PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: August 25, 2020
ACCEPTED: October 20, 2020
PUBLISHED: December 1, 2020

Riemann-Hilbert correspondence and blown up
surface defects

Saebyeok Jeong® and Nikita Nekrasov’'
®New High Energy Theory Center, Rutgers University,
186 Frelinghuysen Road, Piscataway, NJ 08854-8019, U.S.A.
bSimons Center for Geometry and Physics, Stony Brook University,
C.N. Yang Institute for Theoretical Physics, Stony Brook University,
Stony Brook, NY 11794-3636, U.S.A.
E-mail: saebyeok.jeong@physics.rutgers.edu,

nnekrasov@scgp.stonybrook.edu

ABSTRACT: The relationship of two dimensional quantum field theory and isomonodromic
deformations of Fuchsian systems has a long history. Recently four-dimensional N = 2
gauge theories joined the party in a multitude of roles. In this paper we study the vacuum
expectation values of intersecting half-BPS surface defects in SU(2) theory with Ny = 4
fundamental hypermultiplets. We show they form a horizontal section of a Fuchsian system
on a sphere with 5 regular singularities, calculate the monodromy, and define the associated
isomonodromic tau-function. Using the blowup formula in the presence of half-BPS surface
defects, initiated in the companion paper, we obtain the GIL formula, establishing an
unexpected relation of the topological string/free fermion regime of supersymmetric gauge
theory to classical integrability.

KEYwoORDS: Differential and Algebraic Geometry, Integrable Field Theories, Supersym-
metric Gauge Theory, Supersymmetry and Duality

ARX1v EPRINT: 2007.03660

1On leave of absence from: CAS Skoltech and IITP RAS, Moscow, Russia.

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP12(2020)006


mailto:saebyeok.jeong@physics.rutgers.edu
mailto:nnekrasov@scgp.stonybrook.edu
https://arxiv.org/abs/2007.03660
https://doi.org/10.1007/JHEP12(2020)006

Contents
1 Introduction

2 Preliminaries
2.1 Painlevé VI and the GIL conjecture
2.2 Riemann-Hilbert correspondence
2.3 Isomonodromic deformations of Fuchsian systems
2.4 Painlevé VI from isomonodromic deformation

3 N = 2 supersymmetric gauge theories with surface defects
3.1 Construction of surface defects
3.1.1  Orbifold
3.1.2  Vortex string
3.2 Construction of intersecting surface defects

4 Surface defects and Hamilton-Jacobi equations for isomonodromic defor-
mations
4.1 Non-perturbative Dyson-Schwinger equations
4.1.1  Orbifold
4.1.2 Vortex string
4.2 Hamilton-Jacobi equation for Painlevé VI
4.3 Generating function of Riemann-Hilbert symplectomorphism

5 Intersecting surface defects and monodromy data

5.1 Intersecting surface defects and non-perturbative Dyson-Schwinger equations

5.2 Hamilton-Jacobi equation and Fuchsian differential equation

5.3 Analytic continuation of the intersecting surface defects expectation value
5.3.1 Adiabatic z-transport of the z; = 0 surface defect
5.3.2 y-transporting the surface defect at zo =0
5.3.3 y-transporting the surface defect at zo = 0 across z

5.4 Monodromy data

6 Surface defects on blowup
6.1 Blowup formula without surface defect
6.2 Blowup formula with surface defect
6.2.1 Orbifold
6.2.2 Vortex string
6.2.3 Analytic continuations and blowup formulas

co 3 ot ¢

10

12
13
13
17
19

21
22
22
23
24
26

27

31
34
35
39
41
45

50
52
93
95
56
99



7 Isomonodromic tau functions: connecting the NS limit and the self-dual

limit 62
7.1 Painlevé VI tau function 62
7.2 Okamoto transformations 67
7.2.1 Okamoto transformation and the Painlevé VI tau function 67

7.2.2 The Okamoto maps of monodromy data 69

8 Discussion 70
A Partition functions of N = 2 supersymmetric quiver gauge theories 72
B 1-loop part of the partition functions 76
C Double gamma function and Barnes G-function 77

1 Introduction

The rich physics of four-dimensional N = 2 supersymmetric gauge theories is sometimes
encoded in the intricate ways in the geometry of the moduli space of vacua. It is impor-
tant to decipher this structure both for the understanding of less supersymmetric more
realistic gauge theories, and for the unexpected applications. One recurring theme is the
relation between the four dimensional physics and the two dimensional physics, such as the
BPS/CFT correspondence [8, 17-19].

Not only that the string/M-theory embedding [48, 50] of such gauge theories enriched
the physical intuition about these correspondences, the availability of exact localization
computation [14] of their partition functions have been largely utilized to precisely quan-
tify those correspondences. One of the interesting discoveries was the duality of quantum
and classical regimes. In particular, it was found that the problem of quantizing Hitchin
integrable systems translates to the problem of holomorphic symplectic geometry of the
moduli space of flat connections and its Lagrangian subvarieties [9]. The physical under-
standing of such a duality was provided in [10] by reducing the gauge theory to the sigma
models with boundaries associated to certain branes, and a gauge theoretical derivation of
the correspondence was provided in [11] at specific examples.

Another version of quantum/classical duality was presented in [7, 12], where the N = 2
gauge theories are connected to the Riemann-Hilbert problem and isomonodromic defor-
mations of Fuchsian systems on Riemann surfaces. To be precise, the correspondences were
established in the language of Liouville conformal field theory in [7, 12]. The N = 2 gauge
theories appear indirectly through their identification of their partition functions and the
Liouville correlation functions [1]. It is actually better to state the correspondences in
gauge theory context in some aspects, especially for the purpose of this work, as we shall
see hereafter. In these works, some variants of the gauge theory partition functions, which



purely lie in the quantum regime, are identified either with the isomonodromic tau func-
tion [7] or with the Hamilton-Jacobi potential for isomonodromic deformations of Fuchsian
system [12], which belong to the quasi-classical regime.! In the case of the s[(2) Fuchsian
system on the Riemann sphere with four regular punctures, the main example throughout
this work, the associated N = 2 gauge theory is the one with the SU(2) gauge group and
four fundamental hypermultiplets. It is known that the isomonodromic deformations of
this Fuchsian system is described by Painlevé VI, the most general second-order non-linear
ordinary differential equation with the Painlevé property.

A mystery is that even though the both results connect the N = 2 gauge theories to
the Riemann-Hilbert problem and isomonodromic deformations of Fuchsian systems, the
field theory settings in which the correspondence arises are rather different. The compu-
tation of the partition function of N = 2 gauge theories on the non-compact C? involves a
regularization implemented by the 2-background, weakly gauging the maximal torus of the
spacetime isometry U(1)., x U(1)s, C SO(4). In [7], the isomonodromic tau function for
a Fuchsian system is expressed as an infinite sum of the gauge theory partition functions
with shifted Coulomb moduli, subject to the self-dual limit e5 = —e1 of the Q2-background.
The resulting sum is superficially similar to the dual magnetic partition function in [15].2
Meanwhile, in [12], the Hamilton-Jacobi potential for isomonodromic deformations of the
same Fuchsian system is expressed as the free energy, i.e., the asymptotics of the partition
function in the NS limit €9 — 0 of the Q-background. Recall that the time-derivative of
the isomonodromic tau function [38-42] is, by definition, the Hamiltonian for the isomon-
odromic flow, while the Hamilton-Jacobi equation equates the Hamiltonian to the time-
derivative of the Hamilton-Jacobi potential. In this sense, the two approaches provide two
seemingly different expressions for more or less the same mathematical quantity in two
different limits of the equivariant parameters. The goal of this work and the companion
paper [25] is to reconcile this conflict between the self-dual limit and the NS limit, and
to establish an explicit connection between the two approaches to the Riemann-Hilbert
problem and the isomonodromic tau function.

The main character of the play is the blowup C? which is essentially obtained by
replacing the origin 0 € C? of the spacetime by an exceptional divisor P!. The study of
N = 2 gauge theories on the blowup was initiated in [13]. The partition function of N = 2
gauge theories on the blowup can also be computed by supersymmetric localization. It is
an infinite sum of a product of two gauge theory partition functions on the ordinary C2,
with shifted Coulomb moduli and 2-background parameters. In the limit of the blowing
down, where the size of the exceptional divisor shrinks to zero, the spacetime reduces to
the ordinary C?. Meanwhile, the physics should not depend on the size of the exceptional
divisor, so that the partition function would not be affected by such a procedure. As a
consequence, the gauge theory partition function satisfies a non-trivial relation which we
refer to as the blowup formula. The blowup formula contains rich analytic information on

!See also the related work [36, 37].

2 Although it was pointed out in [14] that the e; = —e» partition function might be a tau-function of
some version of KP-Toda hierarchy, since the latter can be expressed through free fermions using Sato
Grassmanian.



the gauge theory partition function, and in particular it was used in [13] to exactly prove
that the asymptotics of the partition function in the limit 1,62 — 0 is identical to the
Seiberg-Witten prepotential.

An interesting feature of the blowup formula is, as just mentioned, that it relates the
gauge theory partition functions with shifted Coulomb moduli and -background param-
eters. More precisely, the blowup formula schematically looks like

Z(a,m,eq1,e2;q) = Z Z(a+nep,m,e1,e0 —e1;q)Z(a+ neg, m, g1 — £9,€9;q), (1.1)
neZ
where m denotes the masses of hypermultiplets and q denotes the gauge coupling. We im-
mediately notice that the shift in the 2-background parameters occurs in such a way that it
connects the self-dual limit and the NS limit of the (2-background. Thus, we may naturally
expect, at least conceptually, that the blowup formula is the key to resolve our mystery.
The above blowup formula, however, does not directly lead to the solution as it is. The
last important ingredients are half-BPS surface (co-dimension two) defects of N = 2 gauge
theories. The half-BPS surface defects can be engineered in various ways, and the exact su-
persymmetric partition functions of the N = 2 gauge theory in the presence of these surface
defects are also available. The surface defect can be viewed as a two-dimensional gauged
linear sigma model on a surface coupled to the bulk four-dimensional gauge theory, whose
local chiral operators thereby form non-trivial chiral ring relations. In the presence of the
Q-background, such relations uplift to differential equations in the gauge coupling and the
complexified FI parameter satisfied by the partition function, which can be regarded as dou-
ble quantization of the chiral ring relations. These differential equations can be exactly de-
rived from the non-perturbative Dyson-Schwinger equations, the constraints on the partition
functions following from the regularity property of a special class of chiral observables called
the gg-characters [20-24, 31]. Now, the result of [12] in fact can be re-phrased as stating that
the free energy S of the N = 2 gauge theories coupled to a surface defect on the zs-plane,

V(a,m,e1,€9;q,2) = exp (?S(a, m,eq;q,2) + (’)(1)) (1.2)
2

is equivalent to the Hamilton-Jacobi potential. This is a consequence of taking the limit
€9 — 0 to the mentioned differential equation satisfied by the surface defect partition
function.

Equipped with non-local defects, we may wonder how the blowup formulas for their
partition functions would work and what their consequences would be. In this paper,
we suggest novel blowup formulas for the surface defect partition functions, which are
schematically in the form

U(a,m,e1,€9;q,2) = Z Z(a+nep,myer, e —e1;9)V(a + neg,mye; — €2,€2;4,2), (1.3)
nez

where z denotes the complexified FI parameter of the gauged linear sigma model of the
defect on the zo-plane. This blowup formula contains rich analytic information on the
surface defect partition function, just as the previous one without the defect does for the



ordinary partition function. Most importantly, we find that the result of [7] can be derived
from the result of [12] by taking the NS limit €2 — 0 to this blowup formula. In this
sense, the above blowup formula is a refinement of the relation in [7] with the non-zero
Q-background parameter £o # 0.

The derivation involves precise matching between the gauge theory parameters and the
monodromy data of the associated Fuchsian system. For this, we also need to construct the
horizontal section of the Fuchsian system in gauge theoretical language, from which we can
explicitly compute the monodromy data in gauge theory parameters. It turns out that we
need a further insertion of a half-BPS surface defect on the z1-plane on top of the surface
defect on the zs-plane, so that the resulting configuration is intersecting surface defects
coupled to the bulk gauge theory. We show that the regular part of the partition function
gives the horizontal section of the Fuchsian system in the limit e — 0. The intersecting
surface defect partition functions are expressed as series in the gauge couplings and the
complexified FI parameters, which are valid inside their own convergence domains only.
To compute the monodromy data, we need the connection formulas between the horizontal
sections lying in different convergence domains. By an investigation similar to the one
in [11], where the analytic continuation of the one-point function of a surface observable on
the z;-plane was discussed, we achieve such connection formulas by analytically continuing
the intersecting surface defect partition functions from one domain to another. By properly
concatenating the connection formulas, we finally express the monodromy data in gauge
theoretical terms. The result verifies the expectations of [7].

Historically, the connection between the two dimensional quantum field theories, their
lattice versions such as Ising model, and the Painlevé equations goes back to the works of [2]
and more recently, in the N’ = 2 d = 2 supersymmetric context, to [5]. In some ways our
present work cements the link between the N'= 2 d = 4 physics and the two dimensional
theories, by providing a natural habitat of the isomonodromic equations in the realm of
correlation functions of four dimensional theories. For the works relating two-dimensional
CFTs to the isomonodromic deformation problems, see [29, 33, 56-60].

The paper is organized as follows. In section 2, we begin with the preliminaries of
the Riemann-Hilbert correspondence and isomonodromic deformations of Fuchsian system
on Riemann surfaces. The main purpose of this section is to give a minimal background
for the conjectural relation of [7] to the readers who are not familiar with it. Section 3
provides constructions of half-BPS surface defects by orbifolding and partial higgsing. We
also introduce construction of intersecting surface defects by partial higgsing. The partition
functions of (intersecting) surface defects are written explicitly. Section 4 explains how the
free energy of the gauge theory coupled to a surface defect is identified with the Hamilton-
Jacobi potential for isomonodromic deformations of Fuchsian systems. This is mainly
re-phrasing the result of [12] in purely gauge theoretical terms. In section 5, we show that
the NS limit of the intersecting surface defect partition function provides the horizontal
section of the Fuchsian system, and compute the monodromy data of the Fuchsian system
in gauge theoretical terms. In particular, the analytic continuations of intersecting surface
defect partition functions are studied to achieve the connection formulas between different
convergence domains. In section 6, we suggest new blowup formulas for surface defect



partition functions. We also provide evidences to these formulas, including their consistency
with analytic continuation along the flow of the surface defect parameter. Finally, we derive
the result of [7] by taking the NS limit of the blowup formula in section 7. We carefully take
into account the action of the béacklund transformations of Painlevé VI on the monodromy
space, thereby recovering the exact expression written in [7]. We conclude in section 8 with
discussions. The appendices contain some computational details.

2 Preliminaries

This section is devoted to reviewing the generalities of Riemann-Hilbert correspondence
and isomonodromic deformations of Fuchsian systems, in the view of their relations to
the supersymmetric gauge theories. In particular, the main purpose of this section is to
setup the conventions and to provide a background of the conjecture made in [7] and its
generalizations. Readers with expertise may safely skip to the next section.

2.1 Painlevé VI and the GIL conjecture

We closely follow the convention used in [28], unless specified. Painlevé equations were
discovered as a result of the classification of the second-order first-degree nonlinear ordi-
nary differential equations (ODESs) without movable critical points. The most general one,
Painlevé VI (PVI), is written as follows:

dw 1/1 1 1 dw\? /1 1 1\ dw
= roitee) (@) Gt e @ 21
2u(w — 1)(w — q) N2 @2q 2q—1) (1-0%)a@-1)
T R Cl (<9°°+2> _w%q (L)q—l)2 : (wq—q)2 ’

where 0;, i = 0,q,1, 00 are given parameters. The solution of this equation w(q) is called
the Painlevé transcendent.
Painlevé equations admit Hamiltonian formulations, where the equations of motion are

dw OH @ oH

dw _ OH _ o 2.2
dgy Op,  dq ow (2:2)
The relevant Hamiltonian is given by
w(w —q)(w—1 20 20, — 1 26
H(’U},pw;q)z ( q)( ) w(pw_o_ 1 - ! )
w(00+9q+91+9m)(00+9q+91—000—1) '
+ .
(g —1)

By solving for p and substituting it back, we recover (2.1) from the equations of mo-
tion (2.2). We recognize q plays the role of time in the Hamiltonian formulation, and thus
refer to it (and, later, also its analogues) as time from now on.

We define the Painlevé VI tau function 7(q) as the generating function for the Hamil-
tonian. More precisely, it is defined to produce the Painlevé VI Hamiltonian under the



derivative of its log [7, 28]:

w(w —1) w(lo + 65+ 01 + )

d
—log 7(q) = H(w,pw;q) —

pw +
dq q(q —1) q(q —1) (2.4)
L o+ 0)% 03 — 08 — 05 — 07 — 20005 — 20001 — 20461 '
q 1—q ’

where the last two terms on the right hand side, which are only rational functions of time (¢,
are not important in the sense that they could be absorbed into the Hamiltonian H (w, py; q)
without affecting the dynamics (2.2). The tau function 7(q) is always defined up to this
ambiguity, and we fix this ambiguity by regarding the above equation as the definition of the
tau function. The conjecture made in [7] states that the Painlevé VI tau function, around
the critical point ¢ = 0, can be expressed as an infinite sum of the partition functions of
the four-dimensional N' = 2 supersymmetric SU(2) gauge theory with four fundamental
hypermultiplets subject to the self-dual {-background, with shifted arguments:3

7(q) = > "’ Z(a+ ner, mjer, —e15q)
nez
= Ze”ﬁZ(a—i—n,H;q).
nez

(2.5)

In this equation, q appears as the gauge coupling and is identified with the time in PVI (2.1).
a, m = (m;)}, and (g1,62 = —e1) are the equivariant parameters for the actions of the
maximal tori of the global SU(2) gauge symmetry, the SO(8) flavor symmetry, and the
SO(4) Lorentz symmetry, respectively. They are also called the Coulomb modulus, the
masses for the hypermultiplets, and the Q-background parameters, respectively (see ap-
pendix A for a brief review). As just mentioned, we have set the self-dual limit ey = —¢&;
of the -background. Then the remaining {2-background parameter €1 only plays the role
of the mass scale, and we absorbed it in the second line into the definition of dimensionless
parameters defined by

m3 — My

a
a=—, bOyi=———, Oj:=
€1 261

m3 + my 6,1,_7711—1-77”62 0 M1 —mg (2.6)
) T ) oo T ) .

2e1 2e1 2eq

relating the hypermultiplet masses with the §-parameters appearing in PVI (2.1). The pa-
rameters « and [ in (2.5) can be thought of as the integration constants for the equations
of motion (2.2). As we see here, « is identified with the Coulomb modulus of the gauge
theory, while the gauge theoretical meaning of 5 is unclear yet and will be clarified later
in section 5. The conjecture (2.5) was proven in [29] by using the crossing symmetry of
Liouville correlation functions. In this paper, we provide a gauge theoretical derivation
of (2.5) by using half-BPS surface defects on the blowup.

3The tau function 7(q) written in (2.5) differs from the tau function 7™ (

q) written in [7, 28] by a simple
function of q, namely

7O (q) = g% % (1 — q)**1% 7 (q).

This difference is also reflected in the relation (2.4). The difference is of course non-essential and merely con-
ventional. We find 7(q) more natural to consider in the gauge theory context, so we stick with our definition.



2.2 Riemann-Hilbert correspondence

We begin by introducing Fuchsian systems on a Riemann surface. An sl[(2) Fuchsian
system on the punctured sphere ]P’}ﬂ+3 =P\ {21 = 00,20, " , 2, 2941} is defined by a
matrix-valued linear differential equation,

ad " Ai(2)

— = A(y)® := ) P\ {z_; = 2z 2.7
dy (y) Z»:Oy_zi ) ?JE \{Z 1 0, 20, 7Z72+1} ( )

(]

where z;’s are the positions of the r + 3 punctures which are assumed to be distinct and

r+1
(Ao, A1, -+, Aryr) € g := EPsl(2) (2.8)
i=0
are matrix-valued functions. We also define
r+1
Ay ==Y A; €5l(2). (2.9)
i=0
We assume that the matrices Ao, Ao, -, Ar+1 are diagonalizable and their eigenvalues

are all distinct.

In (2.7), ® takes the value in C2. By placing two independent column solutions into
a fundamental matrix, we can regard ® as a 2 x 2 matrix. Now for each element in the
fundamental group v € my (IP’% +3), analytic continuation of the solution ® along the loop v
produces a new solution @', which is related to the original solution ® by a monodromy M.,

&' = DM, (2.10)

Hence the monodromies of the solution provides a representation of the fundamental group
into SL(2),
M :m (Pr,4) — SL(2).
(P}s) (2) 1)
v — M,
We did not fix the baespoint of the fundamental group, so that the monodromy M is al-
ways defined up to an overall conjugation by SL(2). The monodromy space M,, where the
monodromy data M takes value, is thus given by

M € M, :=Hom (71 (P},3),SL(2)) /SL(2). (2.12)

Hence a Fuchsian system is associated to a representation of the fundamental group by its
monodromy data. We define the Riemann-Hilbert map by this monodromy representation,

RH:g — M,. (2.13)

So far, we have seen that an s[(2) Fuchsian system defines a representation of the fun-
damental group 1 (P}, 3) into SL(2) by the monodromies of the solution ®. The Riemann-
Hilbert problem is the question about the converse: for a given monodromy data, can we



reconstruct a Fuchsian system which exhibits this monodromy? The solution to this prob-
lem is not unique, and there are many solutions corresponding to the given monodromy
data. In particular, the monodromy data do not depend on the positions z of the poles,
while the Fuchsian system (2.7) has an explicit dependence on them. Hence we are led to
study the deformations of the Fuchsian system with respect to the positions of the poles,
which preserve the monodromies so that the deformations lead to a family of solutions to
the Riemann-Hilbert problem for the same monodromy data. Such deformations are called
isomonodromic deformations.

2.3 Isomonodromic deformations of Fuchsian systems

r+1

We study the deformations of the matrices (A;)7f; with respect to (;)/X} which preserve
the monodromies of the solution ®. The deformatlons are isomonodromic when they can
be compensated by a gauge transformation of the connection 9, — A, namely,

0A

- — = — A, €. 2.14
5, =04l (214)

Solving for the gauge variation parameter ¢; by equating the terms of order (y — z;) ™2, we

get €5 = o= Z . Plugging it back and taking the residues in y — z;, we obtain
0A4; A A .,
Zj Zi — Zj
Bzi i Z; — Zj ’
for i,5 = 0,--- ,7 + 1. These equations are called the Schlesinger equations for isomon-

odromic deformations of the Fuchsian system. Namely, the monodromies of the Fuchsian
system (2.7) do not depend on (z;)/23 if the matrices (A;(2))iX] satisfy (2.15). The con-
verse, that any isomonodromic deformation is described by the Schlesinger equations, is
generally not true unless we impose some reasonable assumptions. In this paper, we will
be interested only in isomonodromic deformations generated by the Schlesinger equations.

