;(Uz + w; logui) *QZ::I(’U(:, +)\a10gva) + mx+wo log <ulule> ,

which is mirror to X = Xj—1.,» . In this subsection we write W = Wx for simplicity.

To prove (i) in Proposition 2.7, it is enough to find an asymptotic behavior of second derivatives
of W:

O*wW B w; — Wy 2 wy-e-v, -
2 - T2 T e
ou; u; U UL UN—1
02w 1 vy Up o
Sudn. ——=x (i#])
U; OU UiUy UL - UN-1
O*wW 1 V1 Up
—_— = —_ —_—T
Ou;0v, WiVg UL  UN—1
O*wW 1 V1 Uy
= —— 1z (a#b)
v, Ouy, VaUp UL+ UN_1
O*Ww  Aa—wo
Ov2 v

At a critical point (u(®), v(%)), we can use

( V1 Up )
—x
ul e uN*l
This behaves as O(mﬁ) in the case of (2.20), and as Ay — wo + O(x~1) in the case of (2.21).
Therefore, we can find the behavior

= ugc) +w; —wp = vl + Ny — wp.
(w,0)=(u(?),v())

N4n—1

O(z~ =) in the case of (2.20),

Hess(u(®,v(©)) =
O(z?) in the case of (2.21)

of the Hessian when # — oo. The claim of (i) in Proposition 2.7 follows immediately from this
computation.

Let us prove (ii) in Proposition 2.7. We take a coordinate at a critical point (u(®), v()) of W:

€ = (51) .. 7§N+n—1) = (U/l - 'U/gC), e, UN—1 — ug\‘;)—:pvl — 'Ugc)’ e Up — /U»SLC))’
and consider the Taylor expansion of W at the critical point £(°) = 0:
C C 1 C
W(gx) =W (g Z Wis(€2) &g+ — Y Wi i, (€952)&, &, (B3)
m>3 T i1yeeim
where W5, ;. (87"W)/((“)§i1 ---0&;,.). Since we have chosen generic w; and A\, so that the critical
points are non-degenerate, the Hesse matrix H has non-zero determinant at £(¢). We further take a

linear transformation & = (—h)1/23" ; CJ(x)s; of the coordinates which transforms the quadratic

part of W as
N+n—1

%ZWU x) &6 = — 1 Z s2. (B.4)

i=1

We can find these coefficients C’f () by applying the simultaneous completing the square to the
quadratic form in the left hand side of (B.4). Eventually we can find the behavior of the coefficients
C!(z) for large x as follows:
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e Let us consider the case when the critical point (u(®),v(®)) behaves as (2.20) in Lemma
2.6. Since W;;(£(°); 2) behaves as O(xiﬁ) in this case, we can show that

Cl(z) = O(@™m) (B.5)

holds for all 4,5 =1,...,N +n — 1, when x — oco.
e Let us consider the case when the critical point (u(®), v(®)) behaves as (2 21) in Lemma

2.6. Let i, € {N,..., N +n — 1} be the label of vy; that is, §;, = v, — vb . Since we can
arrange the quadratic part of W as

Wii, (6952)8 +2> Wi, (695 2)6,&6 + > Wii(6952)6¢;

iy 1,70
2
= Wi, (€5 2) | &, + Z Wi ) fi
iip szb
- W Zwllb E(C )gz + Z Wz_] gz&]
inis ( e iy i,j7#%

Thus we can choose

*Wzlbf( (c). ) flb+z “b )&

iip zb'Lb

as one of new coordinates, and other s;’s are written in terms of §;’s except for ;,. Since
Wiyi, (€95 2) = O(2?), Wy, (69;3) = O(z) if i # i and W;;(£@;2) = O(1) for i, 7 # iy,
we can conclude

j . O(x_l) if i =1
Cile) = {O(l) otherwise (B:6)

hold when z — oo.

Let us proceed the computation of saddle point expansion. The above change of the coordinate
yields

N4n—1
BT
(-h) .
Hess(u(®), v(©))
Then, by the standard argument of the saddle point method, the asymptotic expansion of the
oscillatory integral is computed by term-wise integration:

1o o). h)
Ix(x) ~ exp (hW(ﬁ( )71;)) ugc) UE\C/)_1 HeSS(E(C))

&1+ diNfn—1 = 1 dsSNin_1.

N4n—1
2

e’} 1 N+n—1
Z h= Z fiv i / dsy - dSNtn—1€Xp ~3 Z s2 ) si, s, |, (BT)
m=1 i1in R i=1

where f;,. ;.. is the Taylor coefficient given by

ui” oy ©).
’1141716 Zm' Z W“ 1m€ )ghgbm

m>3 Tl yeees

Em (-2 5, O (a)s,

:1+Zh% Z Jiv i Siy = Sy, -

m=1 UL yeeeylm
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m—1

o If (u(9 v()) behaves as (2.20), then W;, ;. (£();2) = O(z~~==), and hence,
Wiy (€)52) Gl - Gl = O(a™ 785m) for any ji, ..., .

