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Abstract

Following a recent paper by Alday and Tachikawa, we compute the
instanton partition function in the presence of the surface operator by
the localization formula on the moduli space. For SU(2) theories, we
find an exact agreement with conformal field theory (CFT) correlation
functions with a degenerate operator insertion, which enables us to work
out the decoupling limit of the superconformal theory with four flavors to
asymptotically free theories at the level of differential equations for CEFT
correlation functions (irregular conformal blocks). We also argue that
the K theory (or five-dimensional) lift of these computations gives open
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topological string amplitudes on local Hirzebruch surface and its blow
ups, which is regarded as a geometric engineering of the surface opera-
tor. By computing the amplitudes in both A and B models we collect
convincing evidences of the agreement of the instanton partition func-
tion with surface operator and the partition function of open topological
string.

1 Introduction

In the problem of the non-perturbative physics of four-dimensional gauge
theory the connection to two-dimensional theory has been an useful idea.
For instanton effects in the low-energy effective action (F-term) of N’ =2
supersymmetric gauge theories, the seminal work of Nekrasov [1] gives a
combinatorial formula of the instanton partition function, which recalls us
of the theory of free fermions and bosons in two-dimensional conformal field
theory (CFT). Last year this expectation was made quite explicit by Alday-
Gaiotto-Tachikawa (AGT) relation [2]. The holomorphic version of their
proposal tells a relation of the homological (four-dimensional) instanton par-
tition function of N' = 2 (quiver) gauge theories and appropriate conformal
blocks. Subsequently, this correspondence was extended to incorporate loop
and surface operators in four-dimensional gauge theory [3] (see also [4,5]).

In this paper, we consider the instanton partition function in the pres-
ence of a surface operator and its relation to CFT correlation function with
a degenerate field insertion. In a last few months, there appeared several
works where related ideas have been developed [6-10]. We note that most of
them (except [7]) assume the extension of AGT relation proposed in [3] and
discuss the partition function with surface operators by computing the cor-
responding CFT correlation functions and/or topological string amplitudes.
However, as is clearly explained in [7] the computation of the instanton
partition function can be made more directly by localization formula on
the gauge theory side, if we consider the moduli space of instantons which
involves a certain type of surface operator. In a sense, this is a natural exten-
sion of the method, which was used by Nekrasov to derive his formula of
the instanton partition function. Based on the equivariant character formula
derived by Feigin et al. [11], we first present a few examples of direct compu-
tations of the instanton partition function with a surface operator. Precisely
speaking, the formula in [11] is expected to hold when the residual gauge
symmetry on the surface is the maximal abelian subgroup U (1) C U(N),
which was called the full surface operator in [7]. But the surface opera-
tor that was argued to correspond to the degenerate operator insertion is
the simple surface operator on which the gauge symmetry is reduced to
U(l) x U(N —1) C U(N). Fortunately for the gauge group U(2), these two
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types of the surface operator coincide. Since we rely on this coincidence,
we only consider U(2) gauge theories in this paper. After decoupling the
diagonal U(1) part, they describe SU(2) theories.

The original AGT relation was proposed for the superconformal gauge
theories, which are obtained by compactifying the world volume theory of
M5 branes on an appropriate Riemann surface with punctures [12]. Recent
papers on the extension of AGT relation with surface operator [6-10] mainly
considered the superconformal case. However, the AGT relation can be gen-
eralized to asymptotically free theories [13,14]. In this paper, we will focus
on SU(2) theories where the number of flavors is in the region 0 < Ny < 3.
According to [3] for superconformal theories we should look at the confor-
mal blocks with a degenerate primary operator ®; 5 insertion. On the other
hand, in the non-conformal case we have to replace the Virasoro highest
weight states with the so-called Gaiotto states [13], or an analogue of the
Whittaker vector for the Virasoro algebra [15,16]. We derive the differen-
tial equations for the one point function of ®1 o operator with respect to
the Gaiotto states in a systematic manner following the appendix of [17].
In contrast to the differential equations for the usual conformal blocks, our
differential equations have irregular singularities. We then obtain solutions
to the differential equations which can be compared with the instanton par-
tition function, namely those in the form of a power series in the scale
parameter A, which appears in the definition of the Gaiotto state on the
CFT side. We show that they agree to the results from the localization
formula on the moduli space. We emphasize that the agreement is estab-
lished beyond the semi-classical limit which was argued in [3]. That is we
do not have to take the limit €1, e5 — 0 for the equality. This becomes pos-
sible, since we are able to compute an exact instanton partition function by
the localization formula. On the gauge theory side the asymptotically free
theories are obtained rather easily by taking the decoupling limit of N' = 2
SU(2) theory with four flavors, where we take some of the masses of mat-
ter hypermultiplets into infinity and redefine the parameter A of instanton
expansion. However, it is not straightforward to achieve the corresponding
limit at the level of differential equations on the CFT side. Hence, we care-
fully work out the degeneration of the differential equations with irregular
singularities, which describes the reduction of the number of flavors. Note
that the irregular singularities appear as a consequence of the congruence
of regular singularities. As a by-product, we can also see how the Gaiotto
state arises from a degeneration of two Virasoro primaries.

As is expected from the idea of geometric engineering [18] the instan-
ton partition function without surface operator is related to the topolog-
ical string amplitudes [19-23]. Namely when the equivariant parameters
(or the © background) (ej,e2) satisfy the self-dual condition €; + ez =0,
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Figure 1: Correspondence among instanton counting, CFT and topological
string.

the five-dimensional lift (K theory version) of the instanton partition func-
tion agrees exactly with the closed topological string partition function on
the local toric Calabi—Yau manifold whose toric diagram is dictated by
the geometric engineering. Since the closed topological string amplitudes
compute the index of Bogomol'nyi-Prasad-Sommerfield (BPS) states (the
Gopakumar—Vafa invariants), the Nekrasov partition function in general (2
background is expected to give a refinement of the BPS state counting in
topological string theory [23,24]. As the presence of surface operators breaks
half of the supersymmetry and the semi-classical part of the partition func-
tion with surface operator is identified with the twisted superpotential [3], a
natural generalization of the above geometric engineering is to look at open
topological strings, which has been advocated by Gukov [25]. In the second
half of the paper, we explore the idea of geometric engineering of the surface
operator in /' = 2 gauge theories. As was proposed by Ooguri and Vafa [26]
the open topological string amplitudes (open BPS invariants) give the knot
and link invariants via the relation to the Chern—Simons theory with the
Wilson loop operator. As the dimensional reduction to three dimensions
reduces the surface operator to the loop operator, the relation to the open
topological string is natural also from the view point of three-dimensional
Chern—Simons theory. In summary the correspondences we will explore in
this paper are shown as fig. 1.

Pure SU(2) Seiberg—Witten theory is geometrically engineered by the
local Hirzebruch surface Ky, (the total space of the canonical bundle of
Fy = P} x P}). The local Calabi-Yau manifold Kp, has two moduli param-
eters t,, and t¢, which represent the Ké&hler parameters of the base P%)
and the fiber P%, respectively. The parameter of the instanton expansion
(the dynamical mass scale) A and the vacuum expectation value a of the
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scalar field in the prepotential of N = 2 theory are related to these moduli
parameters by (8A)* ~ e~ and 28a ~ t; with 3 being a scale parameter
of length. By blowing up at N; points in toric geometry we can add N
matter hypermultiplets in the fundamental representation. The correspond-
ing geometry is described by the local toric del Pezzo surfaces. It has been
argued that the (simple) surface operator is geometrically engineered by a
toric Lagrangian brane inserted on the inner edge of the toric diagram which
corresponds to the base P}, of the surface [8]. We compute topological open
string amplitudes on this local toric Calabi—Yau geometry with a brane in
both A and B model perspectives. The disc amplitude, which corresponds to
the superpotential, is most easily computed by the B model approach, since
it is naturally related to the period integral. We first use the Seiberg—Witten
curve which can be associated to the semi-classical limit of the expectation
value of the energy—momentum tensor on the CFT side. We also make
computations based on the mirror curve of the local Calabi—Yau geometry.
In both cases we can show an agreement with CF'T correlation functions with
a degenerate field insertion. We employ the method of remodeling [27,28] in
our B model computations. One of the advantages of this method is that we
can easily increase the number of holes (boundaries) of the world sheet by
the topological recursion relation coming from the matrix model [29]. Moti-
vated by a recent suggestion in [6], we also compare annulus amplitude and
three hole amplitude with CFT correlation functions with multiple insertion
of ®1 2 operator. We again find a matching of both computations as far as
the comparison is possible.

For the A model computation we use the powerful method of the topo-
logical vertex [30]. We first look at the decoupling limit of four-dimensional
gauge theory from the two-dimensional theory on the surface. As argued
in [8] in this limit the partition function is reduced to the generating function
of the vortex counting. We show that the vortex counting in [8] can be suc-
cessfully recovered from the localization formula on the affine Laumon space.
From the viewpoint of four-dimensional theory only the sector of vanishing
instanton number survives in this decoupling limit. Thus the next task is
to examine the sector of instanton number one. The corresponding part of
topological string amplitudes is the first order term in the Kéhler moduli
parameter t,, of the base Pllj. We check that in this order the open topo-
logical string amplitude on the local Hirzebruch surface exactly agrees with
the instanton partition function with a surface operator modulo a partial
shift of the Kéhler moduli ¢; of the fiber Pfl by the parameter of the €2 back-
ground. We conjecture this shift becomes trivial in the limit e — 0, while
keeping €; finite. Note that such a limit appears in the recent proposal of
a quantization of the integrable system associated with the Seiberg—Witten
geometry [31] (see also [32-34] and a more recent discussion [9]). It is desir-
able to understand the origin of the shift as an effect of the presence of
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the surface operator, or the insertion of ®1 > operator to CF'T correlation
functions. The computations of topological string amplitudes in this paper
are subjected to the condition €; + €2 = 0. In the A model, the amplitudes
in general {2 background (ej, €2) can be computed by the refined topological
vertex [35,36], but the computation gets rather involved. The validity of
the above conjecture should be checked by computing the refined topological
string amplitudes. We leave these issues to future works.

The paper is organized as follows. In Section 2 we introduce the instanton
partition function with surface operator and review some of mathematical
background for the relevant moduli space. In Section 3, following the pre-
scription described in [7], we compute the instanton partition function for
pure SU(2) theory as a basic example of the application of the localization
formula. We also consider Ny =4 theory from which asymptotically free
theories with Ny < 3 are obtained by the decoupling limit. The instanton
partition functions computed by the localization formula are compared with
the corresponding CFT correlation functions in Section 4. We have to mul-
tiply appropriate overall factors for the matching. The origin of the factor is
clarified in Section 5, where the degeneration of the differential equations for
irregular conformal blocks is derived from the consistency with the decou-
pling of the hypermultiplets on the gauge theory side. The latter half of the
paper is devoted to the geometric engineering of the half-BPS surface oper-
ator in N' = 2 theories. In Sections 6 and 7, we take the B model approach
based on the topological recursion relation. In Section 8, we compute the A
model amplitude by the method of the topological vertex. Basic formulas
and some of technical details are collected in Appendices.

2 Instanton partition function with surface operator

In [3] the semi-classical matching of the instanton partition function in the
presence of a surface operator and the conformal block with the insertion
of a degenerate field was pointed out. To establish a full agreement beyond
the semi-classical limit we have to set up an appropriate framework of the
instanton counting that incorporates the surface operator. In this section,
we review a few mathematical backgrounds following [3,7] and try to make
the definition of the partition function as clear as possible, since a proper
definition of the moduli space is required to justify the computation of the
partition function by the equivariant localization.

Recall that one of the ways to define the surface operator is to prescribe
a singular behavior of the gauge field [37] (see also [38,39] for the surface
operators in N =2 theories and [40,41] for more mathematical formula-
tion). Let us consider a gauge field A, on R* ~ C? with complex coordinates
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(21, z2) and assume that there is a surface operator at zo = 0, which fills the
z1-plane. If 0 is the angular coordinate of the transverse plane (the z-plane)
to the surface operator, the gauge field diverges as

Aydat ~ diag (a1, o9, ..., an) idf, (2.1)

near the support S := {(z1, 22)|22 = 0} of the surface operator. Note that
the data (a1, aq,...,ay) which characterize the surface operator give an
element of the Lie algebra of the maximal Abelian subgroup U(1)Y of the
gauge group G = U(N). Then we can associate a Young diagram with N
boxes (a partition of N): N = Ny + Ny + --- + Ng, if diag (g, g, ..., an)
commutes with L := U(Ny) x U(N3z) x -+ x U(Ng). From the viewpoint of
the principal G-bundle this means the structure group is reduced to a Levi
subgroup L C G on the surface. The subgroup L is identified with the Levi
part of a parabolic subgroup P of the complexified Lie group G¢ = GL(N).
By a gauge transformation we may assume a; > a;+1. When «; are the most
generic, the commutant is U(1)"V and the corresponding parabolic subgroup
becomes minimal one, namely the Borel subgroup B of GL(N). The cor-
responding surface operator is called full surface operator in [7]. Note that
since we have fixed the ordering oy > ag > -+ > ayp, the Weyl invariance
is lost. We will see its effect on the instanton partition function in the next
section. Following the terminology used in the context of N = 4 gauge the-
ory [37], we call the instantons with the singular behavior (2.1) “ramified”
instantons.!  The “ramified” instantons are anti-self-dual connections on
R*\ S and their topological indices are the instanton number k and the
monopole number

m: 1/F6A]L:H2(G/L,Z). (2.2)
S

:27r

For the full surface operator we can see the origin of the monopole number
as follows: since the gauge group on the surface is reduced to L. = U(1)" in
this case, we have N abelian gauge fields or line bundles Ly, Lo, ..., Ly on
the surface. Hence the “ramified” instanton has N monopole numbers

1
m; I:/Fi:/Cl(Li), i:1,2,...,N. (23)
2w S S

!The name “ramified” comes from the fact that the ramification in the (geometric)
Langlands problem is related to the presence of a surface operator, or a codimension two
singularity in gauge theory.
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The generating function of the instanton counting with surface operator
is defined by

Z\) = i > q’“z“‘/ 1, (2.4)

k=0 meA MK, (k,m)

where ¢ is a parameter of instanton expansion and My (; m) is the mod-
uli space of “ramified” U(N) instantons with instanton number &k and the
monopole number m. If the theory is superconformal, we can relate the
expansion parameter to the gauge coupling 7 by ¢ = ¢*™'7. For asymptot-
ically free theories it is replaced with the parameter of dynamical scale A
with appropriate mass dimension. If we put the expansion parameter z
associated with the monopole number to z = €2™ then the parameter ¢ has
the following meaning. As was argued by Gukov and Witten [37] in NV =4
gauge theories, the surface operator may be described by a coupling of four-
dimensional gauge theory to a two-dimensional sigma model on the surface
S with the target G/L ~ G¢/P. Then the parameter ¢ is identified with the
complexified Kéhler moduli of the flag manifold G¢/P. From the view point
of the sigma model the monopole number m measures the degrees of the map
®: S — G/L. For example, when L = U(1) x SU(N — 1) C U(N), the tar-
get space is the projective space CPY~! and t is the complexified Kéhler
moduli of the projective space, which is one-dimensional. In this case, the
monopole number is a single integer and the corresponding surface operator
is called simple [7].