The Schlesinger equations (2.15) admit a canonical Hamiltonian formulation, as we

now discuss. We consider the standard Lie-Poisson bracket on g* ~ g which is written as?
{05 (4705} =05 (55 (A5 — o5 (47)5 ). (2.16)
Then the time-dependent Hamiltonians defined by
Tr A; A
H; = Z ! i=0,--- ,r+1, (2.17)
A LT A

give the following equations of motion

0A;
0z

“Here g is identified with its dual g* by the Killing form, A — Tr(A -).

= {A;, H;}, 1,7 =0,---,7+1, (2.18)




which precisely reproduce the Schlesinger equations (2.15). It is also straightforward to
check that these Hamiltonians are mutually Poisson-commuting

{HlaHj}:Oa 7’3]:03 ,T‘—|—1, (219)

and also satisfy the condition

OH; 0H;
aZj N 8,27;7

i,j =0, ,r+1. (2.20)

Due to these conditions, we can define the generating function 7(z) of the Hamiltonians,

called the isomonodromic tau function. Namely,

d
H;=—1logT(z), i=0,---,r+1 (2.21)
dZi
It is immediate that
dlog7(z Z TrA;Aj dlog(z; — z;), (2.22)
1<J

where the right hand side is a closed 1-form due to the Schlesinger equations (2.15).
The Hamiltonian system defined on g can be reduced by a symplectic reduction. First
we can restrict the system to a symplectic leaf

7T+11 O, =0y X -+ % Or+1 cug, (2.23)

1=

obtained by choosing a conjugacy class (i.e., an adjoint orbit) O; of A; by choosing det A; =
—02 for each i = 0,--- ,7+ 1. Then we perform the symplectic quotient to get the reduced
symplectic manifold

£,(0) = <’”+1O) / SL(2 (2.24)

where the double slash denotes the symplectic quotient. Note that A, is an integral of

motion:

0Axo
8zi

which generates the action of SL(2) on

={A, Hi} =0, i=0,---,r+1, (2.25)

T“ O; by simultanuous conjugations. Imposing the

moment map equation for this action is equwalent to setting A, a fixed diagonal matrix.
We can further take the quotient with respect to the residual symmetry of the conjugation
of diagonal matrices, thereby performing a symplectic quotient. A simple dimension count
shows that the reduced symplectic manifold is 2r-dimensional, dim &,(0) = 2r. On the
reduced symplectic leaves, the Hamiltonians (2.17) are redundant since the combinations

r+1 r+1
> H; =0, Z ziH; =) TrAAj, (2.26)
=0 1<J
generate trivial dynamics. In particular,
r+1
Z zl L = [4), Ax]. (2.27)

Z



Thus the solutions to the Schlesinger equations are invariant under the reparametrizations
of the times 2g,- -, 2,41 by

z;i — az; + b, i=0,---,7r+1, a#0. (2.28)

Hence, without loss of generality, we can set zg = 1 and 2,41 = 0, only considering r times
(zi);—, and corresponding r Hamiltonians (H;)]_;. Note that when the moduli space of
Fuchsian system is restricted to £,(8), the monodromy space is also reduced to

M,(8) :={ M € Hom (1 (B}, ;) ,SL(2)) ] Tr M, = 2c08270;, i = ~1,--- v +1} /SL(2),
(2.29)
where ~; is a small loop around each puncture z;, i = —1,--- ;7 + 1. A simple dimension
count shows that dimM,(0) = 2r. The Riemann-Hilbert map is reduced to a symplecto-
morphism on the reduced moduli space,

RH : £,(8) — M,(0). (2.30)

2.4 Painlevé VI from isomonodromic deformation

We end the section by explaining how Painlevé VI emerges in the simplest case r = 1 of the
isomonodromic deformations discussed so far. We choose the adjoint orbits Oy x Oy x Oy
by imposing

det A? = —62, i=0,q,1, (2.31)

and restrict to a level set of the moment map

05 0
Ao ;:< > ):—(AO+Aq+A1). (2.32)

We can parametrize the reduced symplectic leaf by

a= (it Y=o o
w; i 7

with the constraint (2.32). In particular, due to the constraint >, o, ujw; = 0, the

component Aio of the connection can be written as

P A kly —w) = (2.34)
ey v—a o yly—aly—1)
It can be shown that the conjugate momentum for the variable w is
u; + 20;
Duw = Z S (2.35)

i=0,,1 W T i

We get rid of k as a result of modding out the overall conjugation of SL(2). It turns out that
the remaining variables (w, p,,) form a Darboux coordinate system on the two-dimensional
reduced moduli space £4(8).
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Painlevé VI arises precisely when we describe the isomonodromic flow of the Fuchsian
system in the Darboux coordinates (w,p,). First we express the matrices 4;, i = 0,q,1
in terms of w, py, and k. Then a straightforward computation shows that the Schlesinger

equations

dAy _ [Ag, Ay dAr _ [Ar, A (2.36)
dq q dq 1—q’

imply Painlevé VI (2.1) satisfied by w(q). Namely, Painlevé VI describes the isomonodromic

flow of the sl(2) Fuchsian system defined on the four-punctured sphere.

b1

Let us consider the horizontal section ® = of the Fuchsian system,
2

(0y — A(y)) ®(y) = 0. We can convert this first-order differential equation into a second-
order differential equation for ¢q:

9, A A
0= (aj - (TrA + 2L 12”) 8y + det A — 9, Ay, + 141;%1412) o1 (y). (2.37)
By substituting (2.33) into this equation, we get
11 1 1
0= |02+ ( + + - ) 0
Y \y y—aq y-1 y-z)"
2
2 @ (0ety) 000
v (y—a? (y-1? y(y —1)
2z — 1) ( b O 01 >
pp— 2 Y 2.38
y(y —2)(y — 1) 2 z—q =z-1 (2:38)
q(q — 1) ( 0
- H W, Pw; -
yly—a)y—1) ( Y z—q
00 + 0 — 2000q — q (0F + 02 + 03 — 6% — Oog + 0 + 20001 ) »
+ Y),
a(q—1) '

where the Hamiltonian H (w, py; q) is nothing but that of the Painlevé VI:

o w(w—q)(w—1) ( 200 20,1 261>
H(w,pw;q) = - e T et -
+w(00+0q+91+9m)(60+9q+91—000—1) '

(g —1)
Generically there are two independent solutions to the Fuchsian differential equation (2.38),
and we denote them as (gbgl)(y), 52) (y)) As we have seen earlier, the solutions to the
Schlesinger equation are given by the isomonodromic flow (w, py,) = (w(q), pw(q)). In other
words, when the Fuchsian differential equation (2.38) is restricted to the isomonodromic
flow (w,py) = (w(q), pw(q)), the monodromies of the solution (¢51)(y), qﬁ%Q) (y)) define the
monodromy data M which is independent of q. This is precisely the image of (w(q), pw(q))
in M4(@) under the Riemann-Hilbert map.
To precisely describe the Riemann-Hilbert map, we need a coordinate system on the
reduced monodromy space Mg(8). It is convenient to use Darboux coordinate systems to
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make the symplectomorphicity of the Riemann-Hilbert map manifest. The reduced mon-
odromy space My(€) can be equipped with various kinds of Darboux coordinate systems,
but the one which is relevant to its connection to the isomonodromic tau functions and
supersymmetric gauge theories turns out to be the NRS coordinate system [9]. The NRS
coordinate system was introduced in for reduced moduli spaces of flat SL(2)-connections
on generic Riemann surfaces. For our main example of the four-punctured sphere, it is a
coordinate sysetm (a, ) which simply parametrizes the monodromies M4 g along the two
independent (in 1) loops, which we denote as the A- and B-loops (see figure 2), by

Tr My = —2 cos 2t (2.40)

and

(€08 2m0o, + cos 2761 (cos 2wl + cos 2mhy)

Tr Mp = 5
2sin® Ta
(cos 270 — cos 2761 (cos 2mly — cos 2mly)
2 cos? T (2.41)
B Z 4H6:i cos m(Fa — 0q + €bp) cos m(Fa — 01 + EQOO)eiﬁ
T sin? 27 ’

It can be shown that the coordinates « and 3 defined in this way form a Darboux coordinate
system on Mg(0). The symplectomorphism of Riemann-Hilbert can be described in terms
of Darboux coordinates

RH : &(0) — M4(0)

2.42
(w, pw) — (a, B). ( )

This implies the image (o, 3) is constant along the isomonodromic flow (w(q),py(q)). In
this sense, @ and 8 can be considered as the initial condition for Painlevé VI which is a
second-order ODE.

3 N = 2 supersymmetric gauge theories with surface defects

As we will see in later sections, half-BPS surface (codimension-two) defects play crucial roles
in the correponsdence of four-dimensional N = 2 supersymmetric gauge theories and the
isomonodromic deformations of Fuchsian systems. In particular, half~-BPS surface defects
can be used in the correspondence with the isomonodromic deformations to realize apparent
singularities and horizontal sections of the associated Fuchsian system. In the M-theory
perspective, we consider four-dimensional theories of class S realized as the worldvolume
theory on Mb-branes wrapping a Riemann surface [30]. The relevant half-BPS surface
defects are engineered by inserting M2-branes wrapping two-dimensional surfaces inside the
four-dimensional spacetime. In the field theory limit, the bulk four-dimensional theory of
class S gets coupled to the gauged linear sigma model living on a two-dimensional surface,
which thereby realizes a surface defect. The position of the M2-brane insertion on the
Riemann surface translates into the complexified FI parameter of this sigma model, and it
provides an apparent singularity of the associated Fuchsian system on the Riemann surface.
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In the presence of the -background, half-BPS surface defects may lie only on the
z1-plane or on the zo-plane. These two choices are not equivalent, so that in particular
they contribute to the partition function differently in the NS limit where one of the two
)-background parameters is taken to be zero. We choose our convention that the NS limit
is always €9 — 0. Then we will see in later sections that the surface defects we need for the
connection to the Riemann-Hilbert correspondence are the ones on the zo-plane.” To con-
struct the horizontal section of the associated Fuchsian system, we need a further insertion
of a surface defect on the zj-plane, so that the resulting configuration is the intersecting
surface defects coupled to the bulk theory. In this section, we discuss the constructions of
these (intersecting) half-BPS surface defects and expressions of their partition functions.

Half-BPS surface defects can be constructed in various ways. Here, we introduce two
constructions, orbifolding and partial higgsing, relevant to our discussion. We also intro-
duce a construction of intersecting surface defects by partial higgsing. In particular, the
main objects to be considered are the partition functions of the gauge theory in the pres-
ence of those (intersecting) surface defects. We compute them explicitly and discuss their
properties. For preliminary discussions on the N = 2 partition functions and conventions
used in this section, see appendix A.

3.1 Construction of surface defects
3.1.1 Orbifold

We consider the N = 2 supersymmetric gauge theories on an orbifold defind by the following
Zy-action on the flat spacetime C?,

¢: (21,22) —> (€21, 22), ¢ € Ly (3.1)

Note that there is an orbifold singularity along the zo-plane {z; = 0}. This orbifold can
be mapped to the ordinary C? by

(Zl, 22) — (21 = Zf, Zo = ZQ). (3.2)

Then the N = 2 gauge theory on (C%hi2 develops a surface defect on the Zy-plane by a
singular boundary condition of the gauge field (see [23-25] for more details).

At the level of the partition functions, the Zj-action fractionalizes the contributions
to the relevant equivariant integrations according to its irreducible representations. The
partition function of the N = 2 gauge theory in the presence of the orbifold surface defect
is, therefore, computed by keeping the Z,-invariant parts only. More precisely, the singular
boundary condition breaks the global U(N) gauge symmetry in general, and we have to
specify the subgroup left to be preserved to fully characterize the surface defect. This is

equivalent to the choice of the coloring function,

c: N — 7, (3.3)

5For the discussion on the surface defects on the z;-plane and on the NS limit of their partition functions,
see [11].
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for which the preserved subgroup is assigned as ,ez, U(lc™}(w)]) € U(N). We can turn
on the magnetic fluxes on the support of the surface defect for each U(1) C U(|c™1(w)]).
The singularity in the gauge field and the magnetic flux combine into the fractionalized
couplings q,, satisfying

a= I dw (3.4)

WEZyp

where q is the bulk instanton counting parameter. We can parametrize these couplings by

Z1 20
9 =49_— Up-1=
=0 K (3.5)
Zw+1 ’
qw: ) w:]-u)p_Q
Zw

The partition function of the gauge theory in the presence of the orbifold surface defect
is then computed by doing the path integral over the Zy-invariant locus of fields. The path
integral localizes to a finite-dimensional integral over the instanton moduli space, which
admits the ADHM description. The ADHM construction of the moduli space My of
U(N)-instantons with the instanton number k involve the linear maps (B, Ba, I, J), where
Bi2 € End(K), I € Hom(N, K), and J € Hom(K, N), with the vector spaces N = CV and
K = CF. The instanton moduli space M N,k is obtained by imposing the ADHM equation
and the stability condition:

Bi,Bo] + I =0
[B1, B2 (3.6)
K = C[By, B3]JI(N)
modulo the GL(K)-action
(B, B, 1,J) — (g7 Big,g ' Bag,g'I,Jg), g€ GL(K). (3.7)

Now upon the Zy-orbifolding, the space N = C" and K = C* are decomposed accord-
ing to the Z,-representations as

N = @ N, @ R, N, = Z ePae (3.8)
WEZLp acc1(w)
and
N A , ,
K = @ K, @Ry, K, = Z efe Z qéi Z Qiilv (3.9)
WEZy a=1 j=1 1<i<A(@)t
c(a)+i—1=w mod p
where R, w=0,---,p — 1 are one-dimensional irreducible representations of Z, in which

2w
the generator ( = e » acts by ¢“. Let Qn(¢) and Qx(¢) be the representation of the
action of ( on N and K. Then we impose the constraint

(B1 = Q' BiQk, B=Q Bk, I=0Q710, ¢J=0Q3J k. (3.10)
These constraints imply the ADHM matrices are decomposed by

Bl,w Ky — Ky, BQ,w : Ky, — K,

(3.11)
I,: N, — K, Jo: Ko — Noy_1.
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The ADHM equation is also decomposed into
Bl,wB2,w — BQ,w—lBl,w + 1, 1J,=0, we Zp. (312)

Let us define ELQ € End(K), I € Hom(N, K), and J € Hom(K, N) by

K = K,, N =P N,
WEZyp
Bi = Bi11B1a-- Bip-1Bip, By = Bay (3.13)
_ p—1 _ p—1
I= Z B11B12Bim-1lm—1 J= Z ImnB1mi1Bimi2 - B1p-1DB10.
m=0 m=0

Then it is straightforward to show that we have the ordinary ADHM equation with the
new matrices,

[By,Bo) +1J =0. (3.14)

In other words, we have constructed a projection M]Z\,”k — M N of the moduli space of

instantons on the Zp-orbifold to the moduli space of instantons on the ordinary C?. By
integrating along the fiber of the projection, we produce a cohomology class of M N which
we interpret as the surface defect observable.

At the level of the fixed points of the moduli spaces with respect to the global symmetry
actions, the projection can be understood as a map

piA— A (3.15)

between two N-tuples of Young diagrams. Let us define

G = { G ) =0 , (3.16)
ao + (p—cla))er, cla)=1,---,p—1

and also
—~ Ky, w=0
K,={"" . (3.17)
qu Kwa w = 17 P — 1
Then we see that
N N N ) A§a) . A;g)t .
K=Ky=Y e > gty g, (3.18)
a=1 j=1 i=1

where the N-tuples of Young diagrams A is defined by Aga) = /\ga) and

()t _
. 14| N 5 ! , cla)=0
AT = (a)t (3.19)
A e(a)—1
— , clay=1,---p—1

Hence we obtain the projection p (3.15) at the level of the fixed points with respect to the
global symmetry action.
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The surface defect observable can be obtained by first projecting to the Z,-invariant
part and then re-expressing the projectetd partition function as expectation value of an
observable. After the Z,-projection, the partition function is written as

Z2,1-1 Z , w
\I/C2f oop\p o,non-pert Z H qk; E { :| ; (320)
A WEZy
where ”
SS*  MS*]or
T = {— - . } (3.21)
Pry 12
We need to properly split this character into the bulk part and the surface defect part. For
this, let us define
~ So, w=0
Su=13"0 (3.22)
¢Sy, w=1,--p—1
and also §w+p = S,,. Then we see that
S:=Y 8,=N-PpK, (3.23)
w=0

where ¢ := ¢}, Py :=1—§, and Pjy := (1 —G1)(1 —gq2). A straightforward computation
shows that the first term in the character (3.21) becomes

55

P

¥

> ";D*w’. (3.24)
1<w<w'<p ~ 2
The first term is precisely the bulk equivariant character. The second term should then be
interpreted as the character for the surface defect observable.

When the gauge theory contains hypermultiplets, the equivariant parameters for the

flavor symmetry group enter into the character as in the second term in (3.21). We assign
color f to those hypermultiplet masses

fiM— 7y, (3.25)

and define M, := f~1(w), w € Z,. Then we also modify the masses a bit by

_ My, w=0
M,={"" ¥ , (3.26)
q117 wa: wzlvp_l

and define M = ZZ;B M,. A straightforward computation shows that the second term in
the character (3.21) becomes

MS* M, S},

>

— (3.27)
P12 1<w<w'<p 2*

The first term is precisely the matter contribution to the bulk equivariant character. Thus,
the second term should be interpreted as the character for the surface defect observable.
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All in all, the partition function can be re-expressed as

SS*  MS*
W PP = 37 M0,  f[AJE l— = ] (3.28)
A 12 12
where the surface defect observable is
§w/ - Mw/ g*//
OgeplAl = > ] #be"™E > ( Jex ) ~ (3.29)
Aep—1(A) wEZ, 1<w/<w” <p 2

It was shown in that the surface defect observable can be viewed as the partition function
of the gauged linear sigma model on the zo-plane and its coupling to the bulk gauge theory.
The choice of coloring function ¢ corresponds to the choice of the vacuum of this gauged
linear sigma model.

3.1.2 Vortex string

We start from the superconformal As-quiver gauge theory. The instanton partition function
of this theory can be written as

Za, =Y [ * BTN, (3.30)
A i=1,2

where the character Ty, is

Tay = Y (VK + qiaN{ K; — PioKGKy) — NoK — 12 N3 K>
i=1,2 (3.31)
— .Z\[lf(%< — qlgNQ*Kl + P12K1K§,

and the 2N-tuple of Young diagrams A = ()\(1), )\(2)) enumerate fixed points of the in-
stanton moduli space with respect to the global symmetry group.
We partially higgs the gauge group down to U(N). The partial higgsing is initiated
by the constraints
al,a = A0, — 504761, (3.32)

where we made a choice v € {1,---, N}. These constraints make N hypermultiplets nearly
massless (exactly massless in the flat spacetime e; = 0). The massless hypermultiplet
scalars may develop expectation values, higgsing the first U(N) gauge node. Due to the
e1-mistach in the constraint, the U(1) gauge group is restored along a codimension-two
plane (z2-plane) where the gauge field configuration is squeezed into a vortex. The net
result is the U(N) gauge theory with 2N hypermultiplets, coupled to a two-dimensional
linear sigma model on the zo-plane. The choice of v € {1,--- , N} passes to the choice of
the vacuum of this gauged linear sigma model. Hence we generate a surface defect coupled
to the bulk gauge theory in this sense.

At the level of the fixed points of the instanton moduli space, the N-tuple of Young
diagrams A is restricted by the constraints (3.32) as

A7)

)\(1): @,...’@7D:IZI:" @, 0|, k;eZZO, (3.33)
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In terms of the vector space K7, this implies

1—gb
1—q’

with pu = ePlaoy=¢1)  The character Ta, simplifies accordingly, and we can split it into the
bulk and the surface defect contributions. The net result is

\I/L non-pert __ Z q\)\\o [7;11 [ H _ <O§ﬁ> Zglft’ (3.35)

where Ty, is the character for the U(NV) gauge theory with 2N hypermultiplets
7:41 :NK*+Q12N*K—P12KK* — NoK* —qlgNgK, (336)

and the surface defect observable (‘)%7 - is

Z Zﬁk H yQ aO,’y + lEZ) [)‘] H w (337)
k=0

Poaoy +1e2)  “o0,) a0y —co

In the decoupling limit g — 0, the surface defect observable reduces to the partition function
of the gauged linear sigma model on the zo-plane. When the gauge coupling is turned on,
the non-trivial coupling between the degrees of freedom on the bulk and the surface defect
start to contribute to the partition function, through the Y-observable in the numerator.
Note that the convergence domain for this partition function is 0 < |gq] < 1 < |z|.

We can similarly engineer the gauge theory coupled to the vortex string surface defect
whose partition function converges in the domain 0 < |z| < |q| < 1. We start from the
Ag-quiver gauge theory again. This time, we impose different constraints:

a2, = 3,0 — € — 50[761, (338)
with a choice v € {1,---,N}. The gauge group is partially higgsed as earlier, leaving
the U(N) gauge theory with 2N hypermultiplets coupled to a vortex string surface defect.

Then, for the reasons to be clarified later, we would like to make the following re-definitions

ag,a — —QA0,a — €
a1,q — —01 ., a=1,---,N. (3.39)

a3, —> —A3q + 2e

The partition function can be written as

\Ianon pert _ quE [T, [N] i <Z>k ﬁ Y (—asy +leo) [A] H —a3y — €1 — C/D.

=0 \9/ 5 Pi(—a3 + 2¢ + le2) Oox 03— A
(3.40)
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Here, we defined

Ta N = [NK* + q2N"K = PuKK* = NoK* — g1, N3 K|

a——a y
ap——apg—¢
az——asz+2¢e
C/D : CD‘aa7a7
N
Py(x) == [[ (= + as.a — 2e),

a=1

9'(z) = Y(@)|as_a-

3.2 Construction of intersecting surface defects

(3.41)

In this section, we construct N = 2 gauge theory with intersecting half-BPS surface de-
fects. The surface defects would be lying on the zj-plane and z9-plane, so that they are
intersecting with each other at the origin. Due to the presence of mutually intersecting
defects, most of the N = 2 supersymmetry is broken but we still have the scalar super-
charge preserved. Then, since U(1)?2 € SO(4) isometry is still preserved, we can turn on
the Q-background with respect to them. The partition function of the gauge theory in the
presence of the intersecting defects is a path-integral which localizes onto the fixed points
of this Q-deformed supercharge. This partition function can also be understood as the
two-point function of the two surface defect observables.