For m > 3, this tends to 0 when x — oc.
o If (u(® v(©)) behaves as (2.21), then W;, ;. (£9;x) = O(x*), where ¢, is the number of
1p in the indices iy, ..., 4.,,. Therefore,

Wi i (€5 2) CJL - CIm = O(1)  for any j1,..., jm.

We can also verify that

. 1
u; Y

: —<1+<h>1/22 (a)sj) ,
Ui i Uy

and the coefficient satisfies

Czj _ JO(z~ 2<Nl—">) for the case of (2.20)
ugc) o(1) for the case of (2.21)

when x — oco. Therefore, we can conclude that
1
O(z"2=n) for the case of (2.20
= { ( ) (2.20) (B3)

O(1) for the case of (2.21)

for m > 1. After evaluating the Gaussian integrals in (B.7) by using

/ 12 g 0 if k is odd,

ds;e 2% s =

R V2m (k-1 if k is even,

we obtain the saddle point approximation (2.22). In particular, (B.8) proves the claim (ii) in
Proposition 2.7.

APPENDIX C. COMPUTATIONAL RESULTS BY ITERATION AND TOPOLOGICAL RECURSION

In this appendix we will firstly give some explicit computational results of the WKB solutions
to the GKZ equations. In Appendix C.2 we will explicitly perform the WKB reconstruction (3.13)
for the equivariant CP' model, and see agreements with the results in Appendix C.1.

C.1. Some iterative computations for the GKZ equation. Assume the saddle point approx-
imation of the oscillatory integral

Ix(z) ~ exp (Z hmISm(x)> ,

m=0
one finds a set of the first order differential equations for S,,’s by expanding the GKZ equation
around A = 0.

CPY~! model
The GKZ equation for the (non-equivariant) CPY ! model is

8 -

Some computational results of S,,’s for N = 2, 3,4 are listed in table 2.
Equivariant CP' model

ICPN—I(Z‘) =0. (Cl)

The GKZ equation for the equivariant CP' model is

[ YA T P )
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N =2 N =3 N =4
So(x) 221/2 3zt/3 4t/
S1(x) log z~1/4 logz—1/3 log 2—3/8
So(x) x~12/16 x=1/3/9 S5x=1/4/32
S3(x) r=1/64 x=2/3/54 | 5x~1/%/256
Sy(z) | 25273/2/3072 | =1/243 | 17273/ /24576
TABLE 2. S,,(x) for the CPY ™! models (N = 2,3,4) obtained from the GKZ
equation (C.1).
m Sﬁ)(x)

0 i\/4x + (wo — wy)?
“+wq log (—wo + wy + /4 + (wp — wl)Q) + wy log (wo —wy + +/4z + (wo — w1)2)

1 _i log <4x+(wz—w1)2>

+ (62 — (wo —w1)?) / (12 (4z + (wo — w1)2)3/2)

2
3 |x(xz— (wo—w1)2)/(4$+(w0_w1)2)3
4 | £ (150023 — 36542% (wy — w1)? 4 378z (wo — wi)* + (wo — w1)°) / (360 (42 + (wo — w1)2)9/2)

TABLE 3. S,(ni)(x) for the equivariant CP* model obtained from the GKZ equation (C.2).

For this model there are two solutions which have the formal power series expansion:
+ m—
I((CP)}H (x) ~ exp (Z h 157(,?)(@) .
m=0

Computational results of S,(ni ) for m = 0,1,2,3,4 are listed in Table 3 modulo constant shifts.
Degree 1 hypersurface in CP!

The GKZ equation for the equivariant CP! model is

(i) (st ) 2 ()| 2en0

For this model we also find two solutions which have the formal power series expansion:

o)~ o (3 1500 ).
m=0
Computational results of S’ff ) for m = 0,1,2,3 are listed in Table 4 modulo constant shifts.
Especially, focusing on the S§i) (z) we find the following expansion around x = co:
(wo — A1) (w1 — A1)
212
oS 7@ _ L wotwn =20
T 2

eS§+)(m) -1+ + O(J;ig),

+0(27?),
and these asymptotic expansions are consistent with Proposition 2.7 (i).

C.2. Topological recursion for the equivariant CP' model. In the following, for the equi-
variant CP' model, we will explicitly recover the computational result in Table 3 by applying the
topological recursion (3.9) in [42]. The GKZ curve

ECP}U:{(Ly)GC*XC (y—wo)(y—wl)—;v:()}
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m | S5 (x)

0 (x + \/xQ + 2(wo + w1 — 2M1)x + (wp — w1)? £ (wg — wy)logx + (wo + w1) log

+(wo + wy — 2\1) log [(x +wo + wy — 2\ + \/ac2 + 2(wg + w1 — 2A1)x + (wo — w1)2)}

:F(’wo — wl) log |:(’LUO + wy — 2)\1)1’ + (’wo — w1)2

+(wo — w1)/22 + 2(wo + w1 — 2A1)z + (wo — w1)2}>/2

1 —% log (.%‘2 + 2(’(1}0 + wy — 2)\1)37 + (’wo - ’LU1)2)

+1log (x +wo + w1 — 2X1 + /22 + 2(wo + w1 — 2\1)z + (wo — wl)ﬂ Flogv2
2 | —x/(2(2% + 2(wo + w1 — 2M1)x + (wo — w1)?))