As was discussed in [7] it is convenient to combine the instanton number
and monopole numbers to define a vector k = (k1, ks, ..., ky) as follows:?

ki=Fk, kit1—ki=m. (2.5)

The moduli space M ;- of the “ramified” instantons with the topological

number % has real dimension 4(ky + ko + -+ + kn). Since we integrate 1
over the moduli space in (2.4), we may expect it computes the volume of
M - However, the moduli space is highly singular and “non-compact”.
Hence we have to regularize the integral. To overcome the problem we can
employ the strategy that was used to derive the Nekrasov partition function.
We consider a natural toric action of T on the moduli space and the integral
is regularized as the equivariant integral, or the push forward to the equi-
variant cohomology of a point Hp(pt). In the next section, we will compute
the equivariant integral by using the localization formula. But the use of the

2In [15,16] it was pointed out that it is natural to combine k with m; from the viewpoint
of the affine Lie algebra.
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localization theorem is mathematically justified only when the moduli space
is smooth. However, M, = suffers from various types of singularities, which
keeps us from applying the localization formula. A standard method to han-
dle such a problem is to consider torsion-free sheaves with an appropriate
stability condition; see [7] and literatures in mathematics cited therein. The
use of torsion-free sheaves for the instanton counting without surface opera-
tors is clearly explained in [42,43]. It is shown that torsion-free sheaves are
also useful for constructing a Uhlenbeck space for the instantons with a par-
abolic structure [44]. For general gauge group G the existence of a smooth
moduli space is still open problem, even if we shift the construction of a
smooth moduli space to the problem of tgsion—free sheaves. Fortunately for
G = U(N) a resolution of singularities M Ni— Myg (called small resolu-

tion in mathematics) is successfully constructed.®> The smooth moduli space

M N can be regarded as an affine version of the Laumon space and called
affine Laumon space in mathematics [45,46]. According to the description
in [7] it consists of the equivalence classes of the following data up to gauge
transformations:

e Stable rank N torsion-free sheaves on P! x P! with a given topological
number E;

e A fixed framing at infinity {z; = oo} U {29 = o0};

e A reduction of the gauge group GL(N) to a parabolic subgroup P on
the surface {zo = 0}, which is called a parabolic structure.

It is remarkable that in the definition of the affine Laumon space M N

a “compactification” of C? is given not by P? but by P! x P!. The stan-
dard toric action (21, 29) — (e!! - 2z1,€'2 - z3) on C? survives after this “com-
pactification”. Thus, we can consider the fixed point of the toric action
of T:=U(1)2 x U(1)N € SO(4) x U(N) on the moduli space of “ramified”
instantons, which is familiar in the computation of the Nekrasov partition
function. In [11] it was shown that the fixed point is isolated and labeled
by an N-tuple of Young diagrams X = (A1, A2y ..., An). However, we should
warn that the manner how these Young diagrams appear is rather different
from the case of the standard instanton where the moduli space is con-
structed by ADHM data. In fact, the constraints imposed on the N-tuple
of Young diagrams X are

ki = Ei(X) = Y Nipggens (2.6)
i>0

3We would like to thank K. Nagao for explaining this fact.
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where A; ; is the length of the jth row of the Young diagram \; and we
define \;; for i > N by requiring A,y = A;. Thus, the fixed points on
the moduli space M N are in one-to-one correspondence with X that sat-
isfies the condition (2.6). Because the affine Laumon space is smooth, we
can consider the tangent space at each fixed point with complex dimension
2(k1 + ko +---+ kn). At fixed points the toric action induces a structure
of U(1)?2 x U(1)" module on the tangent space. In [11], the structure of
this module was determined and a formula of equivariant character was pro-
vided, which allows us to compute the instanton partition function (2.4) by
the localization theorem.

It is amusing that a closely related moduli space was already appeared
in a proof of the Nekrasov conjecture from the viewpoint of integrable sys-
tem and the representation theory of the affine Lie algebra [15,16], where
the moduli space of the instantons with parabolic structure was introduced.
In [15,16], the Uhlenbeck compactification of the moduli space [44] and a
sophisticated theory of the intersection cohomology were used to compute
the equivariant integral. On the other hand, the affine Laumon space pro-
vides a semi-flat resolution of singularities and we can apply the standard
theory of the equivariant cohomology and the localization theorem to com-
pute our partition function (2.4).

3 Equivariant localization on affine Laumon space

In this section, following the method of computation in [7], we work out a few
examples of the instanton partition function in the presence of the surface
operator by localization formula. As was discussed in the last section if the
gauge group is U(2), the fixed points are isolated and labeled by a pair of
Young diagrams The measure of the localization formula at each fixed point
is obtained from explicit computations of the equivariant character of toric
action on the affine Laumon space. Fortunately, we have a formula of the
equivariant character derived in [11], which is given in Appendix A (see also
equation (3.10) in [7]).

3.1 Pure Yang—Mills theory

Let us assume that all the fields in the theory are in the adjoint representa-
tion. The so-called N' = 2* theory with a massive adjoint matter, which is
a deformation of N' = 4 conformal theory is a typical example. Pure Yang—
Mills theory, which can be obtained by decoupling the adjoint matter of
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N = 2* theory, is an example of asymptotically free theories. In this case,
we only need the diagonal component of the equivariant character provided
in Appendix A, where we set a = b and A = u. The fixed points of the toric
action are labeled by a pair of partitions Xi= (A1, A2) and A\pypp = Apg2n
denotes the nth component of the partition A,,. The vacuum expectation
values of the scalar fields ay are also defined with ag49 = ag. At each fixed
point X the formula in Appendix A gives many terms in general. But after
several cancellations the final result should be a sum of 2|X | monomials with

X = 0 A+ Az

213
ch(ag €1, 2) := Trg 5 39 Ze& (3.1)

where each power s; is a linear combination of €1, €2 and ay.

By the localization theorem the instanton partition function with a (full)
surface operator is computed as follows [7]:

m T >\
ZO) (x,y; €1, €2,a,m) Zxkl ) Manatter (A 4, m) (3.2)
”gauge()‘aa)

The equivariant character (3.1) gives nmagter (A; @, m) := nadj(x; a,m) for the
adjoint hypermultiplet with mass m and ngauge(x, a):= nadj(x; a,0) for the
vector multiplet. For cohomology version, we have

2|3
Nadj(A; a,m) = 1—[(5Z —m), (3.3)
i=1
while for K-theory version it is
2|X|
Nadi (X H 2sinh((s; — m)/2). (3.4)

n (3.2), x,y are (formal) expansion parameters and topological numbers
are defined by

=Y Man1+ > Aooms k2(N) = Aaat+ Y Aoon1. (3.5)

n>1 n>1 n>1 n>1
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We see that ky + ks = |X|. The relation to the instanton number & and the
monopole charge m on the surface is given by

k=k, m=ky—ki. (3.6)
Note that we have both positive and negative monopole charges.

In view of the comparison with CF'T correlation functions, let us look at
the cohomology version:

21|
S 3 " s;—m
23 (s 1 e2,0,m) = Y a1y [T =, (3.7)
Iy i=1 '
This is the instanton partition function for the mass deformed N =4
theory. In the massless limit, it just counts the number of fixed points with

weight xkl(x)ka(X). In the decoupling limit (m — o), by renormalizing the
parameters x,y by m?, we have

21|
N N 1
Zl(\Tf):O(A“ €1,€9, a) = Z ATI(A)A];Q(A) H ;, (38)
Iy i=1""

where A; = m?x and Ay = m?y. The condition of vanishing monopole charge
is k := k1(X) = k2()) and in this case |\| = 2k. Restricting to this sector the
partition function becomes

4k
_ 1
Zumy Mieea) = >0 (MA)*[] - (3.9)

k=k1(X)=ka(X) i=1 """

From the formula in Appendix A, we have computed the characters
ch(ag, €1, €2) for lower instanton numbers. We can see that in general the
character at (A2, A1) is obtained from that at (Aj, A2) by the transformation
(a1 —ag) — (ag —a1) — €2 and (a2 —ay1) — (a1 — ag) + €2. Our computa-
tion gives the following partition function for pure gauge theory:

S
Zl(\ff):()(Ai;617€27a)
1 1
=1+ —- A+
€1(—2a+ €;) ! €1(2a + €1 + €2)
1 2

A
+ 2€12(—2a + €1)(—2a + 2¢1) !

Ay
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+ ! A3
2¢12(2a + €1 + €2)(2a + 261 + €2)
1 1
* <6162(2a)(—2a Tea) a¥(—2a)(2a + )
1
+€1€2(2a 4+ €1+ 62)(—2@ — 62)> Mz
1 A3
6€3(—2a + €1)(—2a + 2€1)(—2a + 3¢1)
1
+ <612(—61 T &) (2a)(—2a + e1)(—2a 1 261)
1

+
6162(61 — 62)(2@)(—2@ + 61)(—2& + €1+ 62)
1

+ 2¢13(2a — €1 + €2)(—2a)(—2a + €1)
. 1
€12e2(—2a)(—2a + €1 — €2)(2a + €1 + €2)

_|_

> AZAs

1
+
(61262(—26L +€1)(2a + €1)(2a + €2)

1
+
2613(—2a — 61)(2(1 + 62)(2@ + €1+ 62)
. 1
e12(—€e1 + €2)(—2a — €2)(2a + €1 + €2)(2a + 2¢1 + €2)

L > AA2
€1€2(€1 — €2)(—2a — €2)(2a + €1 + €2)(2a + €1 + 2¢€2) 172

1
i A3+ O(A}), (3.10
6€3(2a + €1 + €2)(2a + 261 + €2)(2a + 3e1 + €2) 2 (A7), (3.10)

+

where we have set a := a1 = —ao. As we will see in the next section, up to

this order the partition function lei): o(Ais €1, €2,a) completely agrees to the

result, which is obtained from the differential equation for CFT one point
function with @9 insertion. This means that Zl(\i):O(Ai;el,ez,a) satisfies
the differential equation in the Appendix of [17], after the substitution
Ay = —2z71A%, Ay = —2A?%, where z is the position of the degenerate field
insertion.

The free energy is defined by

Flslf)zo(Ai; €1,€2,a) = log Zl(\i)zo(/\i; €1,€2,Q). (3.11)
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3

Usinglog(1+aj):x—‘%2+%+---,weﬁnd

Fléf)zo(f\i;ﬁhﬁz,a)
1 1 1
Ay + Ay — AF

el(—2a+6) | aRater+e) o 2e(—2a+e)2(—2a+ 2€) !
— 1 A2

2¢1(2a + €1 + €2)%(2a + 2€1 + €2)

2

— A A

€1€2(2a + €1 + €2)(2a — €1) 172
3e1(2a — €1)3(2a — 2€1)(2a — 3e1)
+ 2 A3

3€1 (2a + e+ 62)3(2a + 2¢1 + 62)(2@ + 3¢1 + 62)

2

— AZA

e1(2a — €1)2(2a — 261)(2a — €1 — €2)(2a+ €1 + €2)
n 2

€1(2a + €1 + €2)%(2a — €1)(2a + 2€1 + €2)(2a + €1 + 2€2)

+ O(A}). (3.12)

A1A2

Note that the higher pole of ¢; =2 disappears in the free energy. The above
expressions are not invariant under the Weyl group action a — —a of SU(2).
However, by the shift 2a := 2a + %, we may recover the invariance under
a — —a.

In the free energy (3.12), the pole structure of the terms with non-
vanishing monopole number (AJAD, (n # m)) is €', while that of zero
monopole part is (e1e2)~!. Thus, it is natural to compare the zero monopole
number terms of the free energy with the Nekrasov partition function. Up
to three instantons we obtain

(m=0), ) . _ 284, - NoALAS
FNfZO (A’L7617€27a) - 61€2D1(Q)D1(*a7 62/2) 6162D2(G)D2(70J7 62/2)
16 N3A$A3

+O(A7A3)

* 3 e1€9D3(a)D3(—a — €3/2)
(3.13)

with

Di(a) := (2a + €1 + €2),
Da(a) := (2a + 2€1 + €2)(2a + €1 + €2)*(2a + €1 + 2¢2),
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D3(a) := (2a + 3€1 + €2)(2a + 2¢1 + €2)(2a + €1 + €2)3(2a + €1 + 2€3)
X (2a + €1 + 3e2),
Ny := 20a® + 10e2a + (7€3 + 11ere + 2¢3),
N3 := 144a* + 144e3a® + (23262 + 416¢€; €5 + 88€3)a?
+ (116€7 + 208€1 €5 + 26€3)esa
+ (29€] + 116€3 €5 + 118e2€2 + 13€1€5 + 3€3). (3.14)

On the other hand, the free energy of the Nekrasov partition function is

(Nek) 4 8
(Nek) [y . _ 2A% _ N, A
=0 (Aser,e2,0) = e1€2D1(a)D1(—a)  e1eaDy(a)Do(—a)

16 N{NIAL

n 3 D@ Dia] + O(A'°) (3.15)
with

N2(Nek) := 200> + (7€2 + 16€1€e3 + Te€3),

NNR = 1440% + (23262 + 568y + 232¢2)a?

+ (29¢] + 154€3en + 258€3¢3 + 154€5e1 + 29€¢3).  (3.16)

The free energy of the Nekrasov partition function is symmetric under both
a — —a (the SU(2) Weyl invariance) and €; < e3. However, the existence of
the surface breaks these symmetries, even in the vanishing monopole sector.
One may argue the origin of this discrepancy from the view point of CFT
correlation function with ®; 9 operator insertion. The comparison of (3.13)
and (3.15) suggests a simple rule of translation between the denominators.
We will encounter a similar rule in the computation of open topological
string amplitudes by the topological vertex. It is very curious that up to
three instantons both the free energies give the same result in the limit
€9 — 0. Thus, we conjecture that

lim €€ Flsjm—:((])) (As;€1,€2,a) = lim €qe9 FIEINEIB) (A;€1,€2,a). (3.17)
ea—0 = ea—0 =

with A* = AjAs. If we assume a complete agreement of the instanton par-
tition function with a surface operator and the CFT correlation function
with a degenerate field insertion, which we confirm in lower orders in the
instanton expansion, the conjecture follows from Theorem 1.6 in [16]. This
is because the differential equation for the CFT correlation function with a
degenerate field insertion coincides with the one derived by Braverman and
Etingof [16].
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3.2 Ny = 4 theory (superconformal case)

-,

The equivariant character Tr [diag.(€1, €2; @, b)] at a fixed point of the

Ext(X,i)
toric action on the affine SU(2) Laumon space is given in Appendix A.

After the summation over all the contributions, the equivariant character

Trpeex ) [diag.(e1, 2@, b)] is expressed as a sum of |X| + || monomials:
A
Trgex ) [diag.(e1, €2; @, b)] = Z e, (3.18)
i=1

where each power s; is a linear combination of €1, €2, a; and bi. Then the
basic ingredient in the following computation is

X+

absm) =[] (si—m), (3.19)

i=1

which was originally denoted by z in [7]. This is the contribution of
the bifundamental matter hypermultiplet in the localization formula of the
instanton partition function in the presence of the (full) surface operator.