The configuration of intersecting surface defects were analyzed as a 4d/2d/0d coupled
system in [61, 62]. In particular, their partition functions were conjecturally identified with
the Liouville correlation functions with in the presence of arbitrary degenerate fields [61],
in the context of [1]. We may regard our analysis as giving a proof of this statement to
relevant cases by using non-perturbative Dyson-Schwinger equations (see section 5.1).

We would like to stress that the idea of using intersecting surface defects to construct
solutions to KZ or BPZ type differential equations can be implemented in more general
settings. In [63], the folded instanton configuration is considered on top of the Zy regular
orbifold surface defect, which allows a concrete connection between the gauge theory, WZW
models, and spin chain systems.

We provide a specific construction of such intersecting surface defects, which resembles
the construction of a single surface defect by a partial Higging that we have seen in the
last section. Here, we start from the linear As-quiver gauge theory. The partition function
of the Ag-quiver gauge theory is written as

(O]
=3 11 & BT, (3.42)
A i=1,2.3
where the character 74, is given by
Tas = Y (NK{ + qaNi{ K; — PoKiK{) — NoK{ — q1aN; K3
i=1,2,3 (3.43)
— N1K35 — qiaNy K1 + Pio K1 K5 — N2 K3 — qiaN3 Ko + Pra Ko K3
Let us initiate partial Higging for the first and the third gauge nodes by setting

1,0 = 00,0 — Oa,hE1 (3.44)
a3, = Q4,00 — € — 5a,l527
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Yy

for some chosen h,l € {1,--- N}, and define g2 = q, q1 = =, and q3 = G Then almost

z 7
all the Young diagrams in A become empty except a single-row A1) while almost all
the Young diagrams in A®) also become empty except a single-column A3, We have the

following simplified expressions accordingly,

1_qk1 1_qk’3
Klzﬂliqéa K3:’”‘/1fqll’ (3.45)

where we defined p = e®h = ¢®0:h 71 and p/ = e3¢ = e%.!7¢"%2, Then the character (3.43)

simplifies to
Tas = NoK3 + 12Ny Ko — Pia KoKy — NoKj — q3 N Ko
+ 1Pigs Ki + oK1 (N7 — S5) — pPL K3 (3.46)
+ 1/ Pogi? K3+ qiaK3 (N5 — ¢35 S3) — o~ Py 'K

Note that the first line is precisely the character for the Ai-quiver gauge theory, namely, the
U(N) gauge theory with 2N fundamental hypermultiplets (with some shifts in the masses
that we will be more precise soon):

Ta, = NoK5 4+ q1aN3 Ko — Pio Ko Kj — NoKj — ¢ Nj K. (3.47)

The second line and the third line can be interpreted as the surface defect observables
lying on zo-plane and zi-plane, respectively. Accordingly, the partition function becomes
the two-point function of these two observables in the Aj-quiver gauge theory,

0 1<|z 0 1<|z 0 1<|z
Tl;|y|<\lﬂ< <|z| — quklolj|y\<\fﬂ P‘] Oz,ﬁ \ [)\]E [TAl P‘H — <Olj|y‘<|q|o2jz| ‘>ZA1,

(3.48)
whose convergence domain is 0 < |y| < |q| < 1 < |z|. Here we have defined the instanton
partition function for the Aj-quiver gauge theory

=Y dNE[T4, (AT, (3.49)
A
and the surface defect observables

0(1)7|y|<‘q‘ A = i (y) ﬁ a4l 2e +meq) [A] H as) —2e —e3 —

— q a4l+m€1) asg] — 2 — cO
k3= Oex )
2= © (3.50)
1<|z Z H ao h 4 mea) [A] I ap,, — €1 — €O
=0 mo1 Polaon +me2) =55 aon —co
In the zero bulk instanton sector, |)\(2)\ = 0, Ys-observable simplifies to a polynomial

Yo(x) = [T4_ (= — az.4). Then the surface defect observables O; and O, reduce to general-
ized hypergeometric functions, which are partition functions of the two-dimensional gauged
linear sigma model on the Hom(O(—1),C")-bundle over PY~! whose Kihler modulus is
q1 and g3, respectively. The choice of I[,h € {1,---, N} is exactly the choice of vacua of
these two gauged linear sigma models. Therefore, the intersecting surface defect partition
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function is just the product of these two partition functions of gauged linear sigma models
lying on the z;-plane and the zo-plane. In the non-zero bulk instanton sector, we start to
get contributions from the coupling between the bulk and the two surface defects.

We can similarly construct intersecting surface defects whose partition function is given
by the series convergent in the domain 0 < |z| < |q| < 1 < |y|. We also start from the
As-quiver gauge theory (3.42), and impose the constraints

a1,a = 0,00 — 5a,l52

(3.51)
a3,q = 4,0 — € — O hE1-

These constraints initiate higging of the gauge group, leaving U(N) gauge theory with 2N
hypermultiplets coupled to intersecting vortex string surface defects. For reasons to be
clear later, we re-define the parameters as

ag,o — —A0,a — €
a2,q > —a2,q (352)
(4,0 — —Q4 + 3€.

The partition function thus defined is the intersecting surface defect partition function
T?;‘Z|<‘q‘<1<|y| lying in the domain 0 < |z| < |q] < 1 < |y|:

)

0<|z 1 1 0<|z
T[;‘ [<lal<1<]y] — Zq|)\\ollj|y‘[>\]olz7<h| |<|q|[>\]E [7;/11[)\]] 7 (353)
A

where the defect observables are

o/ 0<l=1<lalpy] — i (Z)kd ﬁ Y (—asn + e +meo) —agn+e—e1—ch
’ /(_ _ _ A
oo N4/ o5 Pi(maap +3etmer) 55 —agp e —cn (3.54)
O/1<\y|[)\] i —k1 ﬁ y/(—ao,l — & + mEl) H _a(]J — & — &9 — C/D .
= y ,
1, = o Po(—aon — € +mer) U Ry 4
where we have defined
7;/11 - [NK* + q2N"K — PoKK* — NoK* — Q%QNZK} ag——ag—¢
a;;ij;ﬁk?)s
Py(x) = Po()|a_y—ay—e (3.55)

Py(x) = Py()]

ag——ay+3e

C/I:l = CD|a—>—a'
4 Surface defects and Hamilton-Jacobi equations for isomonodromic de-

formations

The partition functions of four-dimensional N = 2 gauge theories subject to Q2-background
have explicit dependence on gauge couplings and equivariant parameters. The partition
function manifests various correspondences which relate the gauge theory with interesting
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mathematical objects, encoded in its responses to the variations of those parameters. Such
analytic properties of the partition functions can be extracted by using a special class
of chiral observables, called the gg-characters [20-22]. The crucial property of the gg-
characters is the regularity of their vacuum expectation values, which encode non-trivial
chiral ring relations in the presence of Q-background [20-22, 32].

In the presence of half-BPS surface defects, the gg-characters are especially powerful
since they lead to closed differential equations satisfied by the partition functions in many
cases [23, 24, 31], which can be regarded as double quantization of the chiral ring relation
of the coupled system. In this section, we discuss such differential equations satisfied by the
surface defect partition functions. The NS limit of the differential equation reveals that the
asymptotics of the surface defect partition function is the Hamilton-Jacobi potential for the
isomonodromic flow. Moreover, we verify that the very asymptotics of the surface defect
partition function can also be viewed as the generating function of the Riemann-Hilbert

map.

4.1 Non-perturbative Dyson-Schwinger equations

We state the non-perturbative Dyson-Schwinger equations satisfied by the partition func-
tions of the N = 2 U(2) gauge theory with four fundamental hypermultiplets in the presence
of the half-BPS surface defects introduced in the previous section. From these equations
it can be verified that the partition function satisfies a differential equation in gauge cou-
plings. We do not reproduce the derivation here, but only state the result.

4.1.1 Orbifold

Let us consider the U(NN) gauge theory with matter multiplets on the Z,-orbifold, intro-
duced in section 3.1.1. The fundamental gg-characters of this theory are

Xo(x) = Yorr (x4 €) + (—1)|Nw|+quw§“g;, w € Zy, (4.1)

where P,(z) = [l;cf-1()(® — m;). The non-perturbative Dyson-Schwinger equations are
constraints following from the regularity of their expectation values:

0=[o7") (Xul2)), wEZyn>1. (4.2)

Our main example is the U(2) gauge theory with four hypermultiplets on the Zs-
orbifold, for which the color functions are chosen as

0_1(0) =7 6_1(1> =7
M, = Z P w € Zs. (4.3)
i=1,2
Then we have two fundamental gg-characters:
q Py(z)
2 Jo(x)

1(z) = Yoz +2) 58

Xo(z) =Y1(z+¢) —

(4.4)
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The non-perturbative Dyson-Schwinger equations for them imply that the partition func-
tion annihilates a differential operator in gauge couplings. We do not reproduce the deriva-
tion, but only state the result. First, for notation convenience let us get rid of all the tilde
above the equivariant parameters, and re-define the hypermultiplet masses (m f);lczl as

m;=m—;, ma4i; = My 4, 1= 1, 2. (45)
Then we define
~ —aytazter |« (ay—az)? L <
T = om0 e ot et
vy

(4.6)
% (1 _ q)*%(90+9q+91+9m)(90+9q+917900)*29079‘1*91*26721quQ,non—pert’
v

where we have used the dimensionless #-parameters (2.6) for the hypermultiplet masses.
We have used the notation 5 € {1,2}\ {8}. Then the non-perturbative Dyson-Schwinger
equation (4.2) implies that the modified partition function satisfies the following differential
equation

. 290 20q 201 q(q — 1) g
0= { 8 6162(2 +z—q+z—1>82+€162z(z—q)(z—1)8q

2
€1 2 _ f2 4.7
+z(z—q)(z—1){Z<90+9“+91+0“+251> <00+9q+91 000+2€1> (4.7)

+— (00+ )}:l {I}ZQ<a7m7€1762;qu)'
1z 481

Note that the solutions ¥%2(a, m, e, €2; 4, z) lie in the domain 0 < |q| < |2| < 1.

4.1.2 Vortex string

Let us consider the As-quiver gauge theory. The fundamental gg-characters of this theory
are

X1(2) = 1 (o + ) + gy 222 L?(ﬂg+€>+qlq290(x;iig+e)
" ala (4.8)
Yel) =Halat o) b as = 232?&;) )+Q1Q2g0(aj‘j12%’(€)+g).

The non-perturbative Dyson-Schwinger equations are the regularity conditions for their
expectation values:
0=[z7"] <3Ci(:c)>, i=1,2, n>1. (4.9)

Now we partially higgs the gauge group by imposing the constraints
a1,a0 = 0,00 — 504’\/51- (410)

As we have seen in section 3.1.2, the resulting theory is the U(2) gauge theory with four fun-
damental hypermultiplets coupled to a vortex string surface defect. The non-perturbative
Dyson-Schwinger equations (4.9) imply that the partition function of this theory satisfies
a differential equation in gauge couplings. We do not reproduce the derivation here, but
only state the result. First, let us re-define the hypermultiplet masses as

Mo = 0,0, M2pq = 03,0 —&, «a=1,2, (4.11)
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so that we have the masses (m f);’;zl for four fundamentals. We also modify the partition
function by

. —m~y+mz+teg = _ 2
L — ot (B0 +04+01) (1 B 271)291 5Tl q—%ﬂ—;(0o+6q)2’+90+9q—4%21
v

(4.12)

—ZL(0p+04+014+000) (B0 +0q+01 —000 ) —200 —0q —61 — 2 -
X(l—q) 62(0 q+01+000)(00+0q+01—00) 0—0q—01 261\I/’Iyz,n0npert

)

where we have used the dimensionless f-parameters (2.6). Then the modified partition
function satisfies

qg(g—-1) 0

20 20 20
_ 292 <vo q 1 v
0= [5282 €1E9 ( . + — + >8Z+€1€2z(z—q)(z—1)6q
2

51 62 62
8 40,4040+ 2 (040, 40y — O+ =2 (413
TG Bttt bt bt 2 ) (B0t bt b0t 2 ) (413)

3 g =~
+22 (90 + 2) H Ul(a,m,eq,62;0,2).
€12 4eq

z—q z—1

Note that the solutions UF(a, m, e, €2; q, 2) lie in the domain 0 < |q] < 1 < |z|.
Similarly, we can start from the As-quiver gauge theory with the constraints

a2 = 3,0 — € — 5&7517 (414)

and make the re-definition

Ao, — —A0,a — €
A0 — —A1a a=1,2. (4.15)

a3, —> —a3 . + 2¢e

Then we make a shift in Coulomb moduli and modify the partition function by

Uf(a+d,e1) (4.16)
My427MY+2 | €1 1 2
- +——bo+3 (ay,y—ay 5+e1) 2
_ (Z) 25 =072 (1_2)201%+1q—%+%(00+%+5) +00+04+5— 2
q

% (1 _q)*%((90+9q+91+900)(90+9q+9179m)+29q+201+1)7290*39q*391*3*%\Ijrly{,non—pert (a_‘_(spygl)’
where 0, = (a,),_1o- The modified partition function can be shown to satisfy the
differential equation (4.13). Note that the solutions \Tl,}f produced in this way are in the
domain 0 < |z| < |q] < 1.

4.2 Hamilton-Jacobi equation for Painlevé VI

The non-perturbative Dyson-Schwinger equations simplify in some limits in the space of pa-
rameters. In particular, for our study of isomonodromic deformations, we consider asymp-
totics of the surface defect expectation value in the NS limit e5 — 0, as well as the limit
of the differential equation it obeys. The result is the Hamilton-Jacobi formulation of the
isomonodromic problem, as we recall now. Note that this observation was originally made
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in [12], albeit in the context of the Liouville conformal field theory which is related to
our discussion through the identification of gauge theory partition functions and Liouville
conformal blocks [1]. We emphasize that the non-perturbative Dyson-Schwinger equation
allows us to re-establish the result of [12] in purely gauge theoretical context, without
resorting to the CFT arguments (see also [25]).

We have shown that the surface defect partition function satisfies

260 20 20, qq—1) 0
[622 s1ez 7 +,z—q—i_z—l +€1622(z—q)(z—1)8q
2
€1 €2 €2
L (G400 O+ 2 ) (G4 O+ 0 — O+ 2 ) (417
+Z(2_q)(z_1){z<o+q+1+ +2€1)<o+q+1 +2€1) (4.17)

€2 9 ~
+€17 (90 + 451) }:| \If,y(a7 m,eq,€2;(, Z)

In the NS limit 5 — 0, the partition function shows the following asymptotic behavior®

¥ (a,m e e0q.2) = exp (25, (a,mo e, )+ 0(1) ) (4.18)
£2

There is a choice of the vacuum v € {1, 2} of the gauged linear sigma model on the zo-plane,
which yield inequivalent asymptotics S’V,y. The analysis below on the asymptotics S applies
for both choices of 7, so we omit the subscript from now on and consider the availability of
two choices is always understood. Note that S is dimensionless, so that we can also write
§(a7 m,ei;q,2) = 5(04,0; q,2) by using the dimensionless parameters (2.6). The crucial
observation made in [12] is that when the limit €2 — 0 is applied to (4.17) it reduces to
the Hamilton-Jacobi equation for Painlevé VI

oS a5
+ v, e
H (z, e q) + . 0, (4.19)

where the Hamiltonian is given by

H (2 )_z(z—q)(z—l) ( 200 20 26, )
+2(90+9q+91+900)(90+9q+91—(900) ’

q(q — 1)
It is crucial to note that even though the equation of motion for this Hamiltonian implies
z(q) obeys Painlevé VI, it is not exactly w(q) that we have seen in section 2.1. By directly
comparing their Hamiltonians H " (2, p; q) (2.3) and H(w, pw;q) (4.20), we notice that there
is following half-integer shift in #-parameters from w(q) to z(q),

1
0y — 04+ =

2 (4.21)
Oso — O — 3

SHere, we assume that the Coulomb moduli is generic. It would be interesting to study special locus of
Coulomb moduli for which the surface defect partition function splits into parts, each of which defines a
twisted superpotential as its asymptotics [31], in its correspondence to the Riemann-Hilbert problem.
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This simple shift will actually play an important role in section 7.2 in deriving the GIL
relation and exactly identifying the monodromies of the associated Fuchsian system in
terms of the o and 3 parameters.

4.3 Generating function of Riemann-Hilbert symplectomorphism

In the previous section, we have seen that the asymptotics S (a, 0, z; q) of the surface defect
partition function in the NS limit €5 — 0 is identified with the Hamilton-Jacobi potential
for the Painlevé VI. In this section, we will verify that S(c, 6, z; q) can also be viewed as the
generating function of the Riemann-Hilbert map, which is a symplectomorphism from the
moduli space of s[(2) Fuchsian system on a Riemann surface to the space of representations
of its fundamental group into SL(2) given by the monodromies.

We define the Riemann-Hilbert map

1 1 1 1
RH: &, (eo,eq + 501,000 — 2) — M <9079q + 5001000 = 2) (4.22)
(Z,p) — (Oé,,B)
by ~ ~
oS 5
p=2 =% (4.23)

The first equation implicitly determines « in terms of z and p, and then the second equation
determines 3 in terms of z and p. We can show that (o, 3) provides a local coordinate
system on the monodromy space M, (90,0q + %,91,900 — %) as follows. By taking the
g-derivatives of these equations, we get

dp(a) (008 N 928 dz(a) | 825 da
dg  \0zd0q)| 022| dq dadz| . dq
z=2(q) #=2(q) z=2(q) (4.24)
__9HT(zpi9) %S da '
N 0z z=2(q) Oadz| @ dq’
p=p(q) e
and
g ( ) a§> 928 dz(q) = 9%8 da
Rl — ot
dq Oa Oq =2(a) 9adz| __ 2 dq Oa e=2(q) dq
- _ (4.25)
_ 95 _OH*(2,p59) d() | , 5| da
 0adz . Op z=2(q) dq da? . dq
==(4) p=p(q) z=2(q)

These two equations imply a and ( are constants if and only if (z(q),p(q)) is a solu-
tion to the Hamiltonian equations of motion, namely, an isomonodromic flow. There-
fore, (a, ) indeed parametrizes the monodromies of the s[(2) Fuchsian system on the
four-punctured sphere, and forms a local coordinate system on the monodromy space

My (90,9q + %,91,000 — %) Also it is straightforward to show that the map defined in

this way preserves the symplectic structure. In this sense, S is the generating function of
the Riemann-Hilbert map (4.22).
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It is not clear yet whether o and [ are precisely the NRS coordinates on
M, (90, Oq + %, 01,000 — %), which parametrize the trace invariants of the monodromies by

Tr M4 = —2cos 2w« (4.26)

and

(— cos 2mb + cos 21l ) (cos 2y — cos 2mly)

Tr MB = )
2sin® Ta
(€08 2700 + cos 2761 (cos 26y + cos 2mly)

B 2 cos? Tov (4.27)

N Z4H6:i sin7(Fa — 04 + 6290) sinm(Fa — 01 + ) B
T sin“ 27w

Be aware of the half-integer shifts in the #-parameters compared to (2.40) and (2.41).
To verify that a = % and 8 = % are indeed the NRS Darboux coordinates, we need an
explicit construction of the flat section of the Fuchsian system in the gauge theory context,

from which we can compute the monodromies along the loops in m (P!\ {0,q,1,00}) and

express them in terms of o = % and S = g—i. We will perform such a construction in the

next section.

5 Intersecting surface defects and monodromy data

Recall that our goal is to describe the isomonodromic tau function in gauge theoretical
language. Being the constants of isomonodromic deformations, the monodromy data of
the Fuchsian system explicitly appear in the expression of the tau function. Hence, it is
important to know how such monodromy data are encoded in gauge theoretical terms.

In turn, we first need to construct the horizontal section of the Fuchsian system, as
well as the Hamilton-Jacobi action of the previous section, in gauge theoretical terms. The
relevant gauge theory setting turns out to be the intersecting surface defects that we have
constructed in section 3.2.

In this section, we study the non-perturbative Dyson-Schwinger equations for the in-
tersecting surface defect partition function and their implications. In particular, it is shown
that the partition function satisfies a differential equation which reduces to the Fuchsian
differential equation associated to the Fuchsian system in the NS limit €9 — 0. Next, we
study how the intersecting surface defects partition functions analytically continue to each
other. The monodromy data of the Fuchsian system are finally obtained in gauge theoret-
ical terms by concaternating such analytic continuations and taking the limit €5 — 0.

5.1 Intersecting surface defects and non-perturbative Dyson-Schwinger equa-
tions

Recall that we constructed the intersecting surface defects by starting from the As-quiver
gauge theory and then partially Higgsing the gauge group. The fundamental gg-characters
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for the As-quiver gauge theory read as follows:

x1($)=91(x+5)+q1W+q1q2W_i_qlqzng
Xa(x) 292(a:+€)+CI2W+CI1CI2%(x312y_3S+8) +q2q3y1($;§4(1;5)5+5)
Yo(z —e)Y2(z)Ya(z +e) Yo(z —e)Ys(z+e)
B L S iy ot T +919303 Yolr o) (5.1)
X3 () 293($+€)+Q3W+CIQCI3H1(xy_22%g+8) +q1q2q3g0($y_1(2;)_‘d;g+5),

The non-perturbative Dyson-Schwinger equations follow from the regularity of their expec-
tation values. More precisely, we have

[27"] <3Ci(x)> —0, i=1,2,3, n>1. (5.2)

Now to construct the intersecting surface defects, we specialize some of the Coulomb moduli
in the As-quiver gauge theory to initiate partial higging, as we have seen in section 3.2,

a1,0 = 0,0 — O, hE1
b b 3 (5‘3)
a3, = Q4,0 — € — 6a,l52-

We have seen that these constraints partially higgs the gauge group and produce intersect-
ing surface defects coupled to the bulk U(2) gauge theory with four hypermultiplets. The
intersecting surface defect partition function T?;'yqukklzl (3.48) obtained in this way
converges in the domain 0 < |y| < |q| < 1 < |2|. Now with these constraints imposed, we

have simplified Y-observables,

T —agp +e1— kg2
T — ag,p — k1€2

Ys(x) = Ya(z +¢)

Y1(z) = Yo(z)

xr — a37l — k3€1 (54)

T —as) —&2— k3€1.