F5((wo + w1 — 2X1)x + (wo — w1)?))/(12(2? + 2(wo + w1 — 2X1)z + (wo — w1)2)3/2)
F((wo + w1 — 2A1)x + w3 — 10wow; + w? + 8(wp + wi) Ay — 8AF)

/(240 = M) (w1 = M) V/a? + 3(wg + wr — 2X)a + (wo — w1)?)

3 x(3x2 + (wo + w1 — 2A1)x — 2(wp — w1)2>

X (x +wo + w1 — 2A\1 F /22 + 2(wo + w1 — 2\1)z + (wo — w1)2)
/(4(302 42w + w1 — 2A1)z + (wo — w1)2)3)

TABLE 4. S,(f )(x) for degree 1 hypersurface in CP* obtained from the GKZ equa-
tion (C.3).

is parametrized by a local coordinate z as follows:

1

1
z(z) 222—/\7 y(z) = z+ s (wo + wy), A= Z(wo—w1)2'

2 (
The spectral curve Xcp: has only one simple ramification point at z = 0 in this local coordinate.
Starting from

le dZQ

wi?(2) =0, Wi’ (21,20) = B(1,2) = (21 — )%

the differentials w'? for (g,m) # (0,1),(0,2) are defined by the topological recursion (3.9)

w9 (2, zx) = Res S BC,2) w9 (w, —w, z
P 20) = By = (A (o)

g
(9—0) ©)
+Z Z W|§|+1(w7ZJ)W|N_|J|+1(_wva\J))7

£=0 p=JCN

where N = {1,2,...,n} D J = {i1,42,...,4;}, and N\J = {441,%42,...,%,}. Integrating these
multi-differentials, one finds the free energies

FO @) = /Zy(z)dﬂf(/'))’ Oz //( (2, 25) M),

FO) (5 / / Sz, (gom) £ (0,1),(0,2),

(C.4)

where z, denotes a reference point.
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’ F(Q)(@
F" () = —Llog[(z + A)/(x(z) + A)]
(@) =% /< (z + A)3/2)
FV () = +(32 + 20)/(48(x + A)3/2)
F () = A( 3 + A>/< (z+A)?)
F{V(z) = (322 — 2A% — 62A)/(96((z + A)?)
F<O (z) =F (2A2 — 212A + 1222)/(8(z + A)%/?)
F<1 () = £(4A3 + 182A2 — 63Az2 + 62%)/(192(x + A)%/2)
F1(2) () = F(186A22 + 7202 + 16A% — 452%) /(15360(x + A)%/2)

TABLE 5. Free energies for the equivariant CP! model. Here we have two types
free energies corresponding to the branches z = +v/x + A.

m Fy(ni)(x)

1 [ —flog[(z +A)/(z(z) + A)]
2 |+ (32— 20)/ <48 (z + A)3/2>
3

1

o(x — 40)/ (64 (z + A)S)
+ (3752 — 365422 A + 15122A% + 16A%) / (46080 (z + A)Y/ 2)
TABLE 6. F,(z) = F,(ni)(a:) for the equivariant CP* model.

The WKB reconstruction (3.13) of wave function is defined by FY )(z)7s as

& h29—2+n

ey, (¢) = exp ( S R <x>) . (€5)

g=0,n=1

We fix the reference point by 2z, = oo which corresponds to z(z.) = oco. Here note that Fl(o)
and Fz(o) need to be regularized by certain constant shifts so as to depend on z,. Some explicit

computational results of the free energies Fi\ (x) are listed in Table 5.
The wave function (C.5) is reorganized by

wcpm):exp(z hmlF,n(z)), Falw)= Y LE0G@),

m=0 9>0, n>1,
2g+n—1=m

where corresponding to two branches z = £y + A we find two types of free energies F,,(z) =
F,S?( ). Since the leading term Sy(x) of the asymptotic expansion of the J-function obeys

dsgi 7 _ y(),

the free energy Fl(o) (x) in (C.4) agrees with So (ac) up to a constant shift. Using the computational

results in Table 5, Fr(ni)(x)’s (m > 1) are computed immediately and summarized in Table 6.
Comparing the computational results in Tables 3 and 6, one finds the agreement

Fif(2) = 557 (@),

for m = 1,2, 3,4 up to a constant shift of Fl(i)(x).
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