To reformulate the instanton partition function Alday and Tachikawa
7] introduced a Hilbert space H3 with basis [A). The inner product is
defined by

(Niy = —2—, (3.20)

where nyec[ (@) := n]Sc[X, X|(@,@;0). We will need the operator that counts
the topological number:

K| ) = ki(V)| X)) (3.21)
Alday-Tachikawa also introduced the intertwining operator @gm P Hf —
’Hg , which is defined by
. 1 Lo o
5 ANy = ——=—= Y}l N(@ b;m)|i)a (3.22)
Y Nvec[A](b) i

Then the instanton partition function with four flavors in the presence of
the surface operator is given by the following ‘vacuum’ expectation value
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(equation (3.21) of [7]):

S Ky 3,9
Zg (0, My et e y) = (0105, 1, 02y 05, 0 0 (3.23)
where = and y are formal parameters of topological (instanton-monopole)

expansion. The mass of the hypermultiplets M; gives the parameters a; and
m; in AGT like fashion:

=M — M, my = M+ Mo,
= M3 — My, mo= M3+ M. (3.24)

The above reformulation is convenient for identifying the partition function
with the conformal block on the sphere with four punctures.* Inserting a
complete system of 1> in the intermediate channel we obtain

S
Z]&If):4(a7 Mi) €1,€2;T, y)

= > 1O (e [N @)l TP, 1y 0l et ol XIDE 110y D
X

Srd Y ) ST () .
=3 ah Ry ny 10, Al(as, a;m) q”fq“’ I(a, azims) (3.25)
R nvecp‘](a)

S)

Hence to compute ZI(\If:4(CL,MZ',€1,62;CC,y) we only need the equivariant
character where one of the pairs of partitions is trivial. In this case, among
eight types of contributions given in Appendix A only two terms survive,
which give

—€1A
Tr. va Ze“k “biga—e|5]C 7 T2 el
Ext A @ el —1
k>1
o1 —€1 A1k ]
. Zeak+1 —b2 je1— 62L 2J = (326)
k>1 “ -

and

E1 AL,k
Tr, oo lg) = 3 en et gararlip €00 2
Ext((D A) et — 1
k>1

b €1 ek — 1
T R T aall fp—— R (3.27)
k>1

*If we have an adjoint matter the partition function is given by the trace over HZ, since
it should be identified with the conformal block on the torus with a single puncture.
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—.

From (3.26) and (3.27) we obtain the data for n?[x, 0](a,b ;m), which leads
the partition function:

Zl(qf):4(a, M;, €1, €52, y)

(—a—i—el —2M1)(&—2M3) (a—l—el + € —QMQ)(—Q—2M4)
e1(—2a+ €) v €1(2a + €1 + €2)
" (—a + €1 — 2M1)(—a + 2¢€1 — 2M1)(CL — 2M3)(a — €1 — 2M3)$2
2€12(—2a + €1)(—2a + 2€1)
(a+ €1 +e2 —2Mz)(a + 261 + €2 — 2M>)
(—(I — 2M4)(—a — €1 — 2M4) 2
2¢12(2a + €1 + €2)(2a + 261 + €2)
(—a + €1 — 2M1)(—a + €1+ €9 — 2M2)(a — 2M3)(a — 2M4)
e1€2(2a)(—2a + €1)
(—a+e —2Mp)(a+ €1 + €2 — 2Ms)(a — 2M3)(—a — 2My)
€12(—2a)(2a + €)
(a+ €1+ €2 —2M;)(a+ €1 + €2 — 2My)
(—a —ea — 2M3)(—a — 2My)
€1€2(2a + €1 + €2)(—2a — €2)

=1+

+

Ty

+ Ty

Ty
(3.28)

The instanton partition functions with surface operator for asymptotically
free theories with Ny < 3 can be obtained by the decoupling limit, where the
expansion parameters x,y are promoted to Aj, Ay with appropriate mass
dimension. There are several choices of the set of M;’s with M; — co. In
any case one of the characteristic features of the decoupling is that not only
the denominators but also the numerators of the 2% and y? terms are of
factorized form. This is because there is only one fixed point with the corre-
sponding topological number. In [7] it is observed that up to an appropriate
U(1) factor the above partition function (3.28) coincides with the four-point
conformal block of SL(2) current algebra on the sphere with an insertion
of the operator K which was introduced in [7]. In Sections 4 and 5, we
will explicitly check that the partition function (3.28) and its decoupling
limit also agree with the Liouville correlation functions on the sphere with
a degenerate field insertion; see Section 5.5 for a summary and a rule of the
correspondence.

One can check that the free energy Flsl‘f):4(a, M;, e1,€e2) = log Zl(\I‘i):4(a, M;,
€1,€2) has a correct pole structure, namely the poles of 2> and y? terms are
e;'!, while that of 2y term is (e1e2)~'. However, the explicit form is rather
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lengthy. We only quote the lowest terms:

. S
lim €1 F]EIf):4(a7Mi761762)|$2
€1,e2—0

1 (a+2Mi)(a — 2M3)(3a® + 2a(My — Ms) + 4M; M)

16 a3 ’
~ (S)
Jim e L o M,
1 (a—2M>)(a+ 2My)(3a® + 2a(My — My) + 4AMoMy)
16 a? ’
lm ejep - B (a, M;, €1, €2)|
1,630 1€2 Ne=4\ty M4, €1, €2 )]y
—a* + 4(My M3 + My My + My Mz + Mo My — My My — M3My)a?
B —16M; My M3 M,
N 2a2

(3.29)

4 CFT correlation functions with degenerate field insertion

In [3] it was claimed that the surface operator S C R* in the supersymmetric
gauge theory with eight supercharges corresponds to the degenerate primary
operator ®; 2(z) in the Liouville CFT. An explanation of the correspondence
from the viewpoint of the M2/Mb5-brane system was also given. Since the
operator @7 2(z) that has the momentum —% satisfies the null state condi-
tion (b°L?; + L_2)®;2(2) = 0, when it is inserted in any CFT correlation
functions, we have

b283<1>172(2) =—:T(2)P12(2) 1, (4.1)

where T'(z) is the energy momentum tensor and : : denotes the normal
ordering. When the operator ®2(z) is inserted, the correlation function
has an additional dependence on the position z of the degenerate operator.
One of the points in [3] is that this dependence appears in the subleading
term of the semi-classical approximation:

W(ai, 2) := (P1,2(2)Vina (21) - - Vi, (20)){a:}

~ exp (—fi(;i) + W(;;’ 2 > . (4.2)
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Recall that the original observations of [2] are that

Z(a;) := (Viny (21) -+ Vin, (20) ) {as} ~ €XD <—]:7(;i) 4. ) (4.3)

coincides with the Nekrasov partition function and that

1

<T(Z)Vm1 (21) T an (Zn)>{ai} ~ _ﬁ

SV (2) (Viny (21) * Vi (20)) a1}
(4.4)

where 22 = ¢°W(z) gives the Seiberg-Witten curve, which is a double cov-
ering of the punctured Riemann sphere. In asymptotically free theories, we
should consider the correlation functions with respect to the state intro-
duced by Gaiotto [13]. It is natural to call them irregular conformal blocks,
since the differential equations for such correlation functions have irregu-
lar singularities in general. In the appendix of [17] it was noticed that the
differential equation for irregular conformal blocks with ®;2(2) insertion
coincides with the differential equation for the instanton partition function
with parabolic structure derived in [16]. Based on these works we expect
that the instanton partition functions computed in Section 3 by localization
formula are obtained from the one-point function of ®; 2(z) with respect to
the Gaiotto state. In this section, we check the correspondence for Ny = 0, 1
and 2 (see also the next section for the discussion by degenerations from the
superconformal theory with Ny = 4). In Section 4.4, we consider the multi-
point irregular conformal blocks, which should correspond to the instanton
partition functions with multi-surface operators.

4.1 Pure SU(2)
Let us consider the (normalized) correlation function

(AL A|D12(2)|[A4, A TO(z,a,A)
(Ag, AlAg, A) - Z0a,A)

Ay = A <a + i{)) , (4.5)

70

null

(z,a,A) =

where A, = A(a) := (b+b71)%/4—a? is the conformal dimension and
®;9(z) is the degenerate primary field with the conformal dimension
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hia = —1/2—3/(4b?). The Gaiotto state |A,A) is the state in the Vira-
soro Verma module V (A, ¢) with the conformal dimension A and the central
charge ¢ = 1+ 6(b+ b~1)?, which is characterized by

LiAA) = A2|AA),  Lo|A, A) = 0. (4.6)

There is an ambiguity in the choice of the conformal weights Ay := A(a4) of
the Gaiotto state.  According to the fusion rule of ®;2 operator,
(A, A|®12(2)|A4, A) is non-vanishing if and only if ay —a_ = +5;. The
above choice ar = a + ﬁ is the symmetric one, which leads a result that is
invariant under a — —a.

In [13] it was conjectured that ZC(O)(a,A) coincides with the Nekrasov
partition function in the pure SU(2) supersymmetric gauge theory, which
has been proved in [48]. According to the appendix of [17], by putting
VO (z,a,A) = 22-"2+12y(0) (3 a, A), one obtains the second-order dif-
ferential equation:®

a\’ o L A B
[(bzaz) +2abz$+A(z+z )—l—za—A Y%(z,a,A)=0. (4.7)

Since we want to compare the instanton partition function computed in the
previous section by localization theorem with solutions to the differential
equation (4.7), we look for a solution of the form

YO(z,0,0) = > A"V 0(2,a) (4.8)

n=0

with the initial condition YO(O) (z,a) = 1. It is convenient to introduce a mass
scale h and scale the parameters as follows:

a — A — % (4.9)

¢
h?

5Note that the operator ®; 2(z) in this paper corresponds to ®2;(z) in the convention
of [17].
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We also introduce the parameters e; = bh, €3 = b~'h corresponding to the
parameters of the {2 background of Nekrasov. Then we find the following
(0)(

differential equations for the coefficients Y, ’(z,a) in the expansion (4.8):

2 ’ +2 2 + ﬁ Y(O)( )
qzaz aElZBz 26162 n (2,0

+(z+ z_l)Y,@l(z,a) =0, n>1 (4.10)

A power series solution to (4.10) is given by

0 A(O) +A(0)
Y(O) (z,q) A0 k0 Soks A0 — _ nolk-d n—1k+1
k_z_oo " k Ok 7 ok €1 (Qak + e1k? + §n62)
(4.11)
and we find the following lower-order terms in the expansion (4.8):
Yl(o)(z,a) =— ! - & —, (4.12)
61(—2a+61+?2)2 1(2a+€1 —i—%)
1
y (0 _
2 (#0) 26%(—2@4-61—{—62)( 20 + 2€; + $)2?
" 2e1 + €2
efea(—2a+ €1 + Z)(2a+ €1 + 2)
- - (4.13)
263(2a + €1 + 2)(2a + 261 + )’ '
1
Y39 (z,0) =

63 (—2a 46 + 2)(—2a 4 2e1 + $)(—2a + 361 + $)23
166% + 14e1€9 + 36% — 16ae; — 4aes
defer(—2a + €1 + 2)(—2a + 261 + )
(—2a+ €1+ 22)(2a + 1 + $)z

(4.14)

If we make the shift that was discussed in the last section to make the
partition function invariant under the SU(2) Weyl transformation a — —a,
then (4.12) to (4.14) completely agree to the instanton expansion (3.10) of
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the partition function of pure SU(2) theory. The free energy is defined by

70

null

(z,a,A) :=log Zr(m)ll(z,a, A) = < + ! + i?) log z

1+ 5% A2, (2, a)

+ log 700 )(a,A) (4.15)
and then we obtain
FOzan) = — (P94 (@R + oF)) + 0@}, (10)
where the leading term is
Fﬁ?:logz“—zz_l s 2 -1 4_z6+3z4—322—1A6
. 2a62 , 164322 48a° 23
e aat LERY (1.17)
4.2 SU(2) with one fundamental matter
Next, we consider the correlation function
20 (za,m, A) = (A, A,m|P1o(2)|A4, A) ‘P(l)(z,a,m,A)7 (4.18)

<ACL7A7m|Aa7A> o Zc(l)((l, m,A)

where the Gaiotto state |A, A,m) in the Virasoro Verma module V(A,c¢)
satisfies

Lo|A, A,m) = —A2|A A, m),  Li|A,A) = —2mA|A, A, m). (4.19)

The denominator Zc(l)(a, m, A) of (4.18) coincides with the Nekrasov parti-
tion function of SU(2) supersymmetric gauge theory with one fundamental
matter [13,48]. By putting ¥ (2, a,m,A) = z2-"2+"h2Y D (2 a,m, A),
one obtains the second-order differential equation:

o\? 1\ 0 5 A D
[(bzaz> +<2ab+6>zaZ—A(z -z )—2mAz+§8fA

x Y (z,a,m,A) = 0. (4.20)
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By the decoupling limit of the matter m — oo, —2mA3 — A%, 4m?23 — A223,
the differential equation (4.20) is reduced to (4.7). After introducing the
mass scale h as (4.9) and m — m/h, we obtain the following
solution to (4.20):

[e.e]

YD (z,a,m,A) = ZA”YTgl)(z,a,m), Yo(l)(z,a,m) =1, (4.21)

1 1 1
A7(1—)2,k—2 - A222,k+1 + QmAiz—)l,k:—l

€1 ((2& + %ez)k‘ + k2 + %neg)
(4.22)

Lower-order terms in the expansion (4.21) are given by

2mz
a(2a+e1+ %)’
-1 (2€2 + e1e2 + daey + 8m?) 2>

e1(—2a+e+ %)z 44(2a+ e + 2)(2a+ 261 + Z)’
(4.24)

Yl(l)(z, a,m) = (4.23)

vV (z,a,m) =

—2m(261 + 62)
lea(—2a+ €1+ 2)(2a + € + 2)
m (1063 + 3ere2 + 12ae; + 8m?)23
6€3(2a+ €1 + 2)(2a + 2e1 + 2)(2a+ 31 + F)

Y3(1) (Z7 a, m) =

(4.25)

Mimicking the prescription for the Nekrasov partition function [2], we multiply
Y (z,a,m,A) by an overall factor exp(—Az/e1),

n=0

to obtain®

~ 2m —2a — €1 — 2
Yl(l)(z,a,m):( m a— €] EQ)Z
€1(20 + €1+ %)

(4.27)

9

5The origin of the overall factor is made clear in the next section, where we discuss the
decoupling limit at the level of differential equations.
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—1
e1(—2a+ e + %)z

(2m —2a — €1 — 2)(2m — 2a — 3e; — £)2?