Substituting these to the fundamental gg-characters (5.1), we can obtain non-trivial iden-
tities satisfied by the partition function from the non-perturbative Dyson-Schwinger equa-
tions (5.2). More precisely, the intersecting partition function is a particular specialization
of the case considered in [23, 24, 31|, where it was proven that the surface defect partition
function solves the null-vector decoupling equation for the corresponding degenerate Liou-
ville conformal block [53]. This differential equation was investigated in the conformal field
theory point of view in [33], but it is important not to resort to any CFT argument in our
approach. We do not reproduce the derivation here, only the result is stated.

First, let us re-define the intersecting surface defect partition function with the follow-
ing perturbative prefactors:

3 T,
F0<|y|<|al<1<|z| _ L; Zi\ Y Ar0<|yl<lal<1<]2|
Yon =1I=" II (1-2 Th , (5.5)

=0  0<i<j<3 Zi
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where 20 = 2, 21 = 1, 29 = q, 23 = ¥y, and

(@it11 —aiv1,2)* — (a1 —a;2)? . (@; — @iy 1+€)(@; —air1)

L;= . i=0,1,2,3
48162 £1€2
28~ 841 +2) (@~ ) >0
a;—a; e)(a; — a; ,
T;==1— L2 ij=01,2,3.
€1€2
With the higgsing constraint (5.3), the prefactors simply so we can write
—a0,ntag pt2e1+e2 %l;iw e2—(ag1-a2.2)% | 2¢1 43¢y
T?;\y|<|q|<1<\z|zz2’s—2 (y) = —Ag—Aq+ 2l taal 2 (5.7)
’ q

2ag—2ag9+eq+2e9 2ag—2ayg+4eq1+5e9

1
—— — -3 —2ag+2ag+e
X<1—1> 269 (1_q> 2e9 (1_y> 2(1_y) 02512 1
z z z

—2a9+2ay—2e1—3e9

(2ag—2ag—eq)(2a9—2a4+4e7 +5e9) <
(1—q) e (1_y> 1 pO<lyi<lal<1<l]
q K
Here, we used the notation a; = % and also defined
A S (ma—aa)® o e? = (ag1 —agp)’
0 46182 ’ o 46152
A (2ag — 2a4 + 221 + 322)(2a2 — 2a4 + 4e1 + 5e2)
Ay — (2@0 — 2a9 — 61)(2&0 —2a9 +e1+ 262)
! 45152
__1_3e __1_ 3=
L= 2 461 ’ H 2 452
Then the modified partition function ??Z|y|<‘q‘<1<|z‘ satisfies the following differential equa-

tions

P > q(a—1) yly—1)
0—[5182 <Z+Z_1 8Z+Z(Z_q)(z_l)anrZ(Z_y)(z_l)ay+ (5.9a)
Aoo —Bo—Ag— A1 — AL — Ay

z(z—1)
+ % - (= qu)2 * (2 fl1)2 " (2 fLy)Q] T[)’<|y‘<|q|<1<|Z|’ (590
= [285 N <; Ty i 1) Ot y(yq—(qq)_(yl)— nht y(yz—(ZZ)_(yl)— ot
Ay — Ag — ﬁ(qy—_Al; —Ap— Ay (5.9¢)
- ?20 * (y éq01)2 + (y éll)Z + (yA—i)z} To,<|y|<‘q‘<1<|z“ (5:9d)

In accordance with the correspondence proposed in [1] these equations are precisely the
BPZ equations [53] satisfied by the Liouville conformal block with the insertion of two
degenerate fields at y and z. Since we are not resorting to any CFT argument throughout
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the paper, we shall not describe here the CFT context of these equations in detail. Note
that the equations do not have explicit dependence on the choice of intersecting surface
defects [ and h, so that we have four solutions in total for each [, h € {1,2}.

Next, let us consider the other extremal domain, 0 < |z| < [q] < 1 < |y|. As we
have seen in section 3.2, we construct the intersecting surface defect partition function
T?Z‘Z|<‘q‘<1<|y| in this domain by the higgsing

)

a1, = 0,00 — 5a,l52

(5.10)
a3, = 4,0 — € — O hE1,
followed by the re-definition of parameters,
ap,q — —Q0,q — €
2,0 —> —A2,0 (5.11)

(4,0 — —A4a + €.

Then the regularity of the expectation values of the gg-characters (5.1) implies the following
differential equation

1 1 al@—1) yly—1)
_ 292 _ : _yw=1
0= |02 —eiea (S =) 0 R CE R F ey e
N &-i- A N A} N Aj +Aoo_AO_A{q_A,1_AL_AH
B = PR R G VR PR (= 1)
% nglz|<|q|<1<\y|’ (5.12a)
1 1 q(q—1) z(z—1)
0= 202 —e1e9 ( + ) Oy + €162 Oy + €162 .
Hy y y—1)" yly—a)(y—1)" y(y —2)(y —1)
beres 204 2 + A1 A +A°°_AO_A£'_A/1_AL_AH
1€2 | —5
v (y—a9)? (y-1? (y—2)? y(y —1)
% T?;IZI<|q|<1<\y|’ (5.12b)
satisfied by the modified partition function
ag | —an 7+e1+2e M 2 (a6 1—a 2 5 .
FOSel<lal<ichl _ (:) I I e AT
—2ag+2ag—eg —2ag+23a4—3e] —4eg

[N

v (1_1>251<1_q>251<1_2>_ (1_2/)%
Yy Yy Yy

B _ B _ 2a9—2ay+3e1+4eg
(—2ag+2a9—2e1 —3e9)(—2ag9+2ay—e1 —2e9) ( P W

X (1 — q) PETED

q

)

0 1
pO<lel<lal<1<ly

where we defined

A (2ag — 2a4 + €1 + 2e2)(2a2 — 2a4 + 31 + 4e3)
a 45162)
_ _ _ , (5.14)
A (2ag — 2a9 + €2)(2a¢ — 2as + 21 + 3e3)
1=- .

45162
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Note that the parameters (5.8) become identical to (5.14) after the shift of the Coulomb
moduli,

ag.aq — A2,0 — 5a,l52 - 6a,h51- (515)

Hence, the differential equations (5.9) become (5.12) after this shift. The intersecting
surface defect partition functions T?’;‘yqulddzl and T?Z|Z|<|q|<1<‘y| define solutions to

these equations in the respective domain, up to this shift of the Coulomb moduli.

5.2 Hamilton-Jacobi equation and Fuchsian differential equation

In the previous section, we expressed the differential equations satisfied by the intersecting
surface defect partition functions in the form of the BPZ equation for the corresponding
degenerate Liouville conformal block. For the purpose of the present work, however, it is
useful to properly re-define the partition function with extra multiplicative prefactor and re-
write the differential equations accordingly. In particular, we show in this section that the
NS limit €2 — 0 of those differential equations provide the Hamilton-Jacobi equation and
the Fuchsian differential equation associated to the isomonodromy problem in section 2.
We modify the intersecting surface defect partition function to set these equations into
the form that we prefer. We emphasize that the modification is non-essential and merely
conventional.

We modify the partition function by the following re-definition,

Tl,h(a27a07a47€1762;q7Zay)

1
_ —1)\2 _1-242te _2ag—2ap—¢e; _3470dp72%
— <y(yq)(y)> z 2e9 (]_—Z) 2e9 (qu) €2

y—=z
*2(a4,1*a4,2)(ﬁ4*52*251*52)+261(64*52*26)*63
X q de1e9
2(04,1—52—25)2-*-(00,2—52)(&4,1—a4,2)+(ao,1—52)(2a0,2—252+a4,1—a4,2)+261(714—f12—2€)
x(1-q)
2(2&04»2(14,17&47274&2726)761 +2
X (1 — q) 2e1 €1
XTl,h(a27a07a4751)€2;quz7y)' (516)

Also, let us re-define the hypermultiplet masses so that they only appear as fundamentals:

Ma 1= A0y, Mat2 = Q4o — 26, a=1,2, (5.17)

while we omit the subscript of the Coulomb moduli:

Qg = 02,4, a=1,2. (5.18)
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Then the differential equations (5.9) are modified accordingly:

2 2 2 2 0y +1i+ 2
0= (202 — [ e1e9 <9°+ by + o1 )— 2 o, +51527§51
z z—q z—1 y—2z (z—q)
y(y—1) b  bo+3 O q(q—1) 0 bg+3
‘e |yt —F+—FF—— | Faee— | i~
122(z—y)(z—1)<y y y—a y-1) Tez-q)z-1)\d1 y—q
T 00,401 10n) (0040461 — 0 )+<29 40,420 1)
z(z—q)(z—l) Z(bo q 1 oo) (V0 q 1 1 0 1 5
3&2 qsg( 62) ~
as2 20 : 1
4812"1'261 00+4€1 (a,m,sl,ez,q,z,y) (5 9)
and
11 1 1 e/1 1
= |ej0; +e1 ( +—t—- —<+>)6
! "Ny 'y—q y-1 y—2 e\y y-1/)7"
52 1 2 52
o ()
2 (y—q)2
2 2
0r(01+2) 0% —03—(04+5) —02—{+2(B-1)+55
+ + 1
(y—1)? y(y—1)
Z(Z—l) €9 90 9q+% 91
422 T (2,22 5.20
1y(y—Z)(y—l)< z z—q z-—1 (5.20)
e q(q—1) g2 0 Og+3
S~ -
y(y—a)(y—1)\e1dq  z—q

 0y+5—20085—a((Go+61 (9 +000+1)(0g— 00 +1))

)?
q(
1
2

q(g—
-+ (200+ 201+ — ) | -
€2 +3C|
+—= T(a,m,e1,e2;9,2,9),
el q(q—1) 4q(q 1))] (B.m.E1,6230,7.)

where we have used the dimensionless #-parameters (2.6).

Now, let us consider the NS limit €2 — 0 of these equations. The asymptotics of the
partition function is governed by the twisted superpotential §h, which received contribution
only from the defect on the zo-plane, while the regular part x; gets contribution only from
the defect on the z;-plane. Here, [, h € {1,2} enumerates the choices of the surface defects
on the z;-plane and the zo-plane, respectively. More explicitly, we can write

~ 8 ~
Tl,h(a> m,eq,€2;4, 2, y) = exp (E;Sh(aa m,e;q, Z)) (Xl(aa m,eq;q, y) + 0(62)) . (521)

Note that the presence of the additional surface defect on the zi-plane does not affect the
singular part S(a,m,e;;q, 2), so that it is identical to the one (4.18) which appears in the
asymptotics of the partition function with a single surface defect on the zs-plane. However,
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the regular part is affected by the presence of the additional defect on the zi-plane and
provides a non-trivial function x(a, m,e1;q,y).

Taking the NS limit £2 — 0 to (5.19), we recover the Hamilton-Jacobi equation (4.19)
that we have seen in section 4.2,

oS oS
+ . ge
H (z, e ) =+ . 0, (5.22)

where the Hamiltonian is given by

" .._dz—®@—1>( _ 2 26 %1>
H*(z,p;q) = E A T RS (5.23)
—%d%+9m+ﬁ+ﬁmﬂ%+ﬂf+%_0“> |

q(qg —1)

This is precisely the Painlevé VI Hamiltonian (4.20) that we obtained in section 4.2 from
a single surface defect on the zo-plane. We emphasize again that this Hamiltonian defines
an isomonodromic flow z(q) which is different from the isomonodromic flow w(q) defined
by H(w,pyw;q) in (2.39), since there is the half-integer shift (5.60) in #-parameters in
H™(z,p;q) compared to H(w,py;q).

On the other hand, by taking the NS limit 9 — 0 to (5.20) we get

o=+ (st
vy Ty—q T y—1 y—2)%
2 2
I R S S Rt
v (y—a9)?  (y—1)? y(y — 1)
z(z—1) 9S by b3+3 O .
yy—2)y-1)\dz z z-q =2-1
__a@=1) _ 95 _Oy+3
y(y—a)(y—1) 99  z—q
P e égq —-i)q A ) X(y),
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or, recalling that p = 22 and H* (z, %; q) = 95

0z 99
[ Gttt
[y y y—q y-1 y—z)%
2 2
_%_(9q+%) B 6? _920—0(2)_(9‘]_,_%) _9%_%
v y-a? (y-1)7? y(y—1)
2(2_1) fo Hq—i—% 0,
e S 5.25
y(y_z)(y_1)< z z—q z2-1 (5.25)
qa(a —1) N 1
B H™ (2, p;
y(y—CI)(y—l)< (2pia) =

N 0q + 5 — 26006 — q (6o +9;():"’_‘gq t b0 + 1)(6g — Oo0 + 1))>1X(y)

This Fuchsian differential equation is almost identical to (2.38), which we directly got from
the s[(2) Fuchsian system on the four-punctured sphere with the local monodromies around
the punctures fixed by the 6-parameters, but not exactly. Just as the Painlevé VI Hamil-
tonian (5.23) has shifts (5.60) in f-parameters compared to (2.39), the equations (2.38)
and (5.25) differ by the same half-integer shift in #-parameters (5.60). Hence the solutions
to these equations also define distinct monodromies along the loops in 71 (P'\ {0, q, 1, 00}).
More precisely, the monodromy data of the Fuchsian differential equation (5.25) takes its
value in M, (90, 0 + %, 01,000 — %), while the monodromy data of (2.38) takes its value in
Mq(0) = Mg (60,04, 61,0)-

5.3 Analytic continuation of the intersecting surface defects expectation value

In the previous section, we have seen that the expectation value of the intersecting surface
defects has a regular part in the NS limit €2 — 0, which solves the second-order Fuchsian
differential equation associated to the s[(2) Fuchsian system on a Riemann surface. Hence
we can obtain the monodromy of the solutions to this equation by first computing the
monodromy of the intersecting surface defect partition functions along given loops in the
fundamental group and then taking the limit 3 — 0. This is analogous to the procedure
in [11] of computing the monodromy data of opers.

The multi-valuedness of the surface defect expectation value is worth some discussion.

2miy e.g. in the domain

The “classical” monodromy, under the simple transport z — e
0<|z| <lg| <1< |y|, is due to the way we chose to normalize the surface defect operator
in the Q-background. A typical normalization in the equivariant gauged A-model on the €2-

deformed disk (or cigar) contains the factor oc 27/%

, where F is the ()-deformation parameter
corresponding to the rotational symmetry of the cigar/disk, and o is the scalar in the vector
multiplet corresponding to some gauge U(1)-symmetry, and z is the exponentiated complex
FI parameter corresponding to that symmetry. With boundary conditions at infinity (or the
boundary of the disk) selecting a specific fixed point of the global symmetry action on the

target space, the value of o becomes fixed in terms of the twisted masses — the equivariant
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parameters of that global symmetry. In terms of the non-linear sigma model data, the role
of the o is played by the value at the fixed point of the function, which completes the closed
two-form, representing the Kéhler class, to the equivariantly closed class of degree 2.

To enable the computation of monodromy we need to understand how the expectation
values of the intersecting surface defects analytically continue across the different conver-
gence domains. In the S-class theory associated with the Riemann surface € the Kéhler
moduli of the sigma models living on the surface defect belongs to € [30]. Strictly speaking,
this statement has not been derived in quantum field theory. Our analysis is probably the
best one hope for in the case of a Lagrangian S-class theory. We shall see that, indeed,
for the Aj-type theory, the Kahler moduli of the surface defects belong to the 4-punctured
sphere € = P1\{0,q,1,00}. The Riemann surface € is divided into several convergence
domains for the partition function, so that within each domain the partition function has
an instanton expansion, both in the bulk gauge coupling and in the exponentiated com-
plex FI parameters. The complexified FI parameters of both surface defects, the one on
the z1-plane and the one on the zs-plane, can be adiabatically transported along C. The
corresponding non-abelian Berry phase is what we are after.

5.3.1 Adiabatic z-transport of the z; = 0 surface defect

We start from the intersecting surface defect partition function in the domain 0 < |y| <
lqf < 1 < |z|. Here, z and y are the complexified Kéhler parameters of the effective two
dimensional sigma models on the zo-plane and the zi-plane, respectively. As we have seen
in the section 3.2, the partition function can be viewed as the two-point function of the
two surface defect observables 01 and O5. Then we can write out O to obtain

0 1
pO<lul<lal<1<

= Y P T (] 035
A

xi _kﬁr<k+1+w>r‘(l+w) Hao,h—i-keQ—cD—a
z
k=0 a:1f(1+%)r(k¢+1+%h%m)ma ag,n + kea — co
=S dME [T, A 0T (5.26)

)

i klf_vlr(k+1—xga)+w)r(1+w)

X z

k=0 a=1 F<1+%)T<k+l+w>

()

M aO,h—QQ,a—Aga)t€1+(/{:—j—|—1)52

j=1 £2
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X X X X)

az,1—ao, (1)
T LA 1

Figure 1. The contour C on the

r—a
570}1 plane

We can represent this partition function by the following contour integral,

O<lyl<lal<1<[z|
N F(1+a0h a0a)

- le(1 Jmoa-ia) (—Z)%hZq‘)"E[TAl[A]]O(l]jly‘<'q'[>\] (5.27)
o= A

- % (a) .
zr(——x SN (1A e ) NN A (1),

IT11 :

c [lagn T (142222 ) ac1jot &

where the contour C is chosen as in figure 1. The series expansion (5.26) is recovered
once we add to the contour a semicircle R closing to the right. It can be shown, for
|z| > 1, that the integral along the semicircle goes to zero as the radius goes to infinity.
Then we just pick up the residues from the simple poles on the right, recovering the series
expansion (5.26) that we started with.

Now, let us adiabatically move z while keeping y fixed to get to the domain |q| < |z| < 1.
Then it can be shown that the integral along the semicircle R_ on the left now converges
to zero, so that we can close the contour in the opposite way. Then we pick up the residues
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from the simple poles on the left to obtain

TOShI<I<I<l Z 1 )

@2,n’ —A0,y
e

a. 1—a2 o

2,h

F (7’ ) @0,h — % p!
>< H

a;téh’F(l_‘_aOh a2 o

(5.28)
0<|yl<lal<]z]<1
Tl,h’y :

)

where we defined the instanton part of the intersecting surface defect partition function in
the domain 0 < |y| < |q] < |2| < 1 by

0 Sl 0 z|<1
POIIaI<ESL _ §™ N 7, (A0S ISl A olals 1<t (5.29)

where we defined the surface defect observable

o) / k
lal<lzl<1 _ k-t (=1)
Opm =22

) F<—k+kﬁ’“)_x¥”+W) ﬁ r(%)
oth’ P () e O

A® /
Ay agp — Q25 + ()\gh ) _ k— ]) g9 — )\g-é)tsl

il

6=1j=1

- (5.30)

We can also appropriately define the modified partition function TO<|y‘<‘q‘<|z‘<1 by

FO<lyl<lal<|zl <1

)

ag 1 —ay, Z+E 9 9
—a2,htag pte — 5 e“—(ag1—a22)"  2e1+3ey
=z 2e9 <y) 1 q_AO_Aq+ deqeg + deq
q
289 —2a4+4e1 45
2ag—2ag+eq+2e9 q B aé; 214522 y —% —2ag+2ag+eq (531)
X (1—2) 2e2 1—-= 1-= (1—-y) =
z z
—2ag9+2a,y—2e1—3¢
{22020y —c1)(30p 204 +de1 +5ep) Y\ e o<lyl<lal<lel<1
X (1 _ q) 2e1e9 — a Tl,h s
so that

— Ay p/ —02
T?;\y|<|q|<l<\| Z 11 (1+a07h82ao,«,> 11 F( S ) POsul<lal<lzl<t (5 39y

= — L,h
S T(52) T (14 2ege)

€2

It is immediate that T0<‘y|<|q|<‘ z|<1

satisfied by T0<|y|<\(ﬂ<1<|z\

and (5.20). The above formula is nothing but the connection formula for the analytic

would solve differential equations in gauge couplings

. In the case of N = 2, these differential equations are (5.19)

continuation of solutions to these differential equations. Let us define the connection matrix

<Cg>))hh/ - H - (1 . aOYh;zaM) H g <a2,h;;a2’a) (5.33)

vzh T (%) i T (1 N %) ’
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where the superscript (2) indicates that it is relevant to the adiabatic flow of the surface
defect on the zs-plane. Then the above connection formula can be written simply as

N
FO0<lyl<lal<1<|z| _ 2 RO<|y|<[ql<|2[<1
o = > (cQ), T : (5.34)
h'=1

Next, we can initiate an adiabatic flow of z starting from the domain 0 < |z| < |q] <
1 < |y|. We have the intersecting surface defect partition function YO<l?I<lal<1<ly| |ying in
this domain. We may adiabatically flow z to the domain 0 < |q| < |2] < 1 < |y|. By a
procedure similar to the one described above, we get the connection formula

T?Z\ z|<|ql<1<]y| _ Z H (1+w)

a4 -~ (12 n! —€
W=1~#h T =
(a2 a—ag p ) a4,h "9 p! —¢
q z =2 0<|ql<|z|<1<][y]
- Tl,h’ )

X H ( aga a4h+e); q

ath! T

(5.35)

where the intersecting surface defect partition function in the domain 0 < |q| < |2] < 1 < |y|
is defined by

0 z|<1 1 2<1
YOI = S BT O O AL (5.36)

)

where the new surface defect observable is

00 k- k
<Jz|<1 q 1 (_1)
o=y (4 5

k=0 V7

€2

R s §  p(amey
" ﬁ ’\f_}) —azp+azs — )\5.5)%‘1 —(k—j— /\gh))EQ‘ (5.37)

We can properly modify the partition function in the domain 0 < |q| < |z| < 1 < |y| by

ag —a, 7+eq+2e %2,h % p—2€172 2_( )2
0.t~ — 2¢ e“—(ag1—a 3 2
Fo<lal<lel<1<ly| _ = 0l T /g 253 —Ap AL+ 2.1702,2)° | 321 +2c
Lh = q

Y 2eq 4eqe9 4eo

z

)

—2ag+2ag—eg —2ag+2a4—3e] —4eg 1

X (1_1>281< _q)zsl (1_,2)—2(1_2)%%3:2251%52
Yy Y y

2a9—2ay+3eq+4eg

(—2ag+2a9—2e1 —3e9)(—2ag9+2ay—e1 —2e9) 2e5
X (1 — q) 2e1e9 (1 _ q) T?Z|q|<|2|<l<|y" (538)
Z b
Then the connection formula reads
0<lal<lal<I<lyl _ N~ (@) 20<lal<lzl<1<ly]
<lz|<|qI<1<|y| _ ~0<|qI<|z <1<y
1o = > (ct?),, 1w , (5.39)

h/=1
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where we defined the connection matrix

1+M T (220" %n
(ct”),, =11 { )H (Fe2) (5.40)

v#h T (%ﬁh'a) oy T (1 4 L{;uﬁe)

5.3.2 gy-transporting the surface defect at zo = 0

0< <|q|<]z|<1 .
yl<lal<l=l<t o

domain 0 < |y| < |q] < |2] < 1 and move the complexified Ké&hler parameter y of the

Now we start from the intersecting surface defect partition function T,

effective sigma model on the z;-plane to another domain 0 < |q| < |y| < |z] < 1. We write
out the observable O; g in the partition sum as follows:

0 1
pO<lyl<lal<lzi<

= 3 BT N A
A

T ) )
XZ() al;ll P(1+‘“‘*l‘2§“””)rl(k+1+“4*l;f“)l

(@) a
( )a4l—2£—a2a+(k‘—i+1)€1—)\§ )82
X H ’ :

=1

€1

By using a similar trick of contour integral, we can find the following analytic continuation

formula

1+ G4,1—04.
(a2 v +2e a45>
()

0<pyl<lal<lzl<l _
T S0

18l
- o ) (5.42)
T ag 1 az,a) 2,1/ ay 1 +2e
% H ( qa( ¥y €1 T0<|q|<|y\<|z|<1
a4z 2e—a2 o y q U.h )
b ey
where we defined the analytically continued partition function by
T%l\q\<lyl<\z|<1 _ Zq‘)“E[TAI [)\]]o|2c[|}l<|z\<1[A]o|ﬂ|l/<|y\<1[>\]’ (5.43)

with the new surface defect observable

o _ @
Ol I<t N :g) <;)k (> >(_/-€1')k
D (k41 (A0 — 1 (x@)) 4 2 tze

) N
r (B) e

T (a2’l/+2€—(z477 )

€1
a27l/+2€—a4,ﬂ,)

k41 (A) + =

X

aF#l!

*

€1

O 4y —any + (1 (W) =k =) &1 = A

€1

(5.44)

=

1

2
Il
—
<
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We can multiply a proper prefactor to T0<|q‘<‘y|<| 2<1

0<lal<lyl<lzl <1

—a2’l+a2‘l——51 —2e9

—ag ptag jte S P E— 62*(02,1*%,2)2 2e1+3eg
=z 2e9 (q) 1 inOiACH» de1e9 + 1451
Y
2ag—2agte) +2e9 q 25272&322451%52 Y _% —2ag+2a9te; (5'45)
x (1—2) 2e2 1—— 1—-= (1—-1y) 2¢1
z z
—2a9+2a4—2e1—3e9
(2ag—2a9—e1)(2ag —2ay+4c1 +5e9) % .0 1
< (1—q) s ( _ 9 pO<lal<lyl<lel<t
y 9
so that the connection formula reads
0<y|<|gl<|2|<1 al (1) 0<g|<lyl<|z|<1
~AAO0<|y|<l|q|<|z|<1T __ AO<|q<|y|<]z|<
v = > (c”), T . (5.46)

a=1

Here, we have defined the connection matrix

("), =11 o G I R ) (5.47)

5#11“(%%3#) a;asz(lJrW‘i&)’

where the superscript (1) indicates the adiabatic flow of the surface defect on the z;-plane.

Similarly, we can start from the domain 0 < |q| < |2| < 1 < |y| and flow y to another
domain 0 < |q] < |2| < |y| < 1, as follows.

1+a06 ap,1
o<|ql<|z|<1<
Tl,h|q| |zl <1<|y| _ ZH (GOB a21,+a)
AT (5.13)
az,a— a2’l/ o ) —an e
> H F( ) (_ )%TO<|q|<\Z|<\y|<l
T “2a ap,1—¢€ vy Uh ’
al 1

where we have defined the intersecting surface defect partition function in the domain
0 <laq| <lz[ <yl <1by

0 z z
'rl;|CI|<| I<lyl<t _ quEWj‘/h [)‘]]O/|2‘l’|h<| \<1[)‘]O/\1‘1\l<\y|<1[)\]’ (5.49)

with the new surface defect observable

olal<ivi<[y) iyk_l(w) (—1)k

!
P k!

I T (k1 (AD) =1 (A7) 4 2ozt I (e tate)

g )ﬂ
ot D (f2ezeat) GO T =k (AD) 4 2stette)

€1

N 1(A®) —ag)+ags+ (l ()\(l)) —k—i) e1— )\56)52

<11 11

o=1 i=1

- (5.50)
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We may modify this partition function by

"'2,h_a2’;’l_251_52

. ag,| =g 7te —_— 62*(a2,1*a2,2)2 3eq+2¢e
T?Z|q|<\z|<\y|<1 T (q) 2e5 q—Ag—Ang e +3e1+2ep
’ z
—2a 2a,—3e1—4
—2&0+2§2—52 q W z 7% 260—2ﬁ2+251+362 (5 51)
x(1—y) 2 1--= 1—— (1-=2) 22 :
Yy Yy
(—2a9+2a 9 3e0)(—2dn+2a 2e0) 2a9—2a4+3eq1+4e9
—<ag ag—<2€] —o€2)(—<2an a4 —€1 <€D 2e9 1
% (1=q) e (1_q po<h<li<li<1,
Z 9
so that the connection formula reads
N
R0<a|<|z]<1<]y| _ 1))  F0<]al<]z]<yl<1
T, =) (c v X , (5.52)

a=1

where we have defined the connection matrix

F(1+“°’357:“(“)

(C&))”/ = ,!__[# r (aoﬁfawﬂrs)

€1

P (250)
a];_é[l/ T (1 + a2’il_5?0’l_6) . (553)

5.3.3 y-transporting the surface defect at zo = 0 across z

Lastly, we need the connection formula between the solutions in the domain 0 < |q| < |z| <

lyl < 1and 0 < |q] < |y| < |2|] < 1. This amounts to resumming the intersecting surface
defect partition function T?Z‘q‘<|y|<‘z|<l as a series in ¢ and expanding it as a series in § to

glue it to T?;lqK‘ZK‘yld. This resummation is trickier than the analytic continuations that

we have obtained in the previous section, but can be accomplished in the following way.
Let us consider the degeneration limit q¢ — 0 of the partition function
T?Z‘q‘<|y|<‘zl<l (5.45) in the domain 0 < |q| < |y| < |2| < 1 and the differential equa-

tions (5.9) that it satisfies. We have to carefully decouple the g-dependent prefactor of
?%\q\<lyl<\zl<1

)

to have a well-defined limit:

52—(112,1—112,2>2 92,17 % ] | eg ~0

Aog+Ag— e 25 +aTl;|q\<\yl<|Z|<1' (5.54)

50 1 .
le|y|<‘zl< = lim q
’ q—0

By taking the limit to (5.9) we have reduced differential equations,

0= {5383 — €162 (i + - i 1) 0. + 51522(Zy(g;>_(21)1)8y (5.55a)
+ere9 (A;);rq n ; 611)2 n . éLy)Q n A — A0+l(_z %11)— Ap — AH)] »Y«?Z|y|<\z|<1’
0= {5%85 — 169 (; + y1_1> d, + 51523,(;_(2)_(;)_ 5o (5.55b)
s (B G B s
where we have defined 2 (an1— ayrt )2
Agiq = e . (5.56)
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Similarly, we carefully decouple the g¢-dependent prefactor in the solution

Y?Z\q\<IZ\<IyI<1 (5.51) in the other domain 0 < |q| < |z] < |y| < 1 by

2 2 _
A6+A/75 —(ag1—a22)° 9“2,h"%p | &1 _

0 1 - 0 1
Tl Z|Z‘<|y|< -— lim q dejeg 2e9 Jr452 T Z‘q‘<‘zl<‘y|< (557)

’ q—0

Then the reduced differential equations obtained as the limit of (5.12) are

1 y(y — 1)
292
0= {52@ €169 ( + 1) 0, + slsg—z(z — (e = 1)6y (5.58a)
Af)+q A,1 Ap As — A6+q - All —Ap—Ap F0<|z|<|y|<1
e < 2 et oyt 1) T
1 1 z2(z—1)
292 L
0= [slﬁy €169 ( + 1> Oy + slsgy(y T 1)8Z (5.58Db)
Al A’ A Ao — Ao — A = Ap — A\ 2oels
+e1€2 O;q + ! 5 + a 5+ 0+q 1 L H T?;I \<|y|<1’
(y—12 (y—=») y(y — 1) ’

where we have defined

/ e? — (alh — Qo p — 81)2

0+q —

5.59
45182 ( )

Effectively, what we have done is to bring the puncture at g close to 0 and merge them
together. This is equivalent to turning off the bulk gauge coupling in the gauge theory
point of view. Hence we are left with the two-dimensional sigma models on the z;-plane
and the zo-plane interacting at the origin.

Let us note that the equations (5.55) become identical to (5.58) after the following
re-definition of the Coulomb moduli,

a2 — A2,a — 5a,l52 - 504,]151- (560)

S0<y|<|z|<1 50<z|<|y|<1 . .
WI<IZI<t ond Tlhm vl provide the solutions to the

The reduced partition functions Tl, h

equation in the respective domain. To accomplish the connection formua between these

0<\y|<|z|<1

solutions, we need to re-expand T, , which is a series in % and z, as a series in

z 0<| I<ly|<1

. and y. Then we can compare the re-expanded series with T to achieve the

connection formula.

For this, we need to explicitly write the series expansion of the reduced partition

O<|y|<\z|<1

function. The non-perturbative part T; of the reduced partition function is given

<|q|<|y\<|Z\<1

by the limit ¢ — 0 to the non- perturbatlve part T of the full partition function
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given in (5.43), with the surface observables given by (5.44) and (5.30):
0 z|<1 . 1 z|<1
TS = i 37 M BT, IO X0
A

=1lim Y yME[T4, [N]
q—0 ~

3

o0 <q>k+|)\|—l(>\(”) (—1)*
=0

=\ k!
P (k1 (AD) =1 (A)) 4 f2izeze) P (222
X(Eé[z I (2t ) 1 ,gr(_kﬂ(w))iaz,ﬁ?;fm)
e 00) - 5o
y=1 i=1 1
P
y F(_k’lﬁ—)\gh)—)\ga)‘*‘%) N I‘\<a2,h€7—2a0,6>
a#h F(%) 6:1P(_k/+>\§h)+w>

(6)
N N agp—azs+ ()\gh) —K —]) €9 — )\g-é)tt?l

<1111

5=1j=1

€2

Here, we have taken the rank of the bulk gauge group N generic, but it is implicitly
understood that we set N = 2 whenever we restrict our attention to the solutions to the
differential equations (5.55). The summation over non-negative integers k gets non-zero

contribution only when k + |[A| — 1 ()\()‘)> = 0 due to the limit ¢ — 0. This implies £ = 0

N
a) are empty except A which is

and |A| =1 ()\(l)), namely, the Young diagrams ()\(

a=
single-columned. The expression of the partition function is simplified accordingly. After
many cancellations between the bulk contribution and the surface observable contribution,

we obtain

€1

g P(k:—i—a” 20,y

0<|y\<IZ\<1 Z H F(a” aolﬁ))H

- by (k—i— ag,— a2a+6)

€1

T (1 + a2,a;a2,h)

T (az,z—a2,a+6)

Zk’—(l_‘s(),k)ahh N F(k/—i—l—i,-m

Xi K/ 52)>H

B T (k4 f26zto) T (=K + (1= 002) (B — 1) + 225122
=1t (_k/ (1= do,)0up + az,h;ao,w) aZh r (_k’ + %)
- 0 —k —1 —k 1-80,%
y <a2,h ag) + ( z,h6 )ea 51> | o
2

The first two lines indicate that this is the partition function of two-dimensional sigma
models on the zj-plane and the zo-plane, whose target space is O(—1) @ O(—1) — P!,
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respectively. It is not a simple product of the two, however, because of the interaction
between the two models at the origin which contributes the third and the fourth lines
to the partition function. Hence, we see that the bulk gauge theory decouples due to
the decoupling limit ¢ — 0, and the surface defects becomes effectively a pair of two-
dimensional sigma models, weakly interacting with each other via a bi-local observable.
Here by the bi-local observable we mean an operator in the combined theory, which is local
from the point of view of an observer, living on the worldsheet of one of these sigma models.
In a sense, this configuration is a two dimensional analogue of the crossed instantons setup
of [20-22].

Note that the expression (5.62) allows analytic continuation to the domain 0 < |z| <
ly| < 1 automatically. We just have to re-write z = iy and expand. When h = [, we
recognize that the power of 5 begins from —1, when k£ = 1 and ¥’ = 0. Hence the partition

function is re-gathered as a series in % and y as

0<y|<|z|<1
Tlh l

_ Y a2, —a2,
Z oz 0201 — 020 €
k' +6 LA F(k w) F(M)
Z yk+k —1+80,% < R + €1 €2
| /l az 1 —ao, az p—ao,
=0 k k ot F(Qsilw) F(_k/+1_507k+%)

X

¢ll_‘<k‘+a21 az,ate F(1+a21 a2a> €
(03
S (1 o( y)) (5.63)

When h # [, on the other hand, it is straightforward from (5.62) that the re-expansion
as a series in 5 and y is trivial:

P (1 2t (g o e >X<k’52k51>1_5°”“x< 62)
) 2
+

0 z|<1 z
s =10 (). (564

As a result of the re-expansion (5.63) and (5.64) of T?;lyklzkl, we produce the so-
lutions to the reduced differential equations (5.55) in the domain 0 < |z| < |y| < 1. By
explicitly solving the equations by a series expansion in § and y, it follows that the solution
is uniquely determined once the critical exponents of y and z are chosen. The uniqueness

of the solution implies the identification of TO<|y‘<‘Zl<1 and T?lekly‘d, up to the multi-
plicative prefactor in (5.63). More precisely, after taking account of the shift (5.60) in the

Coulomb moduli, we establish this connection formula as follows:

TOBIE S () (S (sh),,, Toa =<, (5.65)
a,Bl'=1
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where the shift matrices are defined by

o
(S2)ap = €772 0ag

(SiL)aﬁ _ ot (5.66)
and the connection matrix is given by
Oi,h
(ch), =11 % S (5.67)

Oé?él QQ’Z

In the case of N = 2, we can explicitly write this 2 x 2 matrix as

0217022 1 0
CL — <a2,1—a2,2+€ ) C]T/[ = 0 _022-021 |- (5.68)

0 a2 2—a2 1+

Here we are abusing the notation and use h € {1,2} and (—1)"~! € {4} interchangeably.

Having established the analytic continuation (5.65) of the reduced partition functions,
we now investigate the analytic continuation of the full partition functions, ??;\q\<|y|<\z|<l
and ?22|q|<‘2|<|y|<1, which solve (5.9) and (5.12) in the respective domain. We can view
the reduced partition functions ??;Iyl<|2\<1 and Tg;'zkly‘d as the initial condition of the
solutions at q = 0. Then the solutions as series expansions in q are uniquely determined
by the differential equations. Hence, the connection formula (5.65) immediately uplifts to

the connection formula for the full partition functions as it is:

N
0<|al<lyl<|z]<1 _ h h +0<a|<|z|<[y|<1
Ty TR = Y (CM)M(SQ)QB(Sl)m,TZ,ﬁ SIS (5.69)

a?ﬁvllzl

With this last piece of the puzzle, we have achieved all the analytic continuations of the
intersecting surface defect partition functions that we need in computing the monodromy
data of the associated Fuchsian system.

5.4 Monodromy data

We have seen the N = 2 gauge theory with (intersecting) surface defects is associated to
the Riemann-Hilbert correspondence and isomonodromic deformation of Fuchsian system
through their partition functions. Their NS limits provide the generating function of the
Riemann-Hilbert map, the Hamilton-Jacobi potential for the isomonodromic flow, and in
particular the solutions to the Fuchsian differential equation. Based upon these relations,
the monodromy data of the associated Fuchsian system can be expressed in gauge theoret-
ical terms, as we describe now for our main example of the s[(2) Fuchsian system on the
four-punctured sphere (see figure 2).

Recall that the intersecting surface defect partition function T annihilates a differential
operator in coupling constants, which we denote as D here, whose NS limit is the Fuchsian
differential equation @X = 0. In other words, the solutions to the associated Fuchsian
differential equation are obtained as the regular part of the intersecting surface defect
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Figure 2. The A-loop and the B-loop on the four-punctured sphere P'\{0,q,1,00}. Here, z is
the position of the apparent singularity, around which the monodromy of the associated Fuchsian
system is trivial. The A-loop is depicted as the blue line, while the B-loop is drawn as the red line.

partition function in the NS limit e — 0. Hence, the strategy to compute the monodromy
data of the Fuchsian system is simply to compute the monodromy of the intersecting surface
defect partition functions first and then to take the NS limit of it. The Riemann surface
€ is divided into several convergence domains of the intersecting surface defect partition
function, and a given loop v € m1(€) may remain in a single convergence domain or may
pass through several convergence domains. In the former case, the computation of the
monodromy M, is straightforward, while in the latter case the monodromy M, is a bit
more involoved, being given by a concatenation of analytic continuations.

For our main example of the four-punctured sphere, ¢ = P!\ {0,q, 1,00}, there are
six independent loops. Four of them are small loops encircling the four punctures and
the remaining two, which we refer to as the A-loop and the B-loop, are non-local loops
depicted in figure 2. Let us begin with the small loop around the puncture at 0. This li)op
is entirely contained in the domain 0 < |y| < |q| < || < 1, where the solution to D is
given by the intersecting surface defect partition function TO<WI<lal<lzI<1 that we obtained
in section 5.3.1. Thus we simply continue this partition function along the path

y —yet  with  0<t<2n, (5.70)

to enclose the punctures at 0. Then the non-integral part of the exponent of y produces
a multiplicative factor as we move along 0 < ¢ < 27, producing the monodromy Rg. A
straightforward computation shows that

.m1—mo+eg i—m1+m2+62

Ry = diag (em 2 e °1 > . (5.71)

The monodromy of the Fuchsian system is then computed by taking the limit €5 — 0,

. . P i Lie S VLS o
Ry = lim Ry = diag (e Te <1 ) . (5.72)
g9—0

The monodromy itself is not an invariant notion since it depends on the basis in which it

is expressed. Hence we take the trace invariant which is simply

Tr Ry = 2 cos 270y, (5.73)
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where we used the dimensionless #-parameter. The outcome is not at all surprising, since
it is immediate from the Fuchsian differential equation (5.25) that the trace invariant of
the monodromy Ry should be as above.

We can deal with the monodromy around the puncture at co in a similar manner. The
loop encircling the infinity is entirely contained in the domain 0 < |q| < |z| < 1 < |y|. The
intersecting surface defect partition function YO<lal<lzI<1<lyl also obtained in section 5.3.1,
yields solutions to the differential operator D in this domain. This time we should continue
along the path which is clockwise from the origin

y —ye with  0<t<2nm, (5.74)

to enclose the infinity counterclockwise. Then we immediately compute the monodromy

. —mg+my+eq] —2e9 .mg—my+eq—2e9
R, = diag (em <1 e <1 ) ) (5.75)
and also the trace invariant of the monodromy R,
Tr Roo = Tr lim Ry, = —2cos 2ml4. (5.76)
e9—0

Again, the result is expected from the Fuchsian differential equation (5.25).

Before we consider the other two small loops around the punctures at q and 1, let
us turn to the A-loop first. The A-loop only remains in the convergence domain in the
middle, 0 < |q] < |y| < |z| < 1, so that the computation of the monodromy along it
is immediate.” As we have seen in section 5.3.2, the intersecting surface defect partition
function YO<lI<l¥I<IzI<1 provides the solutions to the D in this domain. Thus we simply
continue this partition function along the path

y — ye' with 0<t<2m, (5.77)

to enclose the punctures at 0 and q, thereby making the A-loop. A straightforward com-
putation shows that

(5.78)

Lay—ag—eq+2 - —e1+2
jo1—az—e1t2ey o —ajtag—eyt 62)

M4 = diag <e7r 1 ,€ €1

The monodromy of the Fuchsian system is then computed by taking the limit €2 — 0,

. . P g
My = 61211_{10 My =diag | —e 1 ,—e  ct . (5.79)
Hence the trace invariant is simply
Tr M4 = —2cos 2ma, (5.80)
where we used the dimensionless parameter o = %2 = =
1 €1

"It is a matter of convention to choose the A-loop to be inside the domain 0 < |q| < |y| < |z| < 1 or the
domain 0 < |q] < |z] < |y| < 1. As discussed earlier, z is the position of the apparent singularity, and the
monodromy around the small loop around z is the identity.
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Now, the small loops around the punctures ¢ and 1 are not entirely contained in a single
convergence domain. Rather, we can compose these loops out of the rotation matrices Ry,
R and the A-loop M 4, which lie inside distinct convergence domains. These monodromy
matrices are represented in different bases, so we need the connection matrices to account
for the change of bases. These connection matrices are precisely what was computed in the
section 5.3.2, by analytic continuations of intersecting surface defect partition functions.
In particular, we can express

-1
R, = M,C{) R;'Cl

. (5.81)
R, =M;'c) RICY.
Then the trace invariants of the monodromies of the Fuchsian system are
Tr Ry ="Tr hmOR = —2cos 27,
= (5.82)

TrR; = Tr hm R, = 2cos2nh.,

ea—0

where we re-expressed the hypermultiplet masses with the dimensionless #-parameters.
Once again, these trace invariants are indeed what we expect from the Fuchsian differential
equation (5.25).