}é(l)(z, a,m) =

: 4.28
263(2a + €1 + Z)(2a + 2¢1 + 2) (428)
2
~ 2m(2e; + €2) — 2aez — -2
}/3(1)(270” m) =—— ( €1 62) - €2 €1€2 522
clea(—2a+ e+ %) (2a+ e + %)
(2m —2a — €1 — %)(2m — 2a —3361 - %)
2m —2a — be; — %)z
( “-5) (4.29)

6€3(2a + €1 + 2)(2a + 261 + 2)(2a + 3e1 + Z)

We find an agreement with the computation in the gauge theory. Namely
(4.27) to (4.29) is consistent with the decoupling limit of the partition func-
tion (3.28). Especially the numerators of the coefficients of 22 and 23 are of
factorized form, which is not the case in (4.23) to (4.25). The multiplication
of the overall factor is crucial for this factorization, which is a feature of the
localization computation formula on the gauge theory side. As in the case
of pure Yang—Mills theory, the free energy is

Fran(:0m, A) = log Z,5) (2, a,m. A)
1 1 1 .
T {Fﬁl) + (leé,l) + 62F0(72)) + 0(62)} (4.30)

and the leading term is

a2 _m2)23+2a2 2 2)23

m(a® —m

F(l) =1 a %A ( A2 o AS
-1 ogs a + 4a3z 6a®
n (a% — m?)(a® — 5m?)2* n (a? —m?)z n 1 AL
32a7 4a5 16a322 '

4.3 SU(2) with two fundamental matters (first realization)

Let us concentrate on the first realization [13,47] of SU(2) theory with two
fundamental matters and consider the correlation function

<A*,Aa m2|q)1,2(2)‘A+aAaml> . \II(Q)(Zva‘a mz7A)
<Aa7Aam2|Aa7A7m1> . Z§2)(a,mi,A) ’
(4.32)

7@

null

(z,a,mi, A) =
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where by multiplying an overall factor, exp(—2A2/e;e3) - 7% (a,m;, A) coin-
cides with the Nekrasov partition function after the scaling A — 2A [13,
48]. In parallel with the above computations, by putting ¥ (z, a,m;, A) =
2A-=8+=m2y ) (2 a,m;,A), one obtains the second-order differential
equation,

2\? 9 20,2 -2 1y, AD
[(bzaz> +2abz&—A(z +27%) = 2A(maz + my 2 )+§8A

x Y@ (z,a,m;,A) =0, (4.33)

where by the decoupling limit of the two fundamental matters m; — oo,
m;A — —A?/2, we see that the differential equation (4.33) is reduced to
(4.7). By introducing the mass scale h as (4.9) and m; — m;/h, we obtain
the following solution to (4.33):

Y®(z,a,m;, A) = ZA”YéQ)(z,a,mi), Yb@)(z,a, m;) =1, (4.34)
n=0
Yn(2 (Zaavml) - Z Ay(zkzk7
k=—oc0

2 2 2 2
A1(17)2,k72 + AQQ,HQ + 2(m2Aglf)1,k‘fl + mlAgzll,k+1)
€1 (2ak + 61k2 + %neg)

9

(4.35)
with
2my 2moz
v @ ) = 4.36
1 (70 mi) e1(—2a+e1 + %)z * e1(2a+e + %)’ (4.36)
9 2¢? + €169 — dae; + 8m?
YQ( )(Zaa/ymi) = 4 2 2 L € 2 2 L €\ .2
e1(—2a+ €1 + 3)(—2a + 261 + )z
4m1m2(261 + 62)
ler(—2a+ e+ 2)(2a+ € + 2)

(2€2 + e1e2 + daey + 8m3) 2> (4.37)

4e2(2a+ €1 + 2)(2a + 2¢1 + )’
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10€? + 3e1ex — 12 8m?
65 (—2a+ €1 + 2)(—2a + 261 + %)

(—2a + 31 + ¢)2°

As before, multiplying Y (z,a,m;, A) by an overall factor exp(—A(z +
27 1) /er — 2A% Jerer),

2A2

ez Y(Q) (Zv a, my, A)

~ A —
Y®(z,a,m;, A) = e T o

= Z AYY, (2, a,m;), (4.39)
n=0

we arrive at

~ C2mit2a—e—F  (2mg—2a—e€ — F)z

[ )= : 4.40
1 (Z7a7ml) 61(—20,+61+%)Z 61(2a+61 +%) ( )
; 2m +2a — e — 2)(2my +2a — 3¢; — Z
Y2(2)(Z’a’mi) - ( 12 1 22)( 1 e; 22)
2¢2(—2a+ €1 + 2)(—2a+ 261 + L)z
(2mg — 2a — €1 — 2)(2ma — 2a — 3¢ — $)z? N
26%(2a+61+%)(2a+261+%) )
(4.41)

(2m1 +2a — €1 — %2)(2m1 + 2a — 3€1 — %2)

~ 2mq + 2a — ey — %
Y3(2)(z,a,mi) = 3 (2m 9= 3) +--- . (4.42)
6er(—2a + €1 + F)(—2a + 21 + %)

(—2a+ 3e; + £)2°

Again we find an agreement with the decoupling limit of the partition func-
tion (3.28) computed by the localization theorem on the gauge theory side.
The multiplication of the overall factor makes the numerator factorized. The
free energy is

F)(z,0,mi, ) = log 28} (2, a,mi, )
1 9 9 )
_ g {Fﬁl) + (€1F(§71) + 62F0(72)) + 0(62)} : (4.43)

where the leading term is
my — m222A N m3 —a® + (a® — m})2*

A2+ ... (4.44
az 4a322 + ( )

F£21) =log 2% —
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4.4 Multi-point irregular conformal block

In the above computations, we explicitly checked that a single surface opera-
tor in SU(2) gauge theories corresponds to the degenerate primary operator
®; 9(2) on the CFT side. It is natural to expect that the multi-surface oper-
ators correspond to the multi-degenerate primary operators ®;2(21), ...,
®; 9(2p,). Here we introduce the multi-point irregular conformal blocks which
are to be compared with the computations in the B model in Sections 5 and
6 (see also Appendix B for more detail). Let us consider

&P B G W,
Znun(21, - - -, 2n) = |1’2(212G|G>1’2(zh)| ) _. (le Zh), (4.45)

where |G) is the Gaiotto state that reproduces the Nekrasov partition func-
tion Z.. The states |G') and |G”) in the numerator should have shifted a
parameters in order to be consistent with the fusion rule of the ®; » operator.
In Appendix B.1, ¥(z1, z9) and W(z1, 22, 23) for Ny = 0 theory are computed
by solving the differential equation and in Appendix B.2 ¥(z1, z5) is com-
puted for Ny = 1 theory.

After the scaling (4.9) we consider the self-dual case €; = —ez = ih and
define the free energy

Fnun(zl, ceny Zh) = log Znuu(zl, ey Zh) = Z hkFg;?T(Zl, ey Zh), (4.46)
k=-—1

since the B model computations in Sections 5 and 6 only provide the free
energy with the self-dual €2 background. Some of the explicit computation
are provided in Appendix B.

5 Degeneration scheme of CFT differential equations
5.1 Ward identities

In general, the N (or N + 2)-points block on the Riemann sphere

\I/(Zl,...,ZN) = <A‘Ohl(21)‘-'0N(ZN)‘B>, (51)
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can be determined by the Ward identity

> (ARes(E(@)T(2)dz) Or(1) -+ On (=) [B) =0, (5.2)

all poles

where £ = ¢ (x)a% is any rational vector field. For example, choosing the

vector field § as {(z) = 1%, one has

1 1
|:(L0 +—L1+ —5Lla+-- ) + ( — 2L g — 21L_1)
Z1 Zl

0 1

+ (Z1L—1 +2iL o+ 2L 3+ ) ] v =0, (5.3)

(o)

where (---), means the action of T'(z) at z defined by

dx

_, 2mi

(Ln)z(---O(2) ---) = j{ (@ —2)" T T(2)O(2) ). (5-4)

In the case where the operator O is the degenerate field ®; 2 such that
L_9®19=—bL2 P, (5.5)

and other O; are primaries with dimension h;, then we have
1 1
[(Lo +—Li1+ Lo+~ ) + (b%faﬁl — 21(9z1>
1 A1 0

N 2
lej Z1
9., h
+j§:; <Z1 S ARCEE j)

+ (Z1L—1 + 220 o+ 2L 3+ - )

] v =0. (5.6)

5.2 Differential equations

We will give a list of CFT differential equations with single ®; »(%) operator
insertion (figure 2).
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Nf —4 ms3 h1,2 ma
my ‘ ‘ my
00 1 z t 0
J
Nf =3 M- h1’2
my ‘ |AL, A, m)
00 1 z 0
v N\
Nf — 2(1) h/l,? Nf — 2(2) m_ h172
(A, A, my| |Ay, A may) my ‘ A4, A)
00 z 0 00 1 z 0
N\ v
Ny=1 .2
<A*aA7m| |A+7A>
00 z
4
Nf = 0: hl’Q
<A77 A| |A+7 A)
00 z 0

Figure 2: Conformal blocks and their degenerations.
L] Nf =0: \I/(Z,A) = <A_,A‘<I)172(Z)|A+,A>,

A A_+AL—h 1
bQZQ\I/ZZ—;’Z\I/Z+4\I/A+< t oy 1’2—i-A2 (z+z)>\p:0.

2

o Ni=1: U(z,A) = <A,7A,m‘¢172(2)|A+,A>,

4
b2, — gzwz + gwA + 3

+A? (1 - z2> — 2Amz> U =0. (5.8)

z

A <A_ + 204 — hys
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o Ny =20 (1st realization): W(z,A) = <A_,A m2|<1>12 ‘AJF,A m1>

3 A A_+ AL —h 1
6222\1/225 — 52V, + -Up + oy 12 _ A2 2’2 + —
2 2 2 22

—2A (7 + m22>> U= 0. (5.9)

o N; = 2 (2nd realization): ¥(z, A) = <Am+’(1)Am (1)®q 2(2 ‘A+, A),

A

A A
2 m— +
b Z(Z* 1)\I]ZZ — (22* 1)‘1}2 - 272\1’A+ <Z—1 +Am+ -

2(, _
—hys+ A(;l)) v =0. (5.10)

o N; =3: \I/(z,A):<Am+\<I>Am (1)@ 2(2 \A+,A m),

A
ez — 1)V, — (22 — )T, — )

2mA(z —1) A%(z—1)

AV A
+<z—1+Am+_z+_h1’2_ >\I/:0.

22 23
(5.11)
o Nt =4: U(z,t) = (A, |Pa,, (1)P12(2)Pa,, ()| Am, ),
b (z—1)2¥,, — (22— 1)V, + 1) U,
A, A, A, (2 — 2tz + 2)
A, — L — 2 — U =0. 12
+ (z—1+ * z (z —t)2 .2 0. (512)

For the block of the form W(z) = (A|O1(1)®;2(2) - -~ |B) (N = 2?3 and
z(z—1) 9§

4), a convenient choice of the vector field § is § = = —= 4.

5.3 Quantum Seiberg—Witten curves

The CFT differential equation in previous subsection can be considered as a
natural candidate for the speculated quantized Seiberg—Witten curve, that
is an operator version of the equation x2 = ¢(z) (see the end of Section 5
of [2]). By a gauge transformation” W = UZ, it can be written in the form

"The factors U are determined by comparison with the gauge theory (localization)
results. It may be interesting to note that the factor U for Ny = 4 case is exactly the same
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D?V\;VZ = 0 which looks like the Seiberg—Witten curve in the standard brane
setup. The operator ¥ = bzd, is a quantization of the variable v = zz.

o Np=0: U=z8 "B+,
1 1
DV = ZAaA + 200 + 9% + A (z + ) : (5.13)
o Ny =1: U—eb ZgA-—Bt— iz

SW 1\ . 1 b A?
D3 anA—i— 2a—|—@ D+ 0%+ 2Az2 v—l—a—{———i—f—m + —.

4b P
(5.14)
o Ny =2. U = e2A2+%(z+%)zﬁf—A+—hLz’
1 2A 1 b
SW o~ A ~
D2(1) = §A(")A+2av+v2—7 (U+a— %_2+m1>
1 b
+20z (U tat o4 —ma ). (5.15)
1462 —2bm _

o Ni=2@: U= (2-1)" 22 A-—B+ha

A2
D2<2> = A@A—A2+<2a+2b)v+v +7

Provgrgmmom) (Frorg ey,
-z v+a+f+——m_—m+ v+a+f+——m +my

4b 4b
(5.16)
b2 —2bm _
e Ny =3: U= e_A(b‘F%_Qm*_é)(z - 1)%,2A—*A+*h1»2,
SW 1 1 9
D3 = Aoy + 2a—%—b+2m A+ 2a+%+2A v+
. v+a W tm) -2 v+a I m_ —my
1 b
<v—|—a—|—4b—|——m —|—m+> (5.17)

as the pre-factor appearing in the integral (free field) representation of the conformal
block.
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(142 —2bmg) (1+b% —2bmg) 2 —2bm
o« Ni=4: U=(1—1) eyt

1452 —2bmg
(1 _ Z)TZA__A+_h1’2tA+_Am1 _Amg ,

1
DIV = (1 — t)t0, + (u1p2 + papa)t + <<2a + 2b> (1-1)

+(p1 + p2 + pz + M4)t> T+ (1+1)0?

t . ~ ~ ~
= S0 p) @+ p2) = 2(0+ p3) (0 + pa), (5.18)
where
L b + L + +
M1 1 9 1 2, M2 1 9 1 2, (5 19)
+ L + + L + b + ‘
=q _ — — ma —m =aqQ —_— ——m my.
M3 1 2 3 4, M4 1 2 3 4

We remark that the equations for the (irregular) conformal blocks con-
sidered here are the same as the Schrédinger equation for quantum Painlevé
equations [49]. The connection between CFT, iso-monodromy deforma-
tion, and Seiberg-Witten curves are natural because (i) CFT (Knizhnik-
Zamolodchikov (KZ) equation for example) are the quantization of iso-
monodromy deformation (Schlesinger system) [50,51] and (ii) the cubic equa-
tions which determine the classical Painlevé Hamiltonians coincide with the
SU(2) Seiberg-Witten curves [52].

5.4 Degenerations

Here, we give the degeneration scheme that connect the Ny and Ny —1
equations. We use the notation Ay, and zy, for A, z variables of Nf =
0,1,2M, 232 3 and 4.

e We have D3V — DSW under the limit

mi+me=m, mz=m_, myg=my, tme=Agz,

mg — 00, 24 = 23. (5.20)
e We have D?S,W — DS(VX under the limit
23 R

As Ay
(5.21)

2
m=my, my+m-=mg, m_—00, Azym_=A,,
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e We have D;W — Dg(\g under the limit

m— oo, —2Asm = Ag<2>> 23 = Zy(2). (5.22)

e We have DS(Vl\g — DIV under the limit

mip — 00, Mg =m, —2A§<1)m1 = A3, 2oy Mgy = 21A1. (5.23)
e We have D5Y — DJW under the limit

2(2)

Z9(2) A1

m_ — 00, M4 +m_=m, Agmm_ = A3 A2 T AT (5.24)
2(2) 1
e We have D}V — D§W under the limit
21 20
m— oo, —203m =A%, 5 =73, (5.25)
AT AR

In all the cases, the degenerations of the CFT are consistent with the
decoupling limit of the gauge theory as discussed in the case of without
surface operator [14]. By the parameter relation (5.33), the decoupling limit
are described as follows:

4—-3 Zt:Agj\ZZ, M2—>OO,

h h
3 — 2(1) . A3 = Ag(l)%7 z3 = 22(1)A2(1)77]\43, —M3 — OQ,
h
3520 A5 =A2 — My — oo,
3 2(2) 4M4 4
—1/2
2 1 :A21:Algi Zo(1) = 21 A1i / My — oo
20 Ty 2 4M,y ’ ’
h
2(2) —1 : A%(g) = A?_i]%, Z9(2) = 21A1_71\43, —M3 — 00

2/3
1—-0 :A?:Aéi 21 =2 [ Ag f / —M; — oo
—4My’ —4M, ’ ’

h=(ere2)2. (5.26)
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The degeneration relation of Ny =4 — Nf = 3 (and similarly Ny =3 —
Ni = 2(1)) has simple interpretation in operator level as follows. Consider
the product

|0) = 2Bt =Begy (2)| Ay, ). (5.27)
By the definition of the primary filed, it satisfies
Lo|$) = 2" (20: + Dg + 1y — Ay)[¥0) (0> 0). (5.28)

Here, we will put

1
z=€eN, m=———m, mo=-. (5.29)
€ €

Then, under the limit e — 0, we have A, + nA,,, — Ay, = 16_2" + @ +
O(€%) and

Li|Y) = —2mA[), Lo|v) = —A2p), Lo|v)=0 (n>3). (5.30)

Thus, the Gaiotto state ‘Aa, A, m> can be obtained as a degeneration limit
(5.29) of two primaries.