Finally, we are left with the B-loop which is the most complicated. By concatenating
the connection matrices, the shift matrices, and the rotation matrices, we construct the
following sequence of continuations of solutions along the B-loop,

1)—1

_ ( (1)
Fo<lal<iyl<izi<t Co_ ., Fo<lyl<lal<lzl<t Bo', Fo<lyi<lal<lzi<t Co_, po<lal<lyl<lz<1
CarS:81, o<lal<lel<lyl<1 €X', Fo<lal<lzl<i<ly] R, Fo<lal<lzl<i<ly] C%, Fo<lal<l=l<lyl<1
SMB2SL A S L R, g Sy
sys;tcy,
M YO<lal<lyl<[z|<1 (5.83)

Hence the corresponding monodromy is

M = 8,85 Cl) 'R cWsE st el T RocY. (5.84)
Recalling the asymptotics of the intersecting surface defect partition function has the singu-
lar part, Tl’h = exp [% §h} (x1+0O(g2)), we compute the monodromy of the Fuchsian system
along the B-loop by taking the limit €5 — 0. Also, note that we have a choice of the vac-
uum of the gauged linear sigma model on the z9-plane, which is reflected in the superscript
+ (again, we abuse the notation and use h € {1,2} and (—1)"~! € {£} interchangeably).
These two choices provide two different results for the monodromy computation, yielding

_ _ -1 f1g
ME = lim (ci S,stcO 'R cWsE s e ol Rocg”eeisi) (5.85)

g9—0
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A lengthy but straightforward computation gives

(—c0s27m0u + cos 276 ) (cos 2wy — cos 276)

TrMj =

2sin’ v
_ (cos2mflog +cos2mfy ) (cos 27y + cos 2mly)
2cos? T
+4Hisin7r(—a—0q:|:90)sin7r(—a—91:t@oo)
sin? 271
H —a—0,£00)T (—a—0; +6.) (2a)? ea;;
— 2 a Q:EQ()) (Oz—(%:t@oo) Hi(a—alﬂ:@oo)
+4Hism7r(a—0qi90)81n7r(a—01iGOO)
sin227ra
H —a—0,+00)T (—o— 0 0, (2)? ‘le,aai
—2a))? (@—04+600)T (a—01+0s) [li(a—01+0) ’
and

(— 082700 + cos 26 ) (cos 2mby — cos 276)

TrMg =

2sin? oy
_ (cos2mflog +cos2mfy ) (cos 27y + cos 2mly)
2cos? Ty
[I4sinm(—a—0q%0p)sinm(—a— 01 £6)
+4 —
sin“ 2ma
H —a—0q%00)T (- a—9119m)Hi(—0¢—91i9oo)65§;
—20)? (a— 9:&90) (a—61+0) (2ar)?
Hismw(a 0q%00)sin (o — 601 +0)
s1n227ra
0 — 0+ 00) T (—a— 0y £000) [T (—a— 01 +6,0)\ 95
2H 2 e o
- (a— 9:&90) (a—01£0) (2a)

It is crucial to note that the products of I'-functions appearing in the third and the fifth
lines are precisely the contributions from the 1-loop part of the asymptotics of the surface
defect partition function, namely, the effective twisted superpotential S. Note that the
1-loop part of the surface defect partition function is given by

S0P _ iy 214 [5(0;e1,€2)T2 (§2ae1;61,€2)

e2—0¢q fHI: Hé‘/::t FQ ((§a—0q +§/90)€1;€1,€2)F2 (({a—ﬁl +§’6w)51;61,52)

9 [Te—s Ti((Fa— 61 + &0 )e1;62)
Iy (+2ae1;e9) ’

(5.86)

where the first line is the 1-loop contribution from the bulk, while the second line is the
1-loop contribution from the surface defect on zo-plane. The subscript £+ denotes the
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choice of the vacuum of the gauged linear sigma model on the zo-plane. Then we see that

as};loop_ —a—0,£00)T (—a—0, 0, (200)2

da l 2H (@0, 20T (a—01400) [ala—tridon)| 057
dsItoop I'(20)? (—a—0g+00)T (—a—01 +£00) [T (—a—01 +6.)

da =1 g[r(_za)Qri[ I'a—05+60)T (a—601+60x) (2a)? (5.87)

See appendix B for the detail of the computation. Therefore, this factor can be absorbed
into the 1-loop part of the effective twisted superpotential S, simplifying the expression of
the monodromy as

— €08 27l + cos 2701 ) (cos 2mly — cos 276,)
2sin? Ta
(€08 2o, + cos 2701) (cos 2wl + cos 2mly)
; 2 cos? T (5.88)
N Z 4H€:i sinm(Fa — 0q + €bp) sin m(Fa — 61 + ef) eig%,

sin? 2wa

TI'MB = (

for both choices of the surface defect on the zs-plane.

To recapitulate, we have expressed the monodromy data of the Fuchsian system as-
sociated to the surface defect in four dimensional gauge theory, in terms of the gauge-
theoretic physical quantities. The monodromy along the small loops encircling the punc-
tures are fixed by the hypermultiplet masses, re-expressed in dimensionless #-parameters

as (5.73), (5.76), and (5. 82) This implies that we restrict our monodromy space to the
reduced space M (60, B4 + , 01,0 %),
tion (5.25). We use the Darboux coordinates (o, 3) of [9] to parametrize this space. In

as expected from the Fuchsian differential equa-

turn, they are determined in terms of the Coulomb modulus a and the effective twisted
superpotential S by (5.80) and (5.88). Namely,

a:gj ﬁ:as(a707z’q).

= o (5.89)

Thus we have understood how the image («, $) under the Riemann-Hilbert map parameter-
izes the monodromy data, so that o and 8 are indeed preserved along the isomonodromic
flow z(q).

6 Surface defects on blowup

N = 2 supersymmetric gauge theories placed on the blowup C2 are useful to unveil non-
trivial properties of the ordinary N = 2 supersymmetric gauge theories on the C2. The
blowup is defined by replacing the origin 0 € C2 by an exceptional divisor P!, namely,

@2 = {((21,2’2), (w1 : wz)) S (CZ X Pl ‘ 21Wo = Zzwl} . (6.1)
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C? C?

21 Z1

Figure 3. The ordinary C? and the blowup c2.

The maximal torus of the spacetime isometry U(1), x U(1)., C SO(4) of C? uplifts to the
isometry on C? by

((21, 22), (w1 w2)) ¥ ((q121, g222), (w1 < gaws))

(@1.02) = (7,72) € ULz, x U(L)es. (6.2)

The fixed points of the isometry are the north and the south poles on the exceptional divisor.
The spacetime locally looks like the ordinary C? with different weights for the isometry
action. Then the partition function of the N = 2 gauge theory on the blowup can be
computed by properly multiplying the contributions from all the fixed points. Meanwhile,
we may take the limit of the size of the exceptional divisor going to zero without affecting
the physics, so that the partition function reduces to the one for the ordinary C?. The
non-trivial identity satisfied by the partition function derived by this procedure essentially
comprises what we call the blowup formula for the N = 2 gauge theory partition functions.
The non-trivial identity contains rich information on the gauge theory partition functions,
and in particular it was used in [13] to exactly prove that the asymptotics of the partition
function in the limit €1,e9 — 0 is identical to the Seiberg-Witten prepotential.

An interesting question is how the blowup formula would work in the presence of
non-local defects. For example, the insertion of Donaldson-type surface observables (more
commonly known as two-observables of Tr¢?) on the exceptional divisor was already dis-
cussed in [13]. In this section, we discuss the half-BPS surface defects that extend along one
of the non-compact directions in @2, and suggest novel blowup formulas for their partition
functions. We also discuss how those newly suggested blowup formulas are consistent with
the analytic continuations of the complexified FI parameter of the gauged linear sigma
model living on the surface defect, which have been explored in section 5.3.1 and [11].
The application of the blowup formulas for the surface defect partition functions to the
correspondence with the isomonodromic deformation of Fuchsian systems will be discussed
in the next section.
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6.1 Blowup formula without surface defect

We consider four-dimensional N = 2 supersymmetric U(2) gauge theory with four funda-
mental hypermultiplets. The partition function depends on various equivariant parameters
and the gauge coupling,

Z(a,m,e1,e9;q) = Zdassml(a, €1,E9; q)Zl'IOOP(a, m,eq, sg)ZinSt(a, m,e1,e9;q). (6.3)

Here, the perturbative parts are given by

) 2
chassmal(a’gl’s% CI) _ q—2€1152 ZQ:I a? (6.4)
and N I( )
_ Uo — B3 €1, E2
Z1ooP(q m ey, e9) = a,f=1,2 - 2\ e ) 6.5
( 1 €2) [T a=12 a(aa —ms;er,e2) (6.5)
i=1,- 4

Now we consider placing the theory on the blowup C2. The fixed points of the spacetime
isometry are the north pole and the south pole of the exceptional divisor P!. Around these
fixed points, the spacetime locally looks like a C? with shifted weights of the isometry
action. Hence when the size of the exceptional divisor is large, the partition function is
computed as the sum over the fluxes on the exceptional divisor where the summand is a
product of two ordinary partition functions with shifted arguments. Thus, we are led to
the blowup formula for the partition function,

~

chik’C(aa m,eq,£2; CI) (66)
k k
= Z Zla+ne;,m+ —¢c1,e1,62—¢€1;q ) Z | a+ney, m+ —e9,61 —€2,€2;q | .
2 2 2
n:(nl,ng)G(Z—s—g)
ni+n2=0

where C denotes the exceptional divisor and ¢y is the first Chern class of the torsion free
sheave on the blowup C2 giving instanton. See [13] for more detail. We can determine the
blowup partition function ZACl:kc(a, m,e1,e2;(q) by taking the opposite limit of the size
of the exceptional divisor. When the total flux is zero (k = 0), the gauge theory on the
blowup reduces to the theory on C? as the size of the exceptional divisor shrinks to zero,
and we expect to recover the original partition function:

Z(a,m,ep,e9;9) = Y. Z(a+mne;,me, e —e1;9)Z(a+ ney, mye; — £3,62;4).
n=(n,ng)€Z>
ni+n2=0
(6.7)

When the total flux is non-zero (k = 1), the gauge theory on the blowup does not have a
sensible limit as the size of the exceptional divisor shrinks to zero. Thus, we expect that
the blowup partition function simply vanishes:

0= Z Z a—l—nel,m—i—gl,sl,@—sl;q)z(a+n52,m+€2,61—62,52;q>.

. 2 2
n:(nl,ng)E(ZJr%)
ni1+na2=0

(6.8)
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It is sometimes useful to write out the blowup formulas for the instanton part of the
partition function. This can be accomplished by explicitly computing the ratio of pertur-
bative parts (6.4)—(6.5) appearing in these blowup formulas. For notational convenience,
let us define the ratio of 1-loop part of the partition functions as follows,

k
L™"(a,m,eq,e7)
Z1-loop (a +ne, m+ %61751,52 — 51) Zl-loop (a +ney, m+ %62,61 — 52762) (6.9)

Zl_lOOp (a7 m,éeq, 52)

Although this ratio of double gamma functions looks quite complicated, it is in fact a
simple rational function in equivariant parameters (see appendix B). Then the blowup
formulas (6.7) and (6.8) become

ZinSt(av m, ey, E2; q)

_ Y e m o oy

n=(ny,n2)€Z?
ni+n2=0

(6.10)
X ZinSt(a +ne,m,eq,69 — €13 q)ZinSt(a +neg,m, 1 — €2,62;4),

and

0= > qz (1) LAl (a m ey, ) (6.11)
n:(nl,ng)e(Z—&—%)Q
ni1+no=0

) €1 . €92
x Zmst <a+ ne,m A+ e, € — 51;CI) Zimst <a+n€2,m+ 561~ 62752;q> -

6.2 Blowup formula with surface defect

Now we consider the N = 2 gauge theory with the insertion of a half-BPS surface defect.
In particular, to make a contact with the system of isomonodromic deformation we need to
insert a canonical surface defect which can be engineered by either a Zs-orbifold or a partial
higgsing of a larger gauge group. The surface defect partition functions can be computed in
both constructions. Since we can still put the theory on the blowup @2, a natural question
is what the blowup formula for this surface defect partition function would be.

There are two choices of the support of the surface defect which are consistent with
the Q-background: the zi-plane and the zo-plane. Without loss of generality, we choose
to insert the defect on the zo-plane. Now when our theory is placed on the blowup @2,
one of the two fixed points of the isometry, say, the north pole of the exceptional divisor
is attached to the zi-plane, while the south pole is attached to the zs-plane. In turn,
our theory looks very differently locally around those fixed points compared to the theory
without a surface defect. Namely, on the local patch of C? around the north pole we see
our theory being absent of any defect insertion, while we recover the theory with the defect
on the local patch of C? around the south pole. Consequently, we expect the following
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C? C?

21 Z1

Figure 4. A surface defect on the ordinary C? and the blowup C2. The surface defect is extended
along the non-compact z;-plane, drawn in the red line. On the blowup C?2, the surface defect is
attached to the south pole of the exceptional divisor P'.

blowup formula for the surface defect partition function to be satisfied,

~

\Ilclsz(aam1517€2;q7z) (612)
k k
= Z Z a+n51,m+551,51,62—51;q v a+n52,m+§€2,61—62,€2;q72 .
n:(nl,n2)6<Z+§)2
ni1+no=0

As in the case without the defect, we expect that the blowup partition function
V. —rc(a,m,e1,e92;q,2) reduces to the original surface defect partition function if the
total flux is zero (k = 0). Therefore, we are led to

V(a,m,eq,€2;q,2) = Z Z(a+ne,m,er,e2—¢1;q)V(a + neg, m,e1—€2,€2; q, 2).
n=(n1,n2)€Z?
ni1+no=0
(6.13)

Now we can make an interesting expectation for the case when the total flux is non-zero
(k = 1). When there is no surface defect, the flux on any 2-cycle is always zero so that
there is no sensible limit when the size of the exceptional divisor shrinks to zero, yieding
zero for the blowup partition function. However, when we have a surface defect, there is
already a non-zero flux along the support of the defect so that we can expect that the flux
along the exceptional divisor gets absorbed into the support of the defect when we blow
down the theory to C2. Hence, we expect that the blowup partition function is, instead of
being zero, again proportional to the surface defect partition function C2,

U(a,m,e1,62;q,2) (6.14)
€1 €2
~ Z Z(a—l—nsl,m—l—2,81,62—81;q)\11<a+n52,m+2,61—82,52;q,z).
n:(nl,ng)E(Z—i-%)Q
ni1+ngo=0

The precise multiplicative factor in front is to be determined (it cannot be 1 because of the
mismatch of the classical part at least), but it already exhibits a drastic difference from
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the blowup formula for the ordinary partition function without the defect, where the left
hand side is simply zero.

6.2.1 Orbifold

In section 3.1.1, we have seen that the orbifolding of the spacetime can be used to en-
gineer a surface defect in the gauge theory. In our main example of U(2) gauge theory
with four hypermultiplets on the Zs-orbifold, we can explicitly write down the partition
function (3.28) as

Zsa ,classical Zg,l—loop(

lll?(a, m,e1,€9;(q,2) = W (a,el,EQ;q,z)\llﬂ a,m,e1,e9)

(6.15)
X W%Q’non'pert(a, m,e,e2;q,2),
where 8 € {1,2} is the choice of the vacuum of the gauged linear sigma model on the
orbifold surface defect, realized by the Zs-coloring. We have seen that the exponent of the
complexified FI parameter z satisfies 0 < |q| < |2| < 1. The classical part of the partition
function is simply
2 2
aﬁ—aé aB+aE

a,c1,62;q,2) =2z 22 q 12 (6.16)

Zs ,classical

and the 1-loop part is

\I/ZQ’I_IOOP(a m, e, 82) _ Ha,a’:l,Z F2(aa — Qo5 51752) Hi:l’Q Fl(ag - mi;[—jg) (6 17)
’ Y Mami2 ITEi Ta(aa —miserea) Ti(ap — agien)
The instanton part is given by
\Il%%non_pert (a7 m,e1,€2;(, Z)
=> g E[T(A] (6.18)
A

x Y AMTRE[(KT - K§)(N — PRK1 4+ qiPa Ko — M) + g2 NG (K1 — q1Ko)] -
Aep1(A)

The blowup formula (6.13) in the absence of the flux k£ = 0 is expected to be satisfied
by the full surface defect partition function Wg(a, m,e1,€2;q, 2). By plugging the explicit
forms of the perturbative parts into the formula (6.13), we obtain the blowup formula for
the non-perturbative part of the partition function,

7 pert 10,2, ,.2y Lo =
\1162,n0n per (a,m,€1,€2;q,2): Z qg(n1+n2)z2(n5 nB)Ln,k O(a,m,51,€2)

n=(n1,n)€%?
ni1+n2=0

r (“5’% +n3—n3) r (M) (6.19)

€9 €2

) A

€2

inst i Z2 ,non-pert .
x Z" (a+ner, m,e1,e9 —51,q)\115 (a+nep, m,e1 —€2,62;4,2).

This is indeed a non-trivial identity to be satisfied by the surface defect partition function.
We checked that this identity holds in series expansion in g and z.
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It is possible to repeat this exercise to the case of non-zero flux k = 1, (6.14). Remark-
ably, we find another non-trivial identity satisfied by the surface defect partition function:

\Ijgz(aam>51>€2;qaz)

_1 11—q
_ — 422 —— 620
q 22— (6.20)
€1 Zs €2
X Z Z a+n€1,m+2,€1,€2—€1;Q)‘1’5 (a—l—néz,m-i—2781—82,82;017»2)-
n:(nl,ng)G(Z—&—%)Q
ni1+ngo=0

Note that the left hand side is non-zero but proportional to the surface defect partition
function even though the sum is taken over half-integers. We have checked this identitiy
in series expansion in 1 and z.

6.2.2 Vortex string

The vortex string surface defect in the U(2) gauge theory with four hypermultiplets can
be engineered by starting from the quiver U(2) x U(2) gauge theory and partially higgsing
the gauge group [11, 23, 24]. The surface defect partition function can be decomposed into
the classical part, the 1-loop part, and the non-perturbative part:

L ,classical
=y 5 (

L L,1-loo
W5(a,m,e1,€2;9,2) a,m,e1,62;9,2) V5 P (a, m, e, 62)

(6.21)
U o e, 250, 5),

where 3 € {1,2} is the choice of the vacuum of the gauged linear sigma model on the zo-
plane. Depending on the contents of the gauged linear sigma model on the zs-plane and its
coupling to the bulk gauge theory, all the pieces of the partition function vary accordingly.
Let us start from the vortex string surface defect, whose complexified FI parameter is in
the domain 0 < |q| < 1 < |z|. The classical part of the partition function is

. mp—mp _ajtal
Ll 1 - -
‘Ijﬁyc assica. (a7 m7 51, 52; q’ Z) =z 2e9 q 2e1€9 s (622)

and the 1-loop part is given by

Ha,a’:lg FQ(QOL — Ay €1, 82) Ha:l,Q Fl(aOé - mﬁ? 52)
a1 1Ty To(aa — miser,e2)  Ti(mp —mg;ea)

\IJé’HOOp(a, m, 1, 52) — (6.23)

The non-perturbative part can be written out as

00 k
) ] J(mptlez) (Al Hmﬁ—a—CD
WP @, m, ey eg50,2) = g BTN 27 |
B z)\: s mile(mp—mptles) ooy mp—co

(6.24)
The blowup formula (6.13) in the absence of the flux £ = 0 is expected to be satisfied by the
full partition function ¥g(a,m,eq,e2;q,2). We can convert this equation to a non-trivial
identity satisfied by the non-perturbative part, by explicitly substituting the perturbative
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part. The result is

L non-pert .
qjﬂ (a7 m7€1752aqu)

T(&—™ms
= > 33 [ k=0(a m 1, e,) 11 =
q » T &1, 2 ay—mg +n (625)
n=(n,ng)€Z>? v=12 €2 Y
ni1+no=0
inst . L non-pert .
x 2" (a+mnei,m,e1,62 — €1;9) ¥y (a+mney, m,e1 —€2,€2; 4, 2).

This is indeed a non-trivial identity to be satisfied by the surface defect partition function.
We have checked this identity in series expansion in q and 271,
We can do a similar exercise to the case of non-zero flux £ = 1. We find another

non-trivial identity:

‘I’,g(a,m,&,@;qu)

_1
=q i(1—q) (6.26)
€1 L €2
X Z —= e | U L . _
Z 2 (a+n£1,m+ 5 E1rE2 61,01) 3 (a+n€2,m+ 5 €1 62782,%2)
n:(nl,nz)G(Z—l—%)
ni+ns=0

Note that the left hand side is non-zero but proportional to the surface defect partition
function even though the summation is taken over half-integers. We have checked this
identitiy in series expansion in q and z7!.

Next, let us turn to the vortex string surface defect whose complexified FI parameter is
in the domain 0 < |z| < |gq| < 1. The surface defect partition function is again decomposed
into the classical part, the 1-loop part, and the non-perturbative part:

R,classical R,1-1
— ‘I’IB classica. ( )Wﬁ OOp(

R . .
\Pﬁ(avm7517527q)z) a,m,eq,£2;q,2 a7m7€1752)

(6.27)
R i 2 ),

where 5 € {1,2} is the choice of the vacuum of the gauged linear sigma model on the
zo-plane. The classical part is given by

_MB42 M4y afta)
a,m,e,€2;4q,2) = 2 2 g e (6.28)

R,classical

and the 1-loop part is given by

[loa=12T2(0a — aa;e1,62) [lac1oT1(mpre +€ — aa;e2)

TSP (a,m, ey, ) =

[loz12ITimi Ta(aa — mizer,e2)  Ti(mgia —mg oie2)
(6.29)
Finally, the non-perturbative part is given by
\IIR,non—pert(a m.eq1.eo 6.30
/B ) 3C1,€2, q7 Z) ( . )
RN E) T Cmse e tlea) Ay isis —e e
h\ ' imoNa/ o Bs(=mppatetlen) g5 —mpr2—e—
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We expect the full surface defect partition function to satisfy the blowup formula (6.13)
in the absence of the flux kK = 0. In fact, we observe there is a slight deviation from this
naive expectation, and the equality holds with an additional multiplicative prefactor:

Uf(a,m,eq,e2;9,2)

4
€9 (2a1 +2a2—25—251—2i71 mz)

= (1 — q) c1(e1—€2) (6.31)

x > Z(a+ne,m+er,erer—e139) V5 (a+ ey, m+ ey, e1 — 2,624, 2).

n=(n1,n2)EZ>
ni1+ngo=0

Reducing this formula to the one for the non-perturbative part, we obtain
\I’gjnon_pert (a’ m,eq,&€2;4, Z)

4
9 (2a1+2a2725725172i71 mi)

= (1 — q) c1(e1—¢2)
F (mﬁ+2+€—aw>
Ln24n2) yn,k=0 €2
X Z qz{mitna)p, l_[ TP — (6.32)
n=(n1,n2)EZ> v=1,2 €9 Y
ni1+n2=0

R non-pert
Uy (

inst
X Z"%a +mne;, m+e1,e1,62 — €15 9) a+ney, m+ £2,61 — €2,62; 4, 2).

This blowup formula looks more natural when all the masses are re-defined to be anti-

4
fundamentals. Let us define m’ = (m’f)

P (my —i—s);ﬁ:l. Then the above blowup

formula can be expressed as

R non-pert / .
Uy (a,m’,e1,€2;9,2)

4
£9 (2(11 +2a2+25272i:1 m;)

= (1 — q) c1(e1—€2)

T <m5+822aw> (6.33)
% S qz (ni+n3) k=0 11

m', ,—a
n=(n1,ng)EZ> v=12T (’8_;27 — n7>
ni1+na2=0 2

/ )
a+ney,m’,e] — 9,694, 2).

inst ! . R,non-pert
X Z (a+n517m)51752_517q)\1jﬁ (

In particular, there is no shift in the new mass parameters. The L’ here is the ratio of bulk
1-loop contributions with anti-fundamentals,

m,k
L™ (a,m,eq,¢e9) (6.34)
1-1 1-1
Z/oop (a +ne;,m’ — %61,61,62 — 51> Z/oop (a +ney, m’ — %62,61 — 52,52)

a Z/l-loop (aa m/751752)

Y

where the 1-loop part of the bulk partition function with anti-fundamentals is

- _19192(aq —ag;e1,¢
Z/l loop (a’ m/7 €1, 52) _ Ha,ﬁfl,Q 2( Oé, Br<1 2) ) (635)
Il a=12 Ta(m] —aaser,e2)

=1, ,4
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For the case of the non-zero flux k = 1, similarly, we have

q’g(avm7€17€2§ q,2)

4
£9 (2a1+2a272672i 1””1‘)
1 =

:(1_q> + e1(e1—€2) (6.36)
X Z Z<a+n51,m+21,51,52—51;q> \Ifg (a+nsg,m+€22,51—52,52;q,z).
n:(m,nz)E(Z—l—%f
ni1+no=0

In terms of the partition functions with anti-fundamentals, this blowup formula can also
be written as

\P,]B%(aamlvglvt":?; q7z)

4
€9 (2a1 +2a2+267zi:1 m;)

= (1_q) + c1(e1—52) (6.37)
X Z Z<a+n81,m/—51781,52—81;q> vf (a+n€2,m’—62,51—52,62;%2)-
, 2 A 2
n:(nl,nz)E(Z—i—%)
ni1+n2=0

6.2.3 Analytic continuations and blowup formulas

As we have learned in section 3.1, the surface defect partition functions are expressed
as series expansions in certain convergence domains, either when they are engineered by
orbifolding or partial higgsing. Accordingly, the blowup formulas for the surface defect
partition functions that we have seen in the previous discussion were checked in specific
convergence domains, where the very surface defect partition functions lie in. Meanwhile,
we also have seen the analytic continuations across those convergence domains connect
different surface defect partition functions through connection formulas. Thus a natural
question that arises is whether the validity of the blowup formulas is not affected across
different convergence domains.

The expectation is naturally that the blowup formulas in different convergence domains
connect to each other by the connection formulas for the surface defect partition functions.
Hence, this is also a non-trivial check on the validity of the blowup formulas for the surface
defect partition functions, in the sense that the blowup formulas are grouped together by if
and only conditions. In what follows, we explain that the naive expectation is indeed true.

Let us begin with the Zs-orbifold surface defect, whose expectation value converges in
the domain 0 < |q| < |z| < 1. When there is no flux through the exceptional divisor, the
blowup formula reads

‘Ilg%non-pert (aa m,e1,£2:4, Z) — Z q%(ni—i_n%)zé(nﬁ;_nﬂ)l}n’k:o (av m,éeq, 52)
n=(ny,n2)€Z?
ni+n2=0
aﬂ—ag - _ ag—m;
b ”‘*)H e (6.38)
T (ag—ag) - T (aﬂ—mi +n ) .
€2 =1, €2 5

Zso ,non—pert(

inst . .
x Z"Y a4+ nep,m,ey,e9 — el,q)\I/ﬂ a+ney,m,e; — £2,62; 4, 2).
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As we have seen in section 5.3.1, we need to multiply an appropriate connection matrix
to make use of the connection formula corresponding to the adiabatic flow of the surface
defect on the zo-plane.® We multiply entries of the connection matrix Cg,) to the blowup

equation to yield

(Cg%) (a, m, 62)>a5 WGP (8 m, e, 514, 2)

1/,2,,2) _1 o _
- Z q2 (M) ma () [nk=0(a m ey ey)

n=(n1,n2)€%?

n1+n2=0
r (% g — "B) I (%) (Cg’) (2, m, 82))a/3 (6.39)
= Il 7o @
(%57) T (U ) (Rt napmie)

x ZM(a 4 neyp, m,eq,e9 — €15 4)

X (Cg)) (a+neg, m, 82)) 5 W%Q’non_pert(a +ney, m, g1 — €9,€9; 4, 2).
[0

A straightforward computation shows that the ratio of I'-functions in the middle simplifies
to

D (#5572 +ns—n)

€2

F(aBE;Qmi) (Cg)(a,m,zSQ))aB _ H F(%)

P() ALr(E ) (@) | (2 v
6.40

In particular, this expression is independent of 5. The blowup formula thus becomes

(Cg) (a,m, 52)>a5 ‘1’%2’n0n_pert(aa m, €1, €2; 4, 2)

Ln24n2)_—L(ng—n3) r nk=0 a <a7;2m0‘>
= s A, e1,c2
Z qz\™MTn2) 7 B/ L™ (a,m,e 6)H pp——
n=(n1,n2)€Z? v=1,2 r ( €2 + n’Y) (641)

ni1+n2=0

x Z™' (a4 ney, m,e1, 62 — €15 9)

X (Cg) (a+neg, m, 52)) 5 \Ilg”non'pert(a + neg, m, ey — £9,€9; 4, 2).
o

To make use of the connection formula , we need to multiply appropriate prefactors to the
non-perturbative part of the surface defect partition functions on both sides and take the
sum over S = 1,2. Then we may continue the complexified FI parameter to the domain
0 < |q] < 1 < |z|, where the left hand side becomes the vortex string surface defect
partition functions. The ratio of additional prefactors just mentioned miraculously cancels
the z factor inside the summation, so that the sum over 8 = 1,2 on the right hand side
also gives a vortex string surface defect partition function with the shifts in the arguments.

8In section 5.3.1 we considered the analytic continuation of the intersecting surface defect partition func-
tions. Here we have a surface defect only on the z2-plane, but the connection formulas and the connection
matrices for the analytic continuation are exactly the same. See [11].
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Hence we arrive at the blowup formula for this surface defect partition function:

L,non-pert .
\I/a P (a7 m751)‘€2aq72)

I (%=ma
_ Z q%(n§+n§)Ln,k:0 (37 m,éeq, 52) H a (_mE2 )
n=(ny,n2)€Z> =121 ( 752 ot n’y)

ni1+ng2=0

(6.42)

L,non-pert
Uy (

inst
x Z™%a+mne;,m,e1,62 —€1;q) a+ney,m,e; —e2,62;4, 2).

This is precisely the blowup formula (6.25) for the vortex string surface defect partition
function in the domain 0 < |q| < 1 < |z| suggested in the previous section.

Similarly, we can also analytically continue the blowup formula for the orbifold surface
defect partition function to the domain 0 < |z| < |q] < 1. This procedure is a bit more
involved compared to the previous case due to a non-trivial shift in the Coulomb moduli.
To make use of the connection formula, let us shift the Coulomb moduli and multiply the
entries of the connection matrix C(()2) to the blowup formula (6.19):

(C(()Q) (a,m,sz)) WP (o §ep,m 61,621, 2)

= Z qi("1+"2) 3(np—ns) prk= Ya—de;,m,eq,e3) (6.43)

n=(ny,n2)€Z?
ni+n2=0

I (w+nﬂ Tbﬁ) H af
F<w> i=1,2r(w+”ﬁ) (082)(a+(n_5)52’m’52)>

€2 €2

r (w) (062) (a,m,@))

€2
X

af
% ZinSt(a+(n—6)81,m,€17€2 *51;q)

X (C(()2) (a+ (n—é)eg,m,52)>a6 \IJ%Q’non‘pert(a+ (n—08)es—b8(e1 —e2),m,e1 —€9,69;4, 2),

where 6 = (048)a=1,2. Now a straightforward computation shows that

ag—az—e1
L“’kzo(a — de1,m,e1,69) r ( 526 +ng — ”B)
Ln—é,k:O(a — de1,m, 51752) T (aﬁ—aa—m)
€2
ag—m;—e1 (2)
Peme)  (CPame)

II

=il (m +n ) (C(()z)(a + (n — d)ey, m,62)) 5
«Q
IT,_1oT (ma%gs*aw)
w nﬁ+1)1“(m“+2+522+61_%—n5—1>
2 €2 2

T ( Mat2+e—ay )

€2

l—[ <ma+2+ tei—ay n > ’

(6.44)

€2 v

where we introduced half-integers njy = ng — 3 and ”/5
becomes independent of 5. Now we multiply the prefactor introduced in section 4.1.1 and

=nz+ % Note that this expression
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take the sum over 8§ = 1,2 in the both sides of the blowup equation. The left hand side
becomes the vortex string surface defect partition function by the analytic continuation.
On the right hand side, the z factor inside the sum miraculously cancels due to the ratio of
prefactors, and the sum over 8 = 1,2 also yields the vortex string surface defect partition
function with the shifted arguments. All in all, we get

R,non-pert .
\Ila P (aa m, 51752quz)

4
€9 (2&1“'2&2728721_:1 mz)

= (1 — q)1+ e1(e1—¢2) (6.45)
T (ma+2+sfaw)

1.2 2y_ 1 — 5
X E gzt =T LR (g m e ey) H 2
2
12 ZioT Mat2+ 5 +€1—-ay
n:(mmz)e(Z—&-g) 7= €2 Ty
ni1+no=0

x Zinst (a +ne;,m+ %1,51, €9 — €1; q> \Ifﬁf’n‘m'pert <a + nesy, m + %2,51 —€9,€9:0, z) .
This is precisely the blowup formula (6.36) for the vortex string surface defect partition
function in the domain 0 < |z| < |q] < 1 with non-zero flux. Amazingly, we recovered
the blowup formula with non-zero flux (half-integer sum) from the blowup formula with
zero flux (integer sum). The prefactor in front also comes out correctly as suggested in the
previous section.

We can alternatively start from the blowup formula (6.20) for the orbifold surface
defect partition function with non-zero flux, and analytically continue to the domain 0 <
lq <1< |z|] or 0 < |z] < |q| < 1. A straightforward computation similar to the one just
described shows that it analytically continues to the blowup formulas (6.26) and (6.31)
for the vortex string surface defect partition functions, respectively. Note in particular we
recover a blowup formula with zero flux (6.31) (integer sum) from a blowup formula with
non-zero flux (6.20) (half-integer sum).

7 Isomonodromic tau functions: connecting the NS limit and the self-
dual limit

In this section, we finally derive the main conjecture of [7] relating the isomonodromic
tau functions to the self-dual limit (e; = —e2) of the gauge theory partition functions. In
particular, we show that the NS limit (2 — 0) of the blowup formula for the surface defect
partition functions leads to the conjectured statement. In this sense, the blowup formula
connects the NS limit and the self-dual limit of the gauge theory partition function, thereby
explaining the mysterious fact that the same isomonodromic tau function emerges in both
limits.

7.1 Painlevé VI tau function

As we have studied in section 6.2, the blowup formula reads

V(a,m,e1,€9;q,2) = Z Z(a+nep,myer, e —e1;9)V(a + neg,mye; — €2,€2;49,2), (7.1)
nez
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for any value of z. We are omitting a prefactor which for z in the domain 0 < |2| < |q| < 1
approaches 1 in the NS limit e¢s — 0. We have seen in section 4.2 that the ¢o — 0
asymptotics of the vev of the surface defect is

\Ij(aa m, e, €2;4, Z) = exp |:€15(a7 m,eqiq, Z) R I (72)
€2

When we take the limit €5 — 0 to the blowup formula, the singular terms (exp O(e5!))
cancel each other, but due to the e1-shifts in the arguments the regular terms leave a

non-trivial equation. We are led to

8s.
e o = Z e"gl%Z(a +ner,m,e1, —€154). (7.3)
nez

Note that on the right hand side we have an infinite sum of SU(2) gauge theory partition
functions on the self-dual Q2-background with the integer shifts in the Coulomb modulus.
Since the -background parameter €1 only plays the role of the mass scale, we define the
following massless parameters

, 01:= Tz —l—m27 O :=
261

a m3 — my
a=—, bOyi=———, bO;:=
&1 281

ms + My
261

mi1 — My
T, (7.4)
We denote Z(a+n,0;q) := Z(a +ney,m,e1, —£1;q).

The equation (7.3) is valid for any z. To relate this equation to the isomonodromic
tau function, we consider the isomonodromic flow z(q) which preserves the monodromy
of the associated Fuchsian system. In other words, we consider the symplectomorphism
generated by §(a, z,0;q),

a5 88
o "T o

As we have seen in section 5.4, o and 8 parametrize the monodromy data of the Fuchsian

(7.5)

system. The isomonodromic flow z(q) and p(q) are thus determined by requiring o and
to be constants of motion. By taking the time derivative to the second equation, we get

O_cw_<6<'—3§>| L 08 dz(q)
dq Oa dq =2() oadz =2() dq
~ (7.6)
_ o8 _0H (zpa)) | dz()
© 0adz —2(q) Op z=2(q) dq ’
A p=p(q)
where we have used ‘?)—5 = -—HT (z, g—g; q) in the second line. Also we can take the time
derivative to the first equation to obtain
dp(a) (0 9S L 0% dz(q)
dg  \9z0q)| 022 | dq
z=z(q) z=z(q) (7.7)
_OH (i) |
0z z=2(q) ’
p=p(a)
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where we have used 65

—HT (z, 5 ,q) in the second line. In other words, the isomon-
odromic flow z(q) and p(q) are solutions to the Hamiltonian equations of motion, as they
should be. The constants of motion a and § can be regarded as the integration constants
of these equations.

Now we restrict the equation (7.3) to z = z(q). Then, noting that g—g gg 3 since

the prefactor for the effective twisted superpotential does not depend on the Coulomb

()
(q):=e z=2(q) = Z e"BZ(a +n,0;q), (7.8)
neL

moduli o = ﬁ, we have

where o and § are now constants which parametrize the monodromies of the associated
Fuchsian system. We claim that the left hand side of this equation can indeed be identified
as the Painlevé VI tau function.

Before we present the proof of the statement, let us examine the expression written on
the right hand side. The gauge theory partition function Z(«, 8;q) is the product of the
classical part, the 1-loop part, and the instanton part:

Z(a,0;9) = Z%(a; ) 217 (a, 6) 2™ (a, 6; q). (7.9)
The classical part is simply
2%a;q) = 9%, (7.10)
while the 1-loop part is given as

I'y(£2 ; —
ZI_IOOP(Q,O) :H . 2( QE1;€7, 51)
= [Limi Po(faer — myser, —e1)
B 1 HHE:iG(l:i:a—eq—i—eHg)G(lioz—Hl—l—e@oo)
= (27T)3_26q_291 e G(l:l:20() )

(7.11)

where we used (C.3) in the second equality. The constant prefactor in front is not very
important, and can be absorbed into the definition of 7(q). Lastly the instanton part is
given as

| —§ —601)> = 03) (e +i—j —0y)° —67)
2t (o, 6 BXE (a+i—j—6 5 9 0
)= Y [ (T OB

A (3,5)€EA
< I (ati—j—01)* = 03)(—a+i—j—064)*—65)
h2 (i, 5)(2a + 1 —i— j+ i + pt)?

(7.12)

(i.4)€n
where A and p are Young diagrams, A" is the transpose of A, and hy (i, j) == X\i—j+1—i+\
is the hook length of (i,j) € .

Now we prove that the left hand side of (7.8) satisfies the defining relation for the
tau function. In other words, we take the derivative d% log 7(q) and show that it indeed
reproduces the right hand side of the GIL relation. First, note that there is a slight
difference between the generating function S and the asymptotics .S, namely,

S=S8+AS, (7.13)
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where the difference AS varies according to the convergence domain:
1
ASE = (0 + 0, + 01) log z + 20, log (1 = z) + (60 + 64)* log g
— (B0 + 0 + 01 + 0o0) (B0 + b + 01 — 00) log(1 — q), (7.14)
AS”2 = (B 4 ) log z + (6o + 04)* log q
— (B0 + 0 + 01 4 00) (00 + b + 01 — bs0) log(1 — q),

and thus we have

d dS d (- 88 d OAS
L ) S (Pl —<AS—|— ) 7.15
dq ( 001 ) | da ( 81‘951> AL R o
The first term can be computed as
dS(a,2(q),0;q)  9S 98 dz(q)
dq W) Pl W
OH*(z,p;q)
— _H"r 2 7 : + s )
(2(a),p(a); ) + p(a) o @ (7.16)
p=p(q)
= [z 1) )
- pap Z7p7q Z=Z(q)7
p=p(q)

where we have used the equation of motion (7.6) for the second equality. Also, the second
term in (7.15) can be computed as

d aS o 08 928 dz(q)
da \“1e, ~"0s, 9q 196,02 d
1 1 2=z 1) mzt0) 198 ey 1
_ .
= lglaaHJr (z,gs; )] +€1aa g dil(q)
“1 ? =2(q) R O
OH* (z,p;q) %8 dz(q)  OH*(z,p;q)
=—g ——222 0 +e1
Oe1 z=2(q) 010z 2=2(q) dq dp z=2(q)
p=p(q) —*\ p=p(q)
OH* (2,p;q)
=g — 20V , 7.17
! Oe z=2(q) ( )
p=p(q)

where we used the equation of motion (7.6) in the last line. Finally, a simple computation
shows that

d (AS+518AS> (B0t 0> (Bot B+ 1 0) (B0 0y 61— b)
dq 021 / l==(q) q I—g
(7.18)
for both expressions in (7.14). All in all, we have
d 0 0
| —(pZ — e L 1) HY (o p;
tog(a) = | (ry- 150 = 1) H o) |,
p=p(a) (7.19)
N (6o + 64)* N (6o + g + 61 + 0s0) (B0 + 0q + 61 — 900).
q L—gq
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Note that the Painlevé VI Hamiltonian H*(z,p;q) is decomposed into a term quadratic
in p, a term linear in p, and a p-independent term. The quadratic term changes the sign
due to the pd, — 1 operation. The p-independent term also changes the sign due to the
—e10:, — 1 operation, since it is quadratic in #-parameters. At last, the p-linear term also
changes the sign because this term is also linear in #-parameters. Therefore, we obtain

d O +605)>  (Bp+ 605+ 61+ 0s0) (0o + 04 + 01 — O
g (@) = H* (). plafia) + 00y (0 E A EA OO Z0x)

(7.20)
Thus we have proven that 7(q) is indeed the Painlevé VI tau function. The terms on
the right hand side other than the Hamiltonian are only rational functions of time g, and
therefore could have been absorbed into the ambiguity of the definition of the tau function
itself. In [25] a general argument about the tau-functions non-stationary integrable systems

with Hamiltonians quadratic in momenta is presented.

Remark. In the domain 0 < |z| < |q| < 1, we cannot directly use the blowup for-
mula (6.31) due to the shift in the fundamental masses. Instead, we can re-define the
masses to the ones for the anti-fundamentals and use the blowup formula (6.33), where
there is no shift for the masses. Even though the fundamentals and anti-fundamentals
appear differently in the gauge theory partition function, they do in the self-dual limit of
the Q-background. Hence, by taking the limit e — 0 to this blowup formula we recover

the same expression for the tau function,
() =D e Z(a+n,6;q), (7.21)

nez

where the g-derivative gives

4 rogr(q) = H'™ (2(a), p(a): )

dg
_ 2(a)(2(q) —q)(2(q) — 1) 1 1 22(q) (0o +0q+61—1)
a(a—1) ””Qm—fk@—ﬂ a(a—1)
N (6 +064)* N (90+9q+«91+90;>)_(io+9q+91—000). (7.92)

It is important to note that the Hamiltonian is still different from H™(z,p;q) due to the
fact that we have used anti-fundamental masses. In particular, the Hamiltonian here is
H’+(z piq) = z2(z—q)(z—1) ( _2700_ 204 — 1 B 291—1>
T q(q—1) z z—q z—1
n 2(00 + 0q + 61 + 0o — 1)(00 + 6 + 61 —000—1)'
a(q—1)
Then (z2(q),p(q)) is a solution to the Hamiltonian equation of motion, i.e., isomonodromic

(7.23)

flow generated by this Hamiltonian. Compared to the Hamiltonian H (w, py;q), there is
half-integer shifts in the #-parameters,

1
01—)91—*

2 (7.24)
O — Oso — 3

— 66 —



7.2 Okamoto transformations

The relation that we derived in (7.20) is not precisely in the form written down in [28].
This is because the isomonodromic flow z(q) that we obtained from the gauge theory is
not identical to the isomonodromic flow considered there. Here, we explain how these
two distinct isomonodromic flows are related to each other by an Okamoto transformation
(namely, a Biacklund transformation for Painlevé VI, see [25] for more discussion), and how
this procedure directly recovers the exact form of the GIL relation from (7.20).°

7.2.1 Okamoto transformation and the Painlevé VI tau function

We have seen in section 4.3 that the complexified FI parameter z(q) of the surface defect
obeys Painlevé VI when the monodromies of the corresponding Fuchsian system are con-
stant. The main problem is the monodromy parameters which define this isomonodromic
flow z(q) are slightly different from the monodromy parameters which define the isomon-
odromic flow, say, w(q) considered in [28]. In fact, from w(q) to z(q) the #-parameters

change as

1
Og — 04+ =
2 (7.25)
Oso —> 05 — =.
2

This can be easily checked by directly comparing the Painlevé VI Hamiltonians which
define the flows z(q) and w(q). To recover the GIL relation as written in [28], we need
to find the transformation rule between (z(q),p(q)) and (w(q), pw(q)), and re-express the
Hamiltonian H(z(q),p(q);q) in terms of (w(q), pw(q))-

The transformation of Painlevé system with respect to the shift (7.25) was studied
in [35]. It corresponds to one of the Okamoto transformations of Painlevé VI. The full group
of Okamoto transformations is isomorphic to the affine Weyl group of Fy. Its subgroup
corresponding to the 1/9\4 can be seen in the quiver description of the moduli space of flat
SL(2)-connections on the 4-punctured sphere (it also related to the Spin(8) R-symmetry
group of the SU(2) gauge theory with 4 fundamental hypers).

Below we describe how the relevant Okamoto transformation is accounted for in our
expression of the Painlevé tau function.