5.5 Solutions

The equation D§W Z(z,t) = 0 has the following series solution

Z(z,t) =D Za()t", Zalz) = D cnpd®. (5.31)
n=0

k=—n

First few terms are as follows:

2443444 2u3(b + p3)pa(b + pia) 2 4 0(:)

Zy=1
0=t e da 17T 2 dab+ 1) (42 + dab+1)°
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2uape 1 2p1pa2(b — p3) (b — pa)
Zi=—rtrr= - _ _
T v i B P |
2(b+ p1) (b + pa)pspia
W raab+1 oG
2(b — p1)pa (b — p2)po 1 1
Zy = —+0O| - 5.32
27 (202 — dab+ 1) (46% — dab + 1) 22 * z)’ (5:32)
These agree with the localization results (3.28) by the following correspon-
dence:®
—a — €z /4 €1 t
a— ——F—), b— D Z— =, - Y
\/€E1€2 €9 z
—a — €1 — €9 + 2M> —a — 2My —a+ e —2M;
H1— ) H2 — y M3 — —
Jee vee Veie
—a + 2M5
) 5.33
N TS (5.33)

The coefficients of the border terms 2™ and ()" are always factorized.
From the CFT point of view, this can be understood by fusion (not degener-
ation) of primary operators. More precisely, for t — 0, then ® A(mQ)(t) and
|A(my)) are fused and we have

B3 pa 2a 1

=9k |(— — —+1+— . .34

Z(Z70) 2 1<b7 b’ b + +2b27z> (53)

Similarly, for z — 0 (with u = £ fixed), then (A(my)| and ®x(,,) (1) are
fused and

O G 1
Z(z,uz)—2F1< At —1—1—|—2b2,u). (5.35)

For the degenerate cases Ny < 3, one can also solve the differential equa-
tions D]SV‘ZVZ = 0 in series expansion. Alternatively, such solutions can be
obtained through the limiting procedure starting form Ny = 4 case. Since
the limit can be taken term by term with respect to the variables z and A
(or t), we will illustrate the procedure on simplest examples.

8We have checked this up to the order 7 in z and y variables.
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The first example is the term z in Ny = 4 solution and its degenerations:

(2b2+4ab—4m3b—4m4b+1)(2b2+4ab—4m3b+4m4b+1)z
8b2(2b2+4ab+t1)

(26%+4ab—4am _b—4m 4 b+1) (20> +4ab—4m_b+4m b+1)z
8b2 (262 +4ab+1)
A(20%+4ab—4mab+1)z (20 +4ab—am_b—4m  b+1) (20> +4ab—4m_b+4mb+1)z
b(2b2+4ab+1) 8b2 (262 +4ab+1)
A(26%+4ab—4mb+1)z
b(2b%>+4ab+1)

__ 2A%»
267 +4abt1°
Here, the arrows are the same meaning as figure 2. This degeneration
corresponds to the decoupling of the fundamental matter attached to the
vertical brane at z = 0. The next example represents the similar decoupling
process around the brane at z = oc:

(262 —4ab—4m1b—4mab+1) (2b2—4ab+4mib—4mab+1)t
8b2(2b2—4ab+1)z

(262 —4ab—4mb+1) A
b(2b2—4ab+1)z

/ N\
A(26%—4ab—4mb+1) 9A2
b(2b2—4ab+1)z (—2b2+4ab—1)z

\ /

2A2

(—2b2+4ab—1)z
!
2A2

(—2b2+4ab—1)z"

6 B model computations via Seiberg—Witten curve

In [2] it is argued that the Seiberg—Witten curve arises in the “semiclassical
limit” €1 2 < a;, m; of the expectation value of the energy momentum tensor.
For example, by taking the limit 7 — 0 one finds the following Seiberg—
Witten curves 22 = ¢35 (2) [13],

SU(2), N = 0: (A, A|T(2)|Au, A) — _%¢§W(2)<AQ,A|AG,A>
SV (2) = Mo(=)200(2), a0(2) = —2 (2 = 152 1), Mo(2) i= %

(6.1
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SU(2), Nt =1: (A, A,m|T(2)|Ap,A) — ——¢ W(2)(Ag, A, m|Aqg, A),

2
SW(2) = My (2)201(2), o1(2) i= 2 <z3+ CUERE 1)
A

My(2) = —, (6.2)
SU(2), Ny =2 <Aa,A,m2\T(z)\Aa,A, mi)

( )<Aa7A mQIAayA m1>

T R2
2m 2m
SW 2 3 1
2 (Z>:M2(2) 02(2), 02(2) = +7A +ﬁ +7A z+1,

Ms(z) == %, (6.3)

where in this section the subscript n of ¢5% (2) = M, (2)%0,(2) stands for
the number of flavors. The Coulomb moduli parameter u = a® + O(A) in
each A/ = 2 supersymmetric gauge theory is determined from the period

a(u) = A Aaw(2), Asw(z) = 2(2)dz, (6.4)

where A is the A-cycle on the Seiberg-Witten curve 22 = ¢>W (2). Using the
discussion in [3], one can find that the leading term (dlsc amplitude) F_; of
the free energy Fuy in Section 4 is related to the Seiberg—Witten curve by

(aFa;(z)y: aV(z), — F_1(Z)=ﬂ:/z)\sw(z’). (6.5)

Note that in this computation we do not know how to determine the constant
of integration for F_1(z). Actually for (6.1) to (6.3), we can check that the
right-hand side of (6.5) agrees with the computations (4.17), (4.31) and
(4.44) in Section 4 for the first few orders in A except constant terms in the
insertion point z of the degenerate operator.

In [29], Eynard and Orantin defined the free energies on arbitrary com-
plex plane curves by the topological recursion, which has its origin to the
loop equation in matrix models. In [6], it was claimed that the correlation
functions in the CFT for ANV = 2 superconformal quiver gauge theories can
be related to the free energies defined by the topological recursion on the
Seiberg-Witten curves obtained from the energy momentum tensor of the
CFT as (6.1)-(6.3). In this section, we generalize their claim to asymp-
totically free theories. Following the construction of Eynard and Orantin,
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let us define the free energies ]:é h)(zl, .3 2h)s gyh € Z>9, h>1 on the
Seiberg-Witten curve Csw: 22 = ¢3"W (2) = Mn(z)2an(z) by

(9.h) B B LA /
Fow (21,...,21) i= w (2155 23), (6.6)

dz1dz
WOD(2) == Asw(z), WO (21, 2) = B(z1,22) — ﬁ7

W(g,h) (Zla ceey Zh) = W(g,h) (217 cee ,Zh) for (97 h) 7& (07 1)7 (07 2)7

where fé%{/l)(z) is nothing but the disc amplitude (6.5). The multilinear
meromorphic differentials WM (zy, ..., z;,) are defined on Cgw by the topo-

logical recursion relation

W(O’l)( ) 0, W(O 2)(217;;2) B(Zl,ZQ),

dE,4(z) ==

)

/ B(z,€), near a branch point ¢;,

l\’)\»—t

dE
W(g’h+1)<2 21, . Z Res QQ( )
q9=q;

weae Asw(q) — Asw(q)

X {W(g_17h+2) (q7 67 Zl? ety Zh)

+ zg: Z W=t (g, 2))

(=0 JCH

< I (g zH\»}, (6.7)

where g; are the branch points on Csw, H = {1,...,h}, J = {i1,...,i;} CH
and zy = {z,..., zij}. q and ¢ denote the positions on the upper and the

lower sheet, respectively. The Bergman kernel B(z1,z2) is given by the
Akemann’s formula [53,54],

92 _ 2
B(oy. 29) dzidzy 2< f(z1,22) + G(k) (21 — 22) . 1>’ (6.8)
2(21 — 22) 2\/on(z1)0n(22)
2.2, 1 L 5 2
f(z1,22) := 2725 + 52122(21 + 22)51 + 6(21 + 42129 + 25) 52
1
+ *(21 + Z2)53 + Sy, (6.9)

2
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GR) = 25+ (@ + asa0) - 2 (4 — )@ — @), (6.10)
= 3 2 q192 T+ 4344 K(k:) q1 —4g3)\q2 — q4), .

1 dt Lo 1 — k2¢2
K(k):/o VA =21 —k22) E(k):/o NWa—e

12 — (@1 — q2)(q3 — q4)
(1 —a3)(q2 —qa)’

(6.11)

where Sy is the coefficient of z4~* in ¢,(2). K (k) (resp. E(k)) is the com-
plete elliptic integral of the first (resp. the second) kind with the modulus
k.

For N = 2 superconformal quiver gauge theories with the self-dual con-
straint ey = —eg = A, the claim of [6] may be summarized as

h
k 1 h
Fh(er,o) = > o S A i), (612)
2-2g—h=—k  i1,..,ip=1

where the left-hand side is the %—points free energy defined by (4.46) on the
CFT side with internal channels chosen so that the result is symmetric in
variables 21, ..., z;. Under this constraint on the internal channel, the left-
hand side is essentially fixed. On the other hand, there exist ambiguities
of the constants of integration in (6.6). Thus we will make a more modest
proposal by keeping only universal terms on the right-hand side of (6.12),
which are independent of these ambiguities. For both the superconformal
and the asymptotically free theories we expect that at least a part of the
relation (6.12) is valid,

h—2 0,h
FE2 (o, m) = FOW (. z), (6.13)
where fé%’vh) (#1,...,2p) is the summation of all the universal terms which are
of the form an,n,..n, 27" 252 - -+ 2" (n; € Z) with the condition H?:l n; # 0.

In the rest of this section, we will explicitly check the relation (6.13) for
Nt =0 and Ny = 1.

6.1 Pure SU(2)

Here we compute the free energies on the Seiberg—Witten curve (6.1) corre-
sponding to pure SU(2) supersymmetric gauge theory. The period (6.4) is
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obtained from the complete elliptic integral as follows:

da(u) _ % 8)\3\)\/ % 1 K(k) L2 — q1 — q2
du W Ou 2N 4 Joolz) TAG—a ’ Q- a3
(6.14)

where ¢1 =0, g2 = (u—Vu? —4A%)/2A% and g3 = (u+ Vu? — 4A%) /272

are the branch points of the curve (6.1). Thus, one obtains

A* 5A%  9A12Z 1469A16  4471A2%0
u(a) = a® + — +

O(A*Y). (6.15
942 T 3946 T 64al0 T 8102417 T 1638408 (A). (6.15)

To compute the annulus amplitude fé%’v?)(zl, z2) on the curve (6.1), taking
the limit ¢4 — oo in (6.8), one obtains the Bergman kernel on the curve by
replacing f(z1, 22) and G(k) with

~ 1 1 ~ 1 - -
fla1,2) = —5z2(a + 22) = E(Zf + 42129 + 23)5) — 5 (21 +22)% — S,
1 E(k)

k)= = ) - 1
G(k) 351 +q3 + K () (@1 — g3), (6.16)

where Sy, is the coefficient of 23~ in 00(z). Thus we obtain the annulus
amplitude

22+1 ., (a+ 22)(2:1)’25’ +1)
16a421 29 32a62222
10(2% + zg)(zlz2 +1)+ 9z1z2(2122 +1)
+322123 (2723 +1) — 421Z2(Z1 +23)
512a8z3 23
+ O(A19). (6.17)

A6

]:S(W)(Zh 2)

A8

We can see that the amplitude agrees with (B.7) up to A®. Hence, the
relation (6.13) is correct as was expected.

Higher topology amplitudes are iteratively computed by the recursion
(6.7) and the multilinear meromorphic differentials W) (21,..., z,) can
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be expanded by the kernel differentials [28],

(M (1) .~ Res [ —— 2Faal?) dg
X (”_§m< &W@)&W@NQ%W>. (6.18)

For example, W(%3) (2, 2y, 23) is written as

2dE,
W(Ov?’) zl,ZQ,Zg Z(E{%S ASW qq)(\szw(_)B(ZQ,Q)B(Z&q)

*ZM (g 2o (@) X (z2)x P (z3),  (6.19)

(1), dz 2f(2 4i)
() 2Mu%wu%>aaa<G%”*@—%V>' (6.20)

Thus, we obtain the three-holed amplitude fé(\),’\?)(zl, 29, z3) on the Seiberg—
Witten curve (6.1),

]:S((\)){?) (Zh 22, Z3)

_ 3#3a -1 g N 3(232323(21 + 20 + 23) — (2122 + 2023 + 2321)) A8
1607212923 64a%232323
N 22+ 23+ 22 — (2323 + 2323 + 2323)
128allzy 2923
5(212323(21 + 25 + 23) — (2723 + 23235 + 2327))
128a11232323
N 9(2{’232%(2122 + 2923+ 2321) — (21 + 22 + 23))
256all 232323
9(2%23»2% 1) 10 12
——=29 1A O(A 6.21
64allz 2923 +O(A7), ( )

and in (B.11) we checked the relation (6.13) up to AS.

6.2 SU(2) with one fundamental matter

We compute the annulus amplitude fé%{?)(zl,zg) on the Seiberg—Witten
curve (6.2) corresponding to SU(2) supersymmetric gauge theory with one
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fundamental matter. The period (6.4) is computed from

da(u) 1

2 _ (@1 — q2)(q3 — q4)
du A/ (1 — g3)(g2 — Q4)K(k)’ "= N

(1 —q3)(q2 — q4)’

where g1 = —(m & vVm2 —u)/A + A%/(2(m? £ mvm?2 —u — u)) + O(A®),
g3 = 0 and qq = A%2/u+ O(A®). One finds

mA3 3a® — 5m?)AS
u(a) = a® — 2 ( G ) + O(A?). (6.23)

Then, from (6.8) we obtain the annulus amplitude

(a® — m?)z129 A2 m(a® — m?)z129(21 + 22)

(0,2) _ 3
Fsw (21,22) = 4at 4a521 29 A
2(a” —m?)(a* — 5m?) (27 Zz)zlz2
+(a® — m?)(a? — 9m?) 2323 + 2a*

+ A 4+ O(AD). (6.24)

32a821 29

As before this agrees with F((j(?T(Zl,ZQ) up to A? (see (B.16)). Hence the
relation (6.13) also holds in this case.

7 Geometric engineering and open topological B model

Hereafter, we consider the open topological string on toric Calabi—Yau three-
folds (local A model), which is expected to realize a surface operator in
N =2 SU(2) gauge theories in four dimensions. In this section we com-
pute the topological open string amplitude by combining the local mirror
symmetry with the conjecture of remodeling the B model [27,28], by which
we have the equality between the local A model amplitudes and the free
energies F(:h) (x1,...,2p), g,h € Z>p,h > 1 on the mirror curve

C={x,y € C*|H(z,y) =0} C C* x C*, (7.1)

computed by the topological recursion relation of Eynard and Orantin we
employed in Section 5. The free energies are defined by (6.6) and (6.7) under
the replacement

Asw(z), — w(x) ::logy(x)d%. (7.2)
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Qy 1 T

Qs y!
Figure 3: Local Hirzebruch surface Kg,.

7.1 Toric brane on local Hirzebruch surface Kg,: pure SU(2)

The pure SU(2) gauge theory is realized by the Hirzebruch surface Fy =
P} x P, and we insert a toric brane on the base P| as the blue line in
figure 3. The Kahler parameters ¢, @y of P%, P%) and the parameters on
the gauge theory side are related by [18],

Qf = e*Zﬁa’ Qb = X1X2 = ﬂ4A47 Xl = /82A2w717 X2 = 62A2w7
(7.3)

where [ is a scale parameter which corresponds to the radius of the fifth
dimension in the gauge theory and X7, (X32) represents the distance between
the toric brane and the trivalent vertex in the web diagram as indicated in
figure 3. The charge vectors of Kg, are given by

ly=(-2,1,0,1,0), £y =(-2,0,1,0,1). (7.4)

By taking the local coordinate patch as figure 3, the mirror curve which
describes the moduli of the toric brane is obtained as

vy + (@t + )y +zpp =0, o(x):= 2" +ax+2) —4z2%, (7.5)

where 2y, 2, are the moduli parameters of complex structure of the mirror
Calabi-Yau threefold. The closed and open mirror maps are given by
[55-57],

o

Z @2m+2n-1)

log Qp = log zp + 2 D 2y 2,

m,n>0,(m,n)#(0,0)
1
2

log@ = logz—f, X = <Qb> x, (7.6)
Q@b 2 2
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where X = X (z) is the open string moduli on the A model side. The disc
amplitude is computed in a similar manner to [56],

f((]’l) (Qf7A’ w) _ /xw(:E/) _ /ﬂb‘ log { (x/2 + '+ Zb/) + W}C:C,I

2x
Rt BN I U ) Calal VYN
¢! —Qf)w(m) T -QpR? -
(I+4Qr + QP —1) s 2w*—1) ¢
B 9(1 — Qf)ow? (BA)” - W(M
(1+9Qs +9Q% + Q%) (uw® — 1)
61— Q7w (BA)®
n 2(1 + Qf)(w4 - 1) (ﬂA)8 + O(Alo), (77)

(1-Qf)"w?

where in the second equality, since the toric brane is inserted on the base P,la,
we expanded the integrand around the midpoint ' = z;/ % and took away a
logarithmic term from the final result. When we compute the annulus and
the three-holed amplitudes F(%-2) F(0:3) in the following, we will use a similar
prescription as above. Using the relation (7.3) of geometric engineering
and taking the limit 3 — 0, we find a matching of (7.7) up to A® with the
leading term (4.17) of the free energy obtained from the CFT one point
function of ®1 5.

We can compute the annulus amplitude F(%2)(z,y) using (6.8), where

G(k) can be rewritten in terms of the period T, = —log @y as was shown
in [58],
G(k)——iA (zp, 2 )Ei 121o ZiT + 4log zp, + log Ao(Zp, 22 f)
—120bafbagb gbagbb g 2 g A0l2b, 2b2f) (s
(7.8)

where Z, = 2y, 25 = 2¢/2p, and Ag(2p, 27) 1= 1 — 8(zp + 2¢) + 16(2p — 2¢)? is
a component of the discriminant of the mirror curve (7.5). Thus, we obtain
the annulus amplitude

f(072) (va A7 ’U.Jz)

x pry dz'dy’
:// B',y) - (z/ — )2
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_ Qf(wiwi +1) A Qr(1+ Qy) (w1 + wa)(wiwi +1)
(1= Qp) wrws (1 - Qf)bwiws
Qr(1+3Qy + Q?)(w% + w3) (wiws + 1) (BA)®
(1 - Qp)dwiws
Qr(2+5Qf + 2Q%)(w%w% +1)
2(1 - Qf)8w1w2
2Q(1 4 6Qf + Q7)(wiwj +1)
(1 = Qf)Bwiws
2Q% (w? + wi)
(11— Qp)Pwiws

where in the second equality, we used a similar prescription to the case of
the disc amplitude. The annulus amplitude with two arguments gives the
contribution from a geometry where two toric branes are inserted on the
base Pkl). X = 52A2wl_1 and Y := ﬂ21\2u12_1 represent the positions of the
first and the second toric brane, respectively. Using the relation (7.3) and
taking the limit § — 0, we find that (7.9) coincides with (6.17) and (B.7).

(BA)°

(BA)®

(BA)°

(BA)® + O(A!Y), (7.9)

Higher topology amplitudes can be also computed by the topological
recursion (6.7). As an example let us compute the three-holed amplitude
FO3)(z,y, ) using (6.19), where the moment function M (x) is defined by

1 . dx B o(z)
~(w(z) —w(Z)) = — tanh ™" | — o) =i
= # an -1 ﬂ
%M(x)—xmt h $2+I+Zb
1 )"
= - ; o 12T x(+)2b)2n+1 (7.10)

Thus, we obtain the three-holed amplitude

FOD(Qp, A, wy)

[ e

N (Qr+ GQ? + Q?)(w1w2w3 -1
1- Qf)7w1w2w3
(Qf +11Q7 + 11Q% + Q) (wiwiw§ (w1 + w2 + ws) — (wiwz + wows + waw1))
+ (1 - Qp)w?wiw? )
N { 2(Qfc + GQ:} + Q‘})(w% + w2 4+ w2 — (wiwd + wiw? + wiw?))

(1-Qp) wiwaws

(BA)°
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v .
X1/ X Ty

T 0, Qr Q.

Qy 1 7
Q,Q,;Q. | @
y—l

Figure 4: Local del Pezzo surface Kgp,.

N (Qf + 17Q? + 36Q?, + 17Q4} + Q‘:} (w%wgwg(wlwg + wows + wawi) — (w1 + w2 + w3))
— Q) et
wiwiwi(w? + w? +w?) — (wiw3 + wiw? + wiw?))
=y utulul
2(Q5 +28Q% +86Q% + 28Q% + QF) (wiwiw; — 1)
+ (BA) + O(A2). (7.11)
1- Qf)llwlwzwg

2 3 4 5
4 (Qf + 18Qf +42Qf + 18Qf +Qf

The three-holed amplitude with three arguments gives the leading contri-
bution when three toric branes are inserted on the base Pll). X = 2\ %w] L
Y = 2N %0y, Vand Z .= ﬁQAQw:,: ! represent the position of each toric brane.
Using (7.3) and taking the limit § — 0, we find that (7.11) agrees with (6.21)
and (B.11).

7.2 Toric brane on local del Pezzo surface Kqp,: SU(2) with one
fundamental matter

By the geometric engineering, one can also introduce fundamental matters.
The SU(2) theory with one fundamental matter is realized by the del Pezzo
surface dPs, which is obtained by a blow up at a torus fixed point on the
Hirzebruch surface Fo. Let us insert a toric brane on the base P{ as the
blue line in figure 4. As in (7.3), the Kéahler parameters Qy, (resp. Qp, Qe)
of the fiber P%, (resp. base P%), the exceptional curve Pflj), and the distance
between the toric brane and the vertices in the web diagram X7, (X2) can
be related to the parameters on the gauge theory side as [18,21],

Qr=e" Qc=ePl"m Q=X Xy =23,
X1 = 32AN%wt, Xy = 28Aw. (7.12)
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The charge vectors of Kgp, are given by

0 =(~1,1,0,0,1,—1), ¢; =(=2,0,1,0,0,1), £ =(—1,0,1,—1,1,0).
(7.13)

By taking the local coordinate patch as figure 4, we obtain the mirror curve
which describes the moduli of the toric brane,

(x + 2)y* + (2 + 2 + zp2pz, )y + 22 = 0,
o(z) = (2* + 2 + zpzpz, 1) — dzpa(z + 2), (7.14)

where 27,2, and z. are the moduli parameters of complex structure the

mirror Calabi—Yau threefold. The closed and open mirror maps are given
by [57],

oo

(Sm + 2n + 2k — 1)' m+k _m+n+k

log Qp = log z» + Z (=n™ | zy "z 2"
1k ] | f e
S0 ) £(0.0.0) mInlk!l(m + k)!/(m + n)!
Qs zf Qe Ze Qb
log =5 =log -, log—=— =log—, X =—"uz, 7.15
8 Q7 & 2 & Qv S 2 ( )

where X = X (z) is the open string moduli on the A model side. The disc
amplitude is computed as

FOD(Qf, Qe, A, w)

= Zw(x/) = /Elog (@ +a' +2pzpze ) + /o (@) | da’
2(x’ + zp) x’

L _2Qs = Qaw 1 a2 Q- Qe)(QF + Q5 + Qe — 3Q5Qe)w? 2
=T - a)e. BA + (1—Qf)w(ﬂ )+ 1=07qz (BA)
8(Qr — Qo)(Qf +4Q% +QF — (8QF +5QF — Q)Qe + (10QF — 5Q; + Q2w

A 3
9(1 — Qf)5Q3 (BA)
* {%«@ +1)(QF +8Qy + 1)Q} — (15QF +39Q7 +7Q; — DQ}Qe
+(45Q% + 2103 — 7Q; + 1)QsQ? — (35Q% — 21Q3 +7Q; — 1)Q%)w*
SQ?(Qf - Qe)(l — Qe)w 1 +Qf 4
B - A O(A?), 7.16
(1-Qf)5Q2 41— Qp)Puw? (BA)" + O(A?) ( )

where in the second equality we expanded the integrand around the midpoint
= zz/ ? and removed a logarithmic term. We see that this result is consis-
tent with (7.7) in the limit Q. — 0,Q¢/Q. — 1. Using the relation (7.12)
and taking the limit 5 — 0, we find that (7.16) agrees with (4.31) except
the coefficient of wA. The difference of the coefficient of wA is nothing but

the overall factor exp(—Aw/h) which compensates the difference between
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the instanton partition function with surface operator and the correlation
function with the degenerate primary field insertion. Therefore (7.16) agrees
with the computation on the gauge theory side.

From (6.8) we can also compute the annulus amplitude F(%?) (z, y), where
G(k) can be rewritten in terms of the period T = —log @y as [58],

Ao(zp,2f,2¢) - 9
_ DO A Re) o
2422C (2zp, 2f, Ze) 8~

Ao(zp, 2f, 2e) 1= 16zgz12cze — (2722 —12(32. — 2Zf)Ze +8(22 + 22p2e — 22f))zszc

7]
G(k) = — {12 log zp — o5 Ty + 7log zp, + log Ao(zb,zbzlr,zbze)} ,
+ (12(3z¢ — 2Zf)Zfzg — (22 +462fz§ — 64,2?-,2e +32z§’-) + (22 +8zfze — 82?-)),2[)25
+ (425 — 1)?(22 = ze + 25)22,

9 1
Czy, 2y, ze) 1= —gzbzg + (zp + 2ze)ze — §(7ze +4zp(zp + 2ze)) + 25, (717)

where 2, = 2,2y = zf/zg,ge = z¢/2z and Ag(2p, 2, 2¢) is a component of

the discriminant of the mirror curve (7.14). Thus, we obtain the annulus
amplitude

FOQr, Qe A, wi)

-[ [ -

_4Q3(Qr — Qo) (1 — Qe)wrws 2
= i Y
 8QF(Qr — Q)1 — Qe)(Qy + 1 — 2Qc)wywa (w1 + w2) (BA)?
(1-Qp)8Q3
+ 16Q7(Qr — Qe)(1 — Q) (Q7 +3Qs +1+5(Qe — Qf — 1)Qe) (wF + w3 )wiw2
(1-Qy)BQ?
+ SQ;(Qf - Qe)(l - Qe)(2Qf +1- 3Q6)(Qf +2- SQe)w%WS
(1-Qf)3Q%
Qs 4 5
TR | (V) + 0, (7.18)

where in the second equality we expanded the Bergman kernel around the
point z’ = 21/2,y = z;/ and removed a logarithmic term. X := B2A2w !
and Y = 52A2w2 represent the position of two toric branes. Using the
geometric engineering (7.12) and taking the limit 5 — 0, we see that (7.18)

agrees with (6.24) and (B.16).

8 Vortex counting and open topological A model

In a recent paper [8], the instanton partition function with surface operator
has been worked out from the viewpoint of the coupling of four-dimensional
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gauge theory with a two-dimensional theory on the surface. It was argued
that in the decoupling limit Ajs¢ — 0, where only zero instanton sector of
the four-dimensional theory survives, the partition function reduces to the
vortex counting in the two-dimensional theory. By the localization compu-
tation on the affine Laumon space which we used in Section 3, the vortex
counting of [8] can be derived in the following way. Recall our identification
of the instanton number k& and the monopole number m:

k:kl, m:kg—]ﬁ, (81)

where k; and kg are given by (3.5) in terms of a pair of Young diagrams
(A1, A2).

Thus when we look at the zero instanton sector, we have to set k;y =0
and the monopole number is restricted to take non-negative integer.” This
means that A\; has to be trivial and A9 has only a single row, whose length
gives the monopole number. Let us first consider pure SU(2) theory for
simplicity. Then almost all terms in the diagonal part of the equivariant
character vanish. The remaining terms are

eflr21 _ o (e€1>\2,1 _ 1)(e—€1>\2,1 _ 1)

__ a1—a2+€1+e€
chy 5(a, @) = eBTETATE —o - —e 1
e
el —1
+ert et —1 - =
— a]—a € € € _ al —a € €
_(el 2+e1 2+el) pr— _(e1 2 2+1)Ze 1
k=1
(8.2)
Hence, the zero instanton part of the partition function (3.8) is
21 2\" R 1
Zmonopole(@, €1, €25 2) = 1+ Z m! <61> H 2+ eg + ke (8.3)

m=1 k=1

where we have replaced the parameter Ay in (3.8) to z. We see that with
the choice of equivariant parameters ¢; = h, ez — 0 the partition function
(8.3) agrees with the generating function of vortex counting, equation (3.24)
in [8], where it was argued that the K theory version of (3.24) coincides with
a refined open topological string amplitude in the limit where the Kéahler
parameter @Qp of the base Pll) vanishes.

9 As we will see the next subsection, for k > 0 the negative monopole number is allowed.
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Let us look at a similar vortex counting in zero instanton background
in Nt =4 theory. The results for 1 < Ny < 3 theories can be obtained by
the decoupling limit. The contributions from (@, (m)) gives the partition
function

AN

monopole

_ 14 30 0 O e g ) (0, (), (e azsma)

(a, M;, €1, €2;y)

e 8.4
el (0. ()] (@) 54
Since only the non-vanishing component of X is A2,1 = m, we have
. m—1
nf[(0, (m)),0](a,b;m) = [[ (—a+b—ker —m), (8.5)
k=0
nfe[@, (@, (m))](a,b;m) = H(a+b+k:61 + € —m). (8.6)

i
L

Combined with the previous computation of nyec[(d, (m))](a@) in pure SU(2)
theory, this gives

Nt .
Zmonopole(a Mi? €1, €23 y)

—1+Z mHk 1a—2M2+k61+62)(a+2M4+(k‘—1)61)

8.7
mleP TTin (2a + ker + €2) (87)

After the identification z=(—y),2Ms=m; — %61 + %62, 2My = —mag + %61
+ 1es, (8.7) agrees to (4.26) in [8] up to U(1) factor (an appropriate power
of (1 — z)), which is also related to the hypergeometric series.

8.1 Localization on one instanton sector

We generalize the vortex counting to one instanton sector of the four-
dimensional gauge theory. For one instanton sector, the pair of partitions
A= (A1, Ag) satisfies

k=1, ky=m+1. (8.8)
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There are four choices for X as follows:

(4) Xna=((1),(m+1)), m=-1, (B) Xup=(0(m+1,1), m=0,

(C) XmC = (wa (m7 L, 1))> m > 1, (D) XmD = ((17 1)7 (m))a m >0
(8.9)

For Nf=4 theory, by evaluating the three characters TrEXt(X’ %)

], TrExt(X,@)[g] with a1 =a, as = —a, by = M3 — My, by = My — Ms,
= M3 + My and TrExt(ﬁX)[g] with ay = M1 — My, as = My — My, b1 = a,

by = —a, m1 = My + M> we can read off the partition function in one instan-
ton sector for each partition.