Let us be given with a solution (w(q),pw(q)) of the Painlevé VI system:

dw(q) _ OH  dpu(q) __OH

= —— 7.26
dq Opw’ dq ow’ (7.26)
where
- -1 20 20, — 1 20
H(w7pw;q): w(w q)(w ) w( w_io_ a - ! )
q(q—1) w w—q w—1 (7.27)
w(00+9q+01+9%)(90+9q+91—00071) '
+ .
q(q—1)

In [25] a slightly different route, using the orbifold surface defect, is taken, leading to the GIL relation
in a more direct way.
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We define an auxiliary function h(q):

h(q) = q(q — 1) H (w(q), pu(a);a) — q (6o + 61)?

1 (7.28)
-3 (68 — 6 + 200(205 — 1) + (6 + 00) (0 — 0o — 1))

Then it was proven in [35] that h(q) satisfies the following nonlinear ordinary differential

equation:
dn (1— )dih 2+{dh (2h—(2 —1)dh)+(02—92)(92—92 —0,—0 )r (7.29)

— (G @ 0n?) (G + 00— 002) (G + 00 +0.02) (G + 00— 0 - 12).

In other words, we can say a solution (w(q), pw(q)) to Painlevé VI provides a solution A(q)
to (7.29). In fact, the converse is also true: given a solution h(q) to (7.29), we can construct
solutions w(q) and p,(q) to Painlevé VI as rational functions of h, %, and 2%9 [35]. In
this sense, we have a one-to-one birational correspondence I' between the solution spaces
of the two equations:

I'(h(q)) = (w(a), pw(a))- (7.30)

Let us now consider the shift (7.25). We apply this shift to (7.29) and find that the
following h't(q) satisfies this shifted equation [35],

1
ht =h—w(w—1)py + (00 + 0q + 01 + Os)w — 5(290 + 05+ 0). (7.31)

By applying the birational correspondence I' to h™, we obtain a solution (2(q),p(q)) to
Painlevé VI with the shift (7.25). Since h't is written in terms of w and p,,, we obtain a
birational transformation from (w(q), pw(q)) to (2(q),p(q)) accordingly.

This birational transformation is quite lengthy and complicated, so it will not be explic-
itly written here. Nevertheless, we can easily obtain the expression of the new Hamiltonian
H™"(2(q),p(q);q) in terms of the original variables w(q) and py(q), by combining (7.28)
and (7.31):

w(q) (0o + Oq + 01 + 0o
q(q—1)

H"(2(q),p(q);9) = H(w(q), pw(a); q) —

(7.32)
Substituting this to the relation (7.20) derived in the previous section, we finally obtain

w(q)(w(q) — 1) w(q) (0o + 0q + 61 + O0)
(g —1) Pu(0) + qa(q—1)

L (00469 (B0 + 04+ 01+ 0o0) (B0 + by + 61 = boc)
q L—q

d
—log7(q) = H(w(q), pw(q);q) —
dq (7.33)

This is precisely the GIL relation written in [28].
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Remark. In the domain 0 < |z < |q) < 1, we have another Hamiltonian
H'"(z,p;q) (7.23). Just as what we have done above, we may re-express z(q), p(q), and
H'"(2(q),p(q); q) in terms of w(q) and p,(q) by taking account of the Okamoto transfor-
mation from (w,py) to (z,p), which involves the half-integer shifts in §-parameters,

1
(91—)91—*

2 (7.34)
Oso — O — 3

Then we may substitute this expression into (7.22), recovering the GIL expression (7.33)
for the isomonodromic tau function.

7.2.2 The Okamoto maps of monodromy data

In making the Okamoto transformation from (w(q), pw(q)) to (2(q),p(q)) corresponding to
the shift (7.25), we have not yet specified which new solution a given solution is mapped
to under the transformation. In other words, we only argued the function h*(q) (7.31)
provides a solution to the equation (7.29) with the shifted #-parameters, but it is a partic-
ular solution in the two-dimensional solution space. When the birational correspondence
I" is applied, this ambiguity is passed to the integration constants « and § for the isomon-
odromic flow (z(q),p(q))-

The question can be rephrased in the context of the Riemann-Hilbert correspondence
as follows. The Riemann-Hilbert map sends the solution (w(q),pw(q)) of the Painlevé VI
system to a point in the moduli space Mg (8) of SL(2) flat connections on the four punctured
sphere, with the conjugacy classes for small loops around the punctures fixed in terms of
the f-parameters. The Okamoto transformation (z(q),p(q)) of (w(q), pw(q)) is a solution of
a new Painlevé VI system. The latter is sent, by the Riemann-Hilbert map, to an element
of the SL(2)-monodromy space M, (eo,eq + %,01,900 — %) It is similar to the original
monodromy space altough the shifts in the f-parameters as (7.25) imply these moduli
spaces are not isomorphic as symplectic varieties. The problem is to find the element in
this monodromy space obtained from the procedure described so far, i.e., to study how the
push-forward of the Okamoto transformation with respect to the Riemann-Hilbert map
acts on the monodromy space.

It is important to properly answer this question to precisely identify the meaning of «
and S appearing on the right hand side of the GIL relation,

(@)=Y e Z(a+n,6;q). (7.35)
nel

Recall from section 5 that o and  parametrize the monodromies of the Fuchsian system
associated to (z(q),p(q)) by (5.80) and (5.88), namely,

Tr M4 = —2cos2wa (7.36)

- 69 —



and

(— cos 2mlsg + cos 2761 ) (cos 2wy — cos 2m0y)

Tr Mp = L
2sin“ o
(€08 270u, 4 cos 2701 (cos 2l + cos 2mly)
- P (7.37)
cos? T

N Z4HEZi sin(Fa — 0q + €bp) sinm(Fa — 61 + eew)eiﬁ.
+

sin? 2oy

The question is how the monodromies of the Fuchsian system associated to (w(q),pw(q))
are parametrized by « and . This is indeed a non-trivial problem, but in [43] it was shown
that the answer is in fact very simple.'® We just have to undo the half-integer shifts (7.25)
in the above formulas, yielding

Tr M4 = —2cos2ma (7.38)

and

08 270, + cos 210y ) (cos 276y + cos 2mly)
2sin® Ta
(cos 2mb, — cos 2mhy) (cos 2wl — cos 2mly)

TI‘MB = (

2 cos? T (7.39)
B Z 4H6:i cos T(Fa — bq + €by) cos m(Fo — 01 + eﬁm)eiﬁ.
T sin? 21

These formulas precisely match with the definitions of a and § parameters in [28]. Hence
we complete the derivation of the GIL relation.

8 Discussion

We have derived the conjectural expression for the isomonodromic tau function as an
infinite sum of N = 2 gauge theory partition functions by taking the NS limit of the
blowup formula for the surface defect partition function, given that the free energy of
the N = 2 gauge theory with a surface defect is the Hamilton-Jacobi potential for the
isomonodromic flow. Our method nicely connects the two independent approaches to the
isomonodromic problem, one associated to the self-dual limit and the other associated to
the NS limit of the Q2-background. It also provides a physical intuition for the origin of the
gauge theoretical expression of the isomonodromic tau function.

The obvious desirable generalizations of our story would be higher rank quiver gauge
theories on the supersymmetric side, and higher rank isomonodromy problems on higher
genus Riemann surfaces with more punctures. The relevant geometry and the conjectural
generalization of the GIL formula are described in [25]. Let us outline some issues with
these generalizations.

First of all, for the general Riemann surface the supersymmetric side is most likely
non-Lagrangian class S theory. For genus zero with 2 regular and p+ 1 minimal punctures,

0For more works on the action of Okamoto transformations on the monodromy space, see also [44-46].
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for SL(N) flat connections, the supersymmetric side is the quiver gauge theory with linear
quiver with p nodes, with the gauge group SU(N)P. For genus one with p minimal punctures
one gets the SU(N)P theory corresponding to the affine quiver with p nodes.

For example, already in the SU(2)P case, when the Riemann surface is the sphere with
p + 3 punctures, we need p insertions of the surface defects, whose complexified FI param-
eters with their conjugate momenta give coordinates (z;,p;)t_; on the moduli space Mgah
of flat SL(2, C)-connections. Their expectation value conjecturally satisfies p differential
equations in both the bulk gauge couplings and the complexified FI parameters, whose NS
limit gives the Hamilton-Jacobi equations for the isomonodromic flows. Finally the blowup
formula for the surface defect partition function would involve a sum over a p-dimensional
lattice of the self-dual partition function of the bulk theory at the shifted Coulomb moduli.

Another interesting direction is the extension to the higher rank theory (see the appen-
dices D and F' in [25]). The simplest example is the Ay theory with the Riemann sphere
with two regular punctures at 0 and co and two minimal punctures at q and 1, meaning that
the eigenvalues of Ay, A € sl(3) are all distinct, while the eigenvalues of A, Ay € sl(3) are
maximally degenerate (see the appendices D and F' in [25]). The dimension of the reduced
moduli space is 4. With a proper choice of the pair of pants decomposition, the correspond-
ing class S theory is the SU(3) gauge theory with six hypermultiplets. Then we may insert
a Zs-orbifold surface defect. Two fractional couplings, say, z1 and 29, and their conjugate
momenta (the topological charges of the surface theory) would provide a local Darboux
coordinate system on the reduced moduli space of flat connections. The orbifold surface
defect partition function satisfies the Knizhnik-Zamolodchikov equation [34]. In the €2 — 0
limit it reduces to the Hamilton-Jacobi equation [36] for the isomonodromic deformation
of the s[(3) meromorphic connection with regular (first-order) poles, with two regular and
two minimal residues. Such connection can be mapped, in a standard fashion, to a third-
order ordinary differential equation with regular singularities. The isomonodromic flow can
be, in turn, also mapped to a third-order ordinary differential equation in q. However, to
exhibit all deformations we need more parameters. On the supersymmetric gauge theory
side the additional parameter, say log(qs), comes from the Tr¢? (formal) deformation of
the microscopic prepotential (see [8]). However, we don’t quite understand the geometry
of this deformation in the two dimensional context. Informally, we should study the de-
formation of q3 as well as of q that preserves the monodromy data, except that it is not
guaranteed that with q3 turned on the relevant object still can be viewed as a meromorphic
connection. The Hamilton-Jacobi potential would be properly generalized with g3 and this
is still expected to be the free energy of the surface defect theory with an appropriate
inclusion of g3 in gauge theoretical manner. The same applies to the tau function as an
infinite sum of the bulk gauge theory partition functions.

Another aspect to be investigated is the S-duality. Strictly speaking, the GIL expres-
sion of the tau function only allows an expansion around q = 0. To achieve expansions
around other critical points, ¢ = 1 and q = 0o, we need similar expressions as infinite sum
of gauge theory partition functions, where the gauge coupling q is replaced by 1 —gq or q—*.
We choose different pants decomposition of the four-punctured sphere accordingly, so that
the new (a, ) coordinates which appear in the GIL-like formulas would differ from the
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original ones, related to each other by canonical transformations as discussed in [9]. In the
gauge theory context, this amounts to going to the S-dual frame. It would be nice to see
whether blowup formulas for surface defect partition functions with such S-duality trans-
formations would still provide the gauge theoretical expressions for the isomonodromic tau
functions expanded in the corresponding domains of q. Indeed, the simpler versions of the
blowup formulas were used in [49] in tests of the S-duality of the N' = 4 theory.

We believe the novel blowup formulas for the partition functions of the gauge theory
in the presence of surface defects deserve further analysis by themselves. Their implica-
tions in the view of the refined topological string and the quantum toroidal algebra are
unclear as of yet. In the geometric engineering of N = 2 gauge theories [47], the insertion
of half-BPS surface defects corresponds to incorporating open strings [51]. In the point of
view of the algebraic engineering [3], where the gauge theory partition function is repre-
sented as a correlation function of operators which intertwine representations of quantum
toroidal algebra, the insertion of the surface defect can be realized by properly extending
the quantum toroidal algebra [4]. It would be nice to formulate the blowup formula in
these contexts and study its implications.
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A Partition functions of N = 2 supersymmetric quiver gauge theories

We give a brief review on the partition functions of the N = 2 quiver gauge theories. For
more details on this subject, see [20-22] for example.

For an oriented graph «, we denote the sets of its vertices and edges and Vert, and
Edge,, respectively. We define s,t : Edge, — Vert, as the maps which send an edge to its
source and target, respectively. For each vertex we assign two integers,

Vert Vert
n = ()ieVert, € (Z>O) T m= (m)ievert, € (ZZO) " (A1)
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The N = 2 quiver gauge theory associated to ~ is the four-dimensional N = 2 supersym-
metric gauge theory, whose gauge group is

Gy = U(m), (A.2)

icVert~

and whose flavor group is

Gf = <ievert,y U(ml) % U(l)Edge7> /U(l)VertW‘ (A3)

Here the overall U(1)Ve™* transformation has been mod out due to the gauge symmetry,

(ui)ievert, : ((gi)ievertw (ue)eEEdgc,Y> > ((Uigi)ie\/ertw (us(e)ueuf(é))eeEdgev) . (A4)

The field contents of the theory are the following: the vector multiplets ® = ((I>i)i€vertW
in the adjoint representation of G, the fundamental hypermultiplets Qy,,q = (Qi)ievert.,
in the fundamental representation of Gy and the antifundamental representation of Gy,
and finally the bifundamental hypermultiplets Qyifung = (Qe)ecEdge, in the bifundamental
representation (Tog(e), 4(e)) Of Gy The N = 2 supersymmetric action is then fixed up to
the gauge couplings,

19i 471
+

q; = exp(2min;) (Ti = ) , 1€ Vert,, (A.5)

and the masses of the hypermultiplets,

m = ((mi)iEVertw (me)eeEdgew)v

m; = diag(mi 1, - ,Mim) € End(C™), me € C. (A.6)
The global symmetry group of the theory is
H = Gg X C;1f X Grota (A7)

where G4 (A.2) is the group of global gauge symmetry, G (A.3) is the group of flavor
symmetry, and Gyot = SO(4) is the group of the Lorentz symmetry. We turn on equivariant
parameters for the maximal torus Ty C H. The equivariant parameters for G, is the
vacuum expectation values of the complex scalars,

<(I)1> =aj, aj= diag(aiﬁl, s ,aijni) € End(C”‘), ie Vel"t»y. (AS)

The equivariant parameters for Gy is the masses of the hypermultiplets (A.6). Finally
the equivariant parameters for Gt is the Q2-deformation parameters €1, 2. The partition
function of the theory is a function of these parameters (a, m,e) € Lie(Tx). In expressing
the partition function, we abuse our notation and denote the vector spaces and their Ty-
equivariant characters in the same letters. Hence we write

G L
Ni = Z eﬁa"o‘, Mi = Z eﬁmi’f- (Ag)
a=1 f=1
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It is helpful to use the following notation for abbreviated expressions,

.= oPei . — ) -
=i, P=1- i=1,2,
C.IZ (2 ql (A.lo)
Q12 = q1q2, P2 =(1-q1)(1 —q).
The partition function factors into the classical, one-loop, and the instanton parts:
Z(a’m7€’ q) _ chassical Zl—loop Zinst. (All)
The classical part is given by
chassical(a7 €, q) — H ql_ 25%52 22:1 aiz,a' (A12)
icVert~
The one-loop part is given by
ZooP (a1, €)
1 (A.13)
=F — — Z (Mi — Ni)Ni* + Z eﬁmeNt(e)N*(e) ,
(1 —¢ /881)(1 - IBE2) (ieVert«, ecEdge, ’
where the E-symbol is defined by
Bll=ew |5 oo [ as (A14)
... E eX —_— — ... .
P s OF(S) 0 ’
s§=

which converts a character into a product of weights. In particular, the E-symbol regular-
izes an infinite product of weights such as (A.13) by the Barnes double gamma function,

1 S 1 e—ﬁa}
I'(s) /0 app (1-— 6’551)(1 — 6552):| : (A.15)

The instanton part Z'™* is obtained by a Ty-equivariant integral over the instanton

[a(z;€1,€2) = exp

4
ds

s=0

moduli space. Given the vector of the instanton charges k = (ki)iEVertw € 729, the total
framed noncommutative instanton moduli space of the quiver gauge theory for ~ is

M, (n, k) = M(mny, k), (A.16)

icVert~

where M(m, k;) is the ADHM moduli space

Bis: K — K, [B1, Bo] +1J =0,
M(n, k) = ’ U(k).
I:N—>K,J:K—N |[B,Bil|4 By, Bl +1IT —JtJ=¢
(N=C", K =CF (A.17)

Solving the real moment map equation [By, By'] + [Bz, Bo'] + ITt — J1.J = ¢ and dividing
by the compact U(k) is equivalent to imposing the stability condition and dividing by the
complex group GL(k),

Bis: K =+ K, By, By +1J =0,
M(n,k):{ 1,2 ‘[ 1, By

} / GL(k). (A.18)
I':N>KJ:K—N K = C[By, Bo] I(N)
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The Th-equivariant integration over the instanton moduli space (A.16) localizes on the
set of fixed points of Ty-action, Mw(n,k)TH , which is the set of colored partitions A =
(AGym_ 1)ieVert,» where each )\(‘ @) ig a partition,

La) _ () (,0) (i) (i,a) L
Ae) = (A > 20 > > 08 > AL = =0) (A.19)
with the size [A\3®)| = ZZ( 11 ) /\(1 @) = = ki o constrained by k; = Y, kio = |[A]. At each
fixed point A, the vector space Kj; carrys a representation of Ty with the weights given by
the formula

:zni: > el (A.20)

a=1 DE)\(i‘a)

where we have defined the content of the box,
=aiater(i—1)+e(j—1) for O=(i,5) € A0 = 1<j<aP (A21)
The tangent bundle and the matter bundle comprise the character

Tl = Y (MK + q2N{ K; — P KK — M K;)
icVert~

— > Ny Koy + 112N o) Kie) — PraKiie)Kie)), (A.22)
eGEdgeﬂ/

assoicated to each fixed point A € M, (n,k)7#. At last the instanton part of the partition
function is evaluated by

Zt(a:m;e;q) Z H )‘()‘ E[T[N], (A.23)

A i€Verty

where we have used the E-symbol (A.14). Note that the one-loop part and the instanton
part can be combined into

Zl_lOOP(a, m, E) Zinst (a; m:e; CI) (A.24)
P g L M;— $:)S; fme g, oS
_Z H —ePer)(1—ePe2) Z (M; = 5i) S + Z € te)Ps(e) | |
A ieVert, ieVert~ ecEdge,,

with the character S; = N; — P2 K;.
The regularized characteristic polynomials of the adjoint scalars form important chiral
observables, called the Y-observables, are defined by

. — 1
Yi(x) = 2™ exp Z —ﬁTr ®lo, (A.25)

Their expressions at the fixed point A are written as

ﬁ( e TI (x—cg—a)(w—cm—@)), (A.26)

Ot (x —co)(x—co—¢)
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which shows that upon the regularization, the instanton contribution makes the polyno-
mials into rational functions of the auxiliary variable z. The Y-observable can be simply
written as

Yi(z) [\ = 87" E[—e 7 S7). (A.27)
Note that the Y-observables are the generating functions for the chiral observables
Oi,kp\] =Tr @ﬂo[)\]
i (A.28)
= Z aﬁa + Z ((CD +e)f 4+ (co+ex)f —cfy— (co+ €)k>
a=1 Oex,a)

The gg-characters for the quiver gauge theories are given as certain Laurent polynomials
of the Y-observables.

B 1-loop part of the partition functions

The 1-loop parts of the partition functions are regularized by using the Barnes double
gamma function,

d 1 o0 e P
r . = _ dppst B.1
2(.’1}'781,82) exp [ dS o0 F(S) A /Bﬁ (1 — e,bsl)(l IR ebEQ)‘| ’ ( )
and also the gamma function

1 o0 e V21 /eo
r . = _ dpps—1 = — . B.2
1(7;€2) exp[ i) F(s)/o BE 1 _6552] — (B.2)

=T (2)

In particular, the 1-loop part of the partition function of the SU(2) gauge theory with four
fundamental hypermultiplets is given by

Z1-loop _ I [2(0;e1,e2)2(+2a5¢e1,€2)

. B.3
X ?:1 I’g(:ta—mi;&?l,sg) ( )

If the theory is coupled to the surface defect on zo-plane, the gauged linear sigma model
living on the surface defect also contributes to the 1-loop part of the partition function.
Depending on the complexified FI parameter z of the sigma model, the gauge and the
matter contents of the sigma model vary and thus the 1-loop part of the partition function
changes accordingly. For example, in the domain 0 < |q| < |2| < 1,

l-loop __ ['2(0;5e1,2)T2(€2a; 1, £2) [i=1 2 T1(Fa — my; €2)
vioP =]

(B.4)
Pt} [T Ta(a — myse1,€9) ' (£2a;¢e9)
Accordingly, the 1-loop part of the effective twisted superpotneital is computed as
S0P — iy 2 Jog w10 (B.5)

e2—0 €gq
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Using the following identities regarding the NS limits of the gamma functions,

a9 (..
p <5121r_>n052 logfg(x;61,52)> = —logT'i(x;e1)

Q (limosg logI'y (x; 52)> = —logux,

or \e2—
we obtain
pstor [ T(2) ar(cmm)
5@ = log T (_8;11)2 Zl;ll r (a;;z) [li=1,2(a —m;)
gsioop B T (%)2 S (*%> [li=12(—a —mi)
R Yy T

(B.7a)

(B.7b)

This is precisely the relation (5.87) that we used to absorb the 1-loop part into the twisted

superpotential S.

In section 6, we have defined the function L™*(a,m,e;,e5) by a ratio of the 1-loop

part of the bulk partition function,

Ln’k(a, m,eq, 62)

Zl-lOOP (av m,éeq, 52)
A straightforward computation shows that

_k
10 51 8™ 2(mp — aq,e1,€2)

L™ (a,m, ey, e9) =
( y s €1 ) Hgﬂ:l Sna—"ﬁ(ag — aa7€1752)

Y

where
[T ij>0 (z—ier — je2) n>0
i+j<n—1
s”(m,al,ag) =411 ij>0 (x+ i+ Der+ (54 1)e2) n<-—1
i+j<—n—2
1 n=0or1l

In particular, this is a rational function of equivariant parameters.

C Double gamma function and Barnes G-function

We define the double gamma function I'y(z;e1,€2) by

1 o s—1 e P
s=0 F(S)/O app (1— 6*/351)(1 — 6552)‘| )

In the self-dual limit of the Q2-background €5 = —¢1, it is easy to show that

a
ds

Da(x;e1,62) = exp [—

1
(14 £ +n +ng)®

9

ds

d
[o(x;e1,—€1) =exp | —
s=0

n1,n2>0
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where the equality is regarded as a regularization of the right hand side. From this relation
we identify

F2($;61,—€1) = G) (C?))

where G(x) is the usual Barnes G-function.
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