- -

]

2 6 5\’m 3 -nf Am @ H
Z{A)(Gin;ElaGQ; ,Y) = Z mymﬂnf[ Al n?[_’ S
a

m=—1 nvec[XmA ( ) ’
(8.10)
n?(XmA,ﬁ (a —2Ms3) H —a — 2My — ker),
L. m+1
n7 (0, Xma) = (—a—2Mi + e1) [ (a — 2Ms + ker + €2),
k=1
Nvee[Ama(@) = (—2a — mer)el P (m + 1)1 [] (2a + ker + €2),
k=0
ZP (a, My, e1, €22, y) i me1 1 [0 Amp] (a1, 0 ml); nf[img,(i)](a1,a;m2)7
= Nvec [)‘mB}(a)
(8.11)
nf(xmgﬁ) = (—a — 2M3 — 62) H(—a — 2M4 — kél),
k=0
oo m+1
ng (0, \mp) = (a — 2M1 + €1 + €2) H (a —2M3 + ker + €2),
k=1
m+41
Nvec[AmB) (@) = (mer — e2)el T ml H (2a + ke1 + €2),
k=0
[SS) Sii v . STy a .
Z£C>(CL7 M;, €1, ea;,y) = Z xym+1nf 0, Amc](al,a,mﬂ_‘ s [imc,@](a17a,m2)7
m—1 Nvec [)\m C} (a)
(8.12)

m—1
nfs(ch,@)) = (—a—2Ms — e)(—a — 2M,s — €3) H (—a —2My — key)
k=0

n?(@, ch) = (a—2M1 + €1 —|—€2)(CL—2M2—|—€1 +262 H a—2M2 +l€61 —|—€2)
k=1

Nvee[Amc)(@) = (2a + €1 + 2e2)(—mer + €2)ezel ( )! H 2a + ke1 + €2)
k=0
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oo SRy STy 7
Z(D) M; . — m+1 1 [@,/\mD}(al,Uz;ml)_; 23 [AmD7m(alaa§ m2),
1 (a, LE1,€2;T,Y) mzzjomy Trvec om0 (@)
(8.13)
m—1
i (Xnp,0) = (a — 2Ms)(a — 2Ma) [ (—a — 2Ma — ker),
k=0

nf(@, Xop) = (a+2M; —e1)(a+2Ms — €, — €3) H(a —2M>s + ker + €2),
k=1

m—1

Nvee[Amp](@) = (=20 + €1)(2a + mer)e2€f Tm! [ ] (20 + ker + €2).
k=0
Taking a decoupling limit
Mg, Mg, M4 — 0Q, A1 = —2M3.%', A2 = 4M2M4y, (814)

one obtains the partition function for Ny = 1 theory

(4)

Zy 7 (a, My, €1,€2; A1, Ag)
_ iAlA?H a+2M; — € ’
Nt (2a + mel)e?ﬂ'z(m + DT (2a + ey + €2)
ZfB)(a, M, e1,€2; A1, A9)
:i/\ﬂ\glﬂ a—2M; + e+ e ’
= (mey — 62)6‘1“+1m! Z‘iol(2a + ket + €2)
Z§C)(a, My, e1,€2; A1, A2)
ZiAlA?H a—2M; +e€ + € _ 7
— (2a+ €1 + 2e2)(—mer +e2)eael(m — 1) L, (2a + ker + €2)
Z%D)(a, M, e1,€2; M1, Ag)
:i/hA;n—H CL+2M1—€17 .
= (2a — €1)(2a + mel)EQG'I“Hm! Hkmzol@a + ke + €2)

(8.15)
The decoupling limit

My, My, M3, My — oo, Ay =4MMsz, Ay =4MyMyy, (8.16)
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gives the one instanton partition function for Ny = 0 theory
2 (a, €1, 25 A1, As)

o
— Y A S ,
(2a + mer)er = (m + D[ o (2a + ke + €2)

m=—1
2P (a,e1, 2 A1, As)
- 1
=3 ARt ,
mz::o 2 (me; — EQ)ETHm! HZ:OI(QCL + ker + €2)
ch)(a, €1,€2; A1, Ag)

o0
= > A 1 ; ,
(—mer +€2)(2a+ €1 +2e2)epel(m — 1) [[7L (20 + key + €2)

m=1
Z{" (a,e1, 23 A1, As)
— Z A AT L .
= (2a — €1)(2a + mep) (—e2) e m! H}:‘:_OI(%L + kep + €2)

(8.17)
8.2 Topological vertex computation

Now we discuss the one instanton partition function for the four-dimensional
gauge theory from the A model via geometric engineering. The pure gauge
theory is engineered by the A model on the local Hirzebruch surface
Fy = P} x P} with a toric brane. The Kihler parameters for the base P}
and the fiber Pfl correspond to Q, = B*A* and Qf = e~282 respectively.
To realize the surface operator in four-dimensional theory, the toric brane
should be inserted as fig. 5 on the inner leg, which denotes the base Pll) in the
toric diagram [6,8,25], and we choose the open string moduli X = 32A%w.

Qy s
Qrr
v A
YU
Qyr B /o
X _—a
A
' Q,

Figure 5: D-brane inserted on an inner leg of local Hirzebruch surface.
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The topological vertex computes the open BPS invariants [30,59].

Zbbrane(X Qy Q1. Qrr:q)
]%II):’eSn(X Qb’ QfL’ QfR’ ) - chosed '

8.18
BPS (Qb,QfL,QfR;Q) ( )

Each factor is given by the representation sums

755 (Qu, Qr1, Qrri q)

v 2 A1]+[A
> OrptnContnCoantaCrga ™ 2 Tt 2QE QU QP 2!,
N’7V7)‘17A2
(8.19)

ZPbrane( X 04, Q 1, Qrr; Q)

= Y Cousapm

HVALA2,0,8
v -1 a)/2
% C (>\t®6)®CA2Vt®C )\t@q(ﬁ +H’>\2+"il’«+(p )H)\t1®ﬁ+pn)‘1® )/
% Q Q|M| QI/\1I+IA2I+|5\( )\Al\+(p—1)|A§®ﬁ\+p\A1®a|Trav TrgV 1,

(8.20)

where V' = X and p denotes the framing of the toric brane. For the tensor
product representation a ® 3, kagg = ka + kg and Cagg)uw = 27 czﬂCwV
where CZzB is Littlewood—Richardson coefficient [60]. In the following we
choose the framing p = —1. In order to compare with the four-dimensional
gauge theory in detail, we have set the Kahler parameter for the fiber Pfl in
the left /right side in the toric diagram independently as Qs = e~ 2PaL and

Qpr = e 2Par,

The one instanton part of the topological string amplitude is the first order
in Q. For the closed string partition function Z]‘glgsse‘i(@b, Qrr,Qfr;q), we
only need to consider the terms with A\ = Ay = (). For such choice of the

partitions, one finds the closed string partition function

ZERE5(Qv, Qrry Qrrs @) = M(QrL; ) M(Qyr; ), (8.21)
M(Qiq) = [](1-Q¢")™ (8.22)
n=1

On the other hand, the D-brane partition function ZP-Prane(X @, Qrr,
Qfr;q) in one instanton sector comes from the following three choices of the
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partitions:

(1) (ﬁv A1, )‘2) = (|:|7
0

7®)7 (2) (67 >‘17)‘2):(®7@7D)7
(3) (ﬁvAlv)‘Q):( ) 0

0
0,0). (8.23)
At this point, we should point out a crucial difference from the case of
the geometric engineering of the Nekrasov partition function in terms of
closed topological string. In the case of the Nekrasov partition function for
SU(N) gauge theory, the fixed points on the instanton moduli space are
in one to one correspondence with the assignments of the Young diagrams
on N parallel inner edges representing the base P%, of ALE fibration of
type Ay_1. However, in the present case even at one instanton level the
one to one correspondence is lost. In fact, we found four fixed points (8.9)
on the affine Laumon space with instanton number one, while (8.23) gives
only three configurations. The lack of one to one correspondence makes the
problem of matching the instanton partition function with surface operator
to open topological string amplitudes highly non-trivial.

Let us compute the open BPS partition function for each ch01ce of par-
titions. For case (1), the open BPS partition function Zg%egl (X, Qs, Qyr,

Qfr; q) becomes

n 1
72 (X, Qy, Qrr, Qrri )
1

Z%B?%(QbanLanR? )
X sz o(@")sa(X)so ”D/QZ ¢ )Q'“'

xzs (0" P)su(a”) Qs (X )

(8.24)

Q q1/2 1 io: X—l(qu/Q)m’
— b 7 .
q—11-Qsr S~ T, (1 - ¢*)(1 — Qrra*1)

In the computation, we used the following relations.

qm/ 2

) S I =)

m

1
ZSH ("t ™)s, () QW = (Q;q)kl;[ll_qu_l, (8.26)
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For case (2), we obtain

ZI(S)SI})DeSnl(Q) (X, Qb Qrr,Qrr;q)

1
Z]%lgsse((i)(Qb QfLa QfR; )
x szsa X)so(@”)? Y sul@”)su(a” P)QU
o
% ZSV 51/ p+D)Q\V|
q 1 = 1
=0
"a-1)1-Qp mz::(] (1= Qpra~ ") (1 — Qrrq™)
X qm)m (8.27)
T (= O T (- Qrrd™ )
To derive this result, we applied a relation
Z s p+ m) qp+D)QWI
1 1
= M(Q;q) (8.28)

(1- Q¢ )1 - Qg™ [Ti=) (1 - Q¢*~)’
This is found from the Cauchy formula (C.5).

For case (3), we have to consider the topological vertex with a tensor
product representation C,gm),tp seriously. For the tensor product repre-
sentation a ® [, the Schur function obeys [60]

Sa®B = SaS3 = ZCZﬁsv- (8.29)
B!

Then the topological vertex with a tensor product representation is com-
puted as

Co(asp)u = Z ZxﬁC@w = Z Clﬁsv(qp)sut (qp+7)qm/2
v

_ZC p+u 8 t(qp) Ku/2
= Sa(qp“‘ )s5(a” ), (a”) g™

s +(gPtP
— Sa(qp)Sﬁ(qp)SHt (qﬂ“roé)/»;(tq(qp))qmu/Q' (830)
I
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Applying this expression to (8.20), we find that the partition function in
this case coincides with (8.27):
3
ZE%esIll( (X, Qv, QL. Qfriq) = ZE%%?E”(X, @y, Qsr,Qfriq).  (8.31)
Summing these three contributions, we find the partition function in one
instanton sector.
Zips 1 (X, Q, Qg1 Qyri )
1/2 1 e X-1(Xxg1/2 m’
e e e
q 1L o M= (L= a*) (1 = Qpra* 1)
420, —1 L i L
b
(—1)%1=Qsr = (1 - Qrrg™")(1 — Qrrq™)
X gl/2)ym
X — k( ") . (8.32)
[Timi (A= ") ITe=y (1 — Qrd®™1)
In the four-dimensional limit 3 — 0, the open BPS partition function become
Z](;II’:’eSn(14D) (U], Aa ar,aR; h)
> , 1
— _A4 A2U} m' —1 _
& T Ty am (6= 1)
> 1
+ 2A4 A2 m ;
mz::l( ) (2a1)(2aR — h)(2ag +mA) ™ +2m! TT7 (2ak + (k — 1)h)
(8.33)
where ¢ = e PP,
On the other hand, in the self-dual case e, = —ey = h, the one instanton
partition function for the gauge theory (8.17) yields
20 (a, hy —hs APw, AP
= 1
— _A4 (AQU} m
2 D T et (=
> 1
+200) (A2w)™ :
mZ::o( ) (2a — h)2(2a + mh)A™+2m! H',::_ll(Qa + (k—1)h)
(8.34)
—®
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Choosing ay, and ap by
arp =a—"h/2, apr=a, (8.35)

we find a coincidence between the one instanton partition function for gauge
theory and four-dimensional limit of the partition function for the open BPS
states in the A model.

8.2.1 Geometric engineering of N¢= 1 theory

Geometrically the four-dimensional gauge theory with Ny = 1 flavor is engi-
neered by the A model on local del Pezzo surface d P, with Kéhler parameters

Qr=e1 Q.=ePlmm  Q,=28A% (8.36)

So as to realize the surface operator, we introduce toric D-brane as figure 6,
and the open string moduli is also identified by

X = %A %w. (8.37)

The topological vertex computes the open BPS invariants on local del
Pezzo surface.

ZD—brane(X, Qba Qe’ QfL7 QfR7 (;7)

Zpps (X, Qp, Qe, Qrr, QsR; q) = , (8.38)
Brs sl 235 (Qn, Qe Qp1 Qrri )
Z]%llgssed(vaQeanL7QfR;Q)
= Y Crw0Cnt0Crut0CourtaCuntp
A1 A2, 0,V T
x g ) 2(— Q)M (= Q QI (- Q) T (QQrrQTH M QY
(8.39)
ZEp (X, Qp, Qe, Qrr, Qrrs q)
= Z C(}q@a)l/t@CM(Atl®ﬁ)®CTMt®C)\QTt¢CVA§0
A1 A2, 0,0, T, 3
x g e TR T Q) NI (—Q Q) M (— Qo)
x (QuQrQ:HQY Q)
x (=1)Plel P8l Ty v Trgv L, (8.40)

For later convenience, we have changed the Kahler parameter @)y as in the
local Hirzebruch case.

Qpr=e 2, Qr=ePr, Q= Plor—m), (8.41)
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Q_[HQE
. S
Q1 o
Ao
Q,QsrQ."

Figure 6: D-brane inserted on an inner leg of local del Pezzo surface.
In the following we choose the framing p = —1.

The one instanton sector for four-dimensional theory comes from a part
of the above representation sums, which satisfies |G| + |A1] + [A2] =1 for

the D-brane partition function and || + |A2| = 0 for closed string partition
function. We find the closed string partition function

M(Qrr; ) M(Qyr; q) .
M(Qe; )M (QrrQe ' q)

Z5858(Qb, Qe, QL. Qrriq) = (8.42)

The computation of the D-brane partition function for the one instan-
ton sector is classified into three cases (8.23). Each partition function is
computed in the same way as local Hirzebruch surface.

203 (X, Q1 Qe, @1, Qi 0)

BVEI. _ “1yy—1/y . 1/2ym’
a=1 = (1 - Qsr) [The1 (1 — )1 — Qprgh1)

722 (X, Qb Qe, Qfr, Qi )

- g2 2
= (QpQfQc ) (q_ 1

o0

= (—Qp) L

(1- Qo) (Xq'/?)™

mz::() 1-QsrR)1—Qrra (1 - Qrra™ ITiq (1 — ¢*) TP (1 — Qrrah—1)’
(8.44)

X

Z]%%esnlm(X, Qb, Qe; Qrr, QfR; )

2 2
= (—Qp) (q — 1)

i (1_QfRQe_1)(Xq1/2)m

— (1= Qsr)(1 — Qsra V(1 — Qrrg™ TIr—, (1 — ¢®) TIRZ) (1 — Qprah—1)
(8.45)
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Summing all these contributions, one finds

Z]%P;’esnl(X7 Qb’ Q€1 QfL: QfR7 q)

P i (QsrQ: ' — )X~ (Xq'/?)
=1 5= (1= Qsr)TIF—1(1 — ¢*)(1 — Qpra*—1)
+ Qs <q1/2 )2 i (2QsrQc " — Qpr — 1)(Xq'/)" :
a—1) Z(0-Qsr)(1—Qrra 1)1 — Qrrg™ ey (1 —aMIIF-' 1 —Qrrah—1)
(8.46)

In the four-dimensional limit (8 — 0), this partition function yields

Z 0 (w, A, ar, ar, M; h)
oo

—20% 3 (%)™ ! S
(ar)hm | [T (2az + (k — 1)h)

m’=0
3 = 2 \m —2m
+2A mZ:I(A w) (2ar)(2ar — h)(2az + mh)hm+2m! [ (2ar + (k — 1)h) (8.47)

In the self-dual case €; = —ey = h, the one instanton partition function
(8.15) for the gauge theory is reduced to

Zﬁiliit(av h, —h, My; A%w, 203w ™)
- +oM; —h
= 2A° A2w)™ a
mzz (A7) (2a — h)(2a + mh)A™2(m + 1) ]2 (2a + kh)
+ 273 i(AQw)m —(4My = ) .
— (2a — h)2(2a + mh) ™+ 2m! T[] (20 + (k — 1)h)

(8.48)

This result coincides with the topological vertex computation (8.47) under
the following shifts of parameters:

ar =a, agp=a—~h/2, m=2M; —h/2. (8.49)
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Note added

After this paper was submitted to arXiv, there appeared a new article [61],
where the results in [7] are extended to affine si(N) case.

Appendix A Equivariant character of the affine Laumon
space

The fixed points of the toric action on the affine U(2) Laumon space are

isolated and labeled by a pair of partitions X = (A1, A2). We denote by Ay ;
the ith component of the partition Ay, = (Ap.1, Ak2, ..., Ag,n). The equivari-
ant character chxyﬁ(c?, b) = Trp (5.0 [diag.(e1, €2;@,b)] in [11] computes the
contribution of a bifundamental multiplet, from which those of an adjoint
and an (anti-)fundamental multiplet are derived. Hence the relevant gauge
group is U(2) x U(2) in the following. We need a second pair of partitions
fi := (11, o) and the Coulomb moduli parameters @ := (a1, az),b := (by, b)
to write down the formula of the equivariant character. With the convention
ar = ap42 and A\, ; = A2, the equivariant character at a fixed point of the

toric action is'®

X )

€E1He4+1,0 _ —€1 Ak k _
= 3 cuber g t 1y k(e 1)(e 1)
E0>1

<l

ch

(@,

el —1

Lo —€1 Akt 1,k 1)
a1 —bp gertea([f—1]— | -]y (€0 — T1)(e™
+ Z ekt e 2 272 prr—
k,e>1

9Tn the SU(2) case, ay, := (—1)*"'a and by, := (—=1)""'b.
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eEll'WH’l,Z -1

+ E e —bet1 e€1+62(L§*%J+1)
el —1

>1
€100 _
+ 3 etabe gerbenl Loqpppetter—1
>1 et =1
€ —€1A
_ Y et certea(lf—1)—[5—1) (€T — 1)(e7 4wk — 1)
el —1

kl>1

€1fhe+1,6 —€1 k41,6 _
_ Z eak+1—bg+1 ee1+€2(|_%—%]—\_§—%j) (e 1)(8 1)

el —1
k,0>1
i e €1 ek — 1
_ Z eak*ble€1+€2(*1*L§*1J)7
et —1
E>1
. —€1 k11K _
B T Tk 1 (A.1)
el —1
E>1

Here the floor function |k]| denotes the largest integer not greater than k.
We have rewritten the original formula by Feigin et al. ([11]. Prop. 4.15) to
arrive at (A.1).

We can rewrite this character as a Laurent polynomial in e®, e and e
with non-negative integer coefficients as follows:

Proposition.

min(0,p00 41,0~k k)
ch; ~(a, b) = Z e —best ge2(L55 =15 ) E it
7/"‘

’gé i=min(1,1+ et 1,041~k k)

min (0,0, 0—Ak—1,k)

+ Z ck—1-be ge2(L 5] =1 "5 ]) Z elel

k>1 i=min(1,1 —Ak—
o i=min(1,144p e41—Ak—1,k)

max(0,te, 06—k, k1)

+ Z car—be ge2(L51-15)) Z ele1

k>0 i—max(1,14p1p o—
s i=max(1,1+4e o~ Ak k)

max(0,46041,6=Me41,k+1)

+ E ek+1—bey1 GEZ(L%J—L%J) E el€l
]gf i=max(1,1+pp11,0— Aot 1,%)
(A.2)

with Ao = g0 == 00.
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Proof. Since

min(0,N—M) N

q(qN — 1)(q_M — 1) _ Z _ Z qi (A3)

q—1 4 ,
i=1-M i=max(1,1+N—M)

-,

for any M, N =0,1,2,3,..., the character chxﬁ(d’, b) reduces to

min(0,te41,0— Nk, k) Bt
% Z eak—be+1 eﬁz(L%J—LgJ) Z — Z ei61
k4>1 i=1=Ap,k t=max (1,141, 0— N k)
(A4)
min(0,1¢,6—Ak—1,k) He,e
T Z e —1=be e@(L%J—L%J) Z — Z el1
k>1 i=1—Xg_1,k t=max(1,14pp ¢ —Ap—1,k)
(A.5)
Het1,0 Hee
+ Z et —bert ge2 5 Z el 4 Z ea0—be gezl 5 Z el (A.6)
>1 i=1 >1 =1
e min(0,e0,6—Ag, k)
+ Z eak—bz eQ(L%J—LgJ) Z — Z ei61 (A7)
k>1 i=max(1,141p 0 — Mg k) i=1—Ag ks
+ Z e@k-+1—bet1 eQ(L“TIJ—L%J)
ke>1
Pt min (0, 41,0— Nk t1,k)
X > - > et (A.8)
i=max(1,1+pep1,0—Mey1,k) i=1-Apy1k
0 0
+ Zeak—bl e—e2L§J Z i€l 4 Zeak+1—b2 ee2(1—L%J) Z ol
k>1 i=1— Ak k>1 i=1—Npy1k
(A.9)

Adding the second term of (A.7) with ¢ > 2 and the first term of (A.4) yields

min(0,te41,6— Nk, k)

Z eak*béJrl eéz(L”%J*L%J) Z eiel, (AlO)

k,>1 i=min(1,14pe1 1,041 =Nk, k)
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j=123456738 9101112

7;:

00 3 O U i~ Wi

—1, D
+1, [

Ne}

Sgn/\(ivj> = {

10
11
12

Figure 7: Example of sgn,(i,j) for A =(9,9,8,6,5,5,4,3,3,3,2), which
equals that for A= (8,6,4,3,2). The black and white boxes denote
sgn, (i,7) = 1 and —1, respectively.

On the other hand, adding the second term of (A.7) with ¢ = 1 and the first
term of (A.9) yields

0
g e —b1 g—e2( 3] E el (A.11)
k>1 i:min(1,1+,u1,17)\k7k)

Combining (A.10) with (A.11) gives the first term of (A.2). In the same
manner we can get other terms. (I

Let us introduce the following signature (figure 7):

q y { Aol < J < Aop and i =2m —1 or
Aont2 < J < Aopg1 and @ = 2m,
)\2n+1 <3< Aon, and i = 2m or
)\2n+2 <3< )\2n+1 and i =2m — 1
(A.12)
withn =0,1,2,...,and m =1,2,3,.... Here Ay := co. Note that if A\y11 =
Airo then sgn, (7, 7) = sghyrea (4, 7) with A i= (A1, ..., Ak, Aeg 3, - - )

sgny (1, ) :=
+1if

Then we can represent the character as a summation over some squares
in the Young diagrams as follows:
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Proposition.
2
oo I
Ch/-\'ﬂ(a, )= Z Ch)\l HJ(aI’bJ)’
I,J=1

1
X Z exp{— <)\i—j+2)61

(4,7)EX
sgny, (i,5)=(—1)T+J+1

1 €9
+ uj—z+2 5
o1 o1\ e
£ X ewf(moirg)a- (o) 3

(4,5)En
sgn ) (3,5)=(—1)T+J

(A.13)

-,

b) is symmetric under the replacement (a1 + 2,b1 + ¢) <
nd (Ar, p1) < (A2, p2).

Moreover ch

mtl

(d,
((12 - ZabQ Zz)

-,

Proof. Let chi’l{w(a], by) be a part of chxﬁ(d’, b), which contains e* =7 i.e.,

min(0,p2¢—Aop—1)

11 a b Zea b eg(ﬁ k+1) Z el€1

E>1 =min(1,1 — Aok
"o i=min(1,1+p20 41 -2k —1)

min(0,p2r—1—A2k)
+Zeabegék Z eiel
k4>1 t=min(1,14pop—Aog)
max(0,p20—1—A2k)
+ Z ea—b eeg(ﬁ—k) Z ele1
ke>1 t=max(1,14puor—1—A2g—1)
max(0,u2¢—Aok41)

+ Z et ee2(th) Z el (A.14)

k>0 i— _
151 i=max(1,1+pu2e—Aok)

min (0,20 — Aok )

21 CL b Zea b eg(( k) Z eiel

k>1 in(1,1 Y
150 i=min(1, 14201 —Aok)
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min(0,u2¢—1—A2k—1)
+ Z eafb eeg(ffk) Z i€l
k,>1 i=min(1,1+u2e—Aog—1)
max(0,p20—1—A2k+1)
+ Z ea—b €2 (l—k-1) Z eiq
’gf i=max(1,14+pu2¢—1—A2g)
max(0,p20—A2k)
+ Z et ge2(t=k) Z el (A.15)
k,>1 t=max (1,14 por—Nog—_1)
and Chi’i(a, b) == chi”h(a, b) and chi’i (a,b) := ch?\’ji(a, b)e2. Then we obtain
1,1 N . . €2
chy,(a,b) = Z exp{a—b—()\i—j)q—i-(,u}—z%—l);}
(3,7)EX
seny, (ij)=—1
. N €
+ Z exp{a—b—i—(,ui—j—i-l)el— ()\;-—7,)52},
(4,5)Ep
sgn (5,4)=1
2,1 . . N €2
chy ,(a,b) = Z exp {a —b— (N —j)e + (1j—1) 5}
(i,)EX
sgnu(i,j):1
. , €
+ Z exp{a—b—k(,ui—]—l—l)el—(/\;-—z—i—l)g},
(VIS
sgn/\(i,j)zfl
(A.16)
which proves (A.13). Since
2,2 €2 €.\ .11 €9 €9
Ch/\z,/m (ag + Z, by + Z]) = Ch)\%/@ <a2 — Z,bz — 1 ) ,
1,2 €2 €Y\ .21 €2 €9
ch)\l’#2 (al — Z’bZ + Z) = Ch)\hm (a1 + Z,bg — Z) , (A.17)
the proposition follows. O
Especially when i = X, = for X = ﬁ, we can also represent the character
as a summation over all squares in the Young diagrams:
Corollary.
2 1
ChXX(C_ia ) = Z Ch)\’[,)\] (67 )7 (A18)
1,J=1
—@
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~IJ,, =
chy (@, b) := €xp {al+(1—sgnu(i,j)1<7)/2 - bJ—&—(l—sgnH(i,j)I*")/Q
(4,5)EX
1
+5 (o +z>}exp{((&‘f +2> 2

el | o=br Z +e—bl+1+%2(—1)1+1 Z e(l—j)61+(1—i)%2’

o
=
>l
=
—
2l
\_/l
I
(]

=1 (4,5)EXT (1,7)EXT
i:odd i:even
(A.19)
2
N _ € J . -€9
chy (@0) =D e |e Ny getnFE DTN I (A20)
7 J—=1 G,j)€ny Goj)eny
ieven i:odd

Proof. Let (:Nhi’i(c_i, b) := chi’i(ab br). For I # J, let &11’7i(6, b) be the com-
bination of the terms of Ch{\:i(a 1,by) with negative powers in e“! and those of
chi’j(a], br) with positive powers. Then we get (A.18). When ji = §, since
sgng (i, j) = (—=1)*, if ¢ is odd or even number, then I = J or I # J, respec-
tively. Thus chy'y(a1,b1) + chyg(a1,by) and ch}(as, b) + ch} 'y (a2, b) give

the I =1 and 2 part of (A.19), respectively. On the other hand, when X = ﬁ,
if ¢ is even or odd number, then I = J or I # J, respectively, and in the same
manner we obtain (A.20). O

Appendix B Multi points insertion of degenerate operators
B.1 N; =0 case

In Nf =0 case, we put (A] = (A, A| and |B) = |A,A) in equation (5.6),
then we have

A—I—A’—NhLQ
2

I S [ IS P IEIR | P
SW\a-z 27 (a-z) o

A 2 1 2_2092 3
|:48A + =+ A <Zl + Z1> + b Zlazl — 52’1(921

(B.1)
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We set the dimensions of initial state as A = A(ap), then the dimensions
of intermediate and final states A(a;) are restricted by the fusion rule as

1
;11 = a; = % and A’ = A(ay). For each choice of the intermediate chan-

nels (called fusion path), one has a series solution of the form

N N\
=] ] ( —ZJ) Ty,
Z

i=1 1<i<j<N

Y(z) =) Yau(z)A™.
n=0

(B.2)

e The case N = 2: For the simplest fusion path a; = a + 2%, we have

1 11 1
Yo=1, Y1 = a1 (ZJFZ) + 77b2+2ab+1(z1 + 22),
Y2 =c1+c2 (iz + %) +c3 <Z—1 + Z—2> +cazize + —— +co(2F + 23),
25 23 z9 z1 Z129
2(b% + 1) 1
DT " 2ab D)2 +2ab+ 1) 2T 262 + 2ab+ 1)(262 + 2ab 1 1)
1 2(a —b)
BT T Rt 2ab+ D2 +2ab+ 1) T (20— b)(—262 + 2ab + 1)(—b2 + 2ab + 1)
2(b% +ab+1) 1
cy =

1 1 1 1 34 L0
Ys =¢; (73 + *3> + c2 <* + *) + 63(21 + 22) +C4(Zf + Zg)
25 27 z2 zZ1

1 1 42 52
+65< 5 +—2>+ca(zzz%+z§Z1)+C7<z—;+Z—g>+68<—1+—2>,
2221 27221 2'2 Zl z2 zZ1
1
6(b2 + 2ab + 1)(2b2 + 2ab + 1)(3b2 + 2ab + 1)’

8b* + 8ab3 + 13b% + 6ab + 6

cl1 =

7 2(2b2 + 2ab + 1)(b% + 2ab + 1)(b2 + 2ab + 2) (262 + 2ab + 1)
B —8b3 + 8ab® — 5b + 6a
T T 5(2a — b)(—2b2 + 2ab + 1)(—b2 + 2ab + 1)(b% + 2ab + 1)
1
T 6(—3b% + 2ab + 1)(—202 + 2ab 1 1)(—b% + 2ab 1 1)
_ 3% + 2ab + 2
= 7962 + 2ab + 1)(b2 + 2ab + 2)(2b2 + 2ab+ 1)(362 + 2ab+ 1)’
_ 2a — 3b
T 9(2a — b)(—302 + 2ab + 1)(—2b2 + 2ab + 1)(—b2 + 2ab+ 1)’
1
T 2(<02 + 2ab + 1) (b2 + 2ab + 1)(2b62 + 2ab + 1)
1
cg =

2(—2b2 + 2ab + 1)(—b2 + 2ab + 1) (b2 + 2ab+ 1)

(b2 + 2ab + 1)(b2 + 2ab + 2)(202 + 2ab + 1)’ 6= 2(—2b2 + 2ab + 1)(=b2 + 2ab + 1)’

(B.3)
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Then the free energy is given as

log Y (21, 22) = g(21) + g(22) + g(21, 22), (B.4)
where
1
= A2 A1 - )
9(=1) <2ab—b2+1 21(2ab + b2 + 1)
Al b2z2 B b2
2(2ab — 2b2 + 1)(2ab — b2 + 1)2  223(2ab + b2 + 1)2(2ab + 2b2 + 1)
b2 LA 20123
(2ab — b2 4 1)(2ab + b2 + 1) 3(2ab — 3b2 + 1)(2ab — 202 + 1)(2ab — b2 + 1)3
3 2bt
21(2ab — b2 + 1)(2ab + b2 + 1)2(2ab + b2 + 2)(2ab + 2b2 + 1)
2v4
323 (2ab + b2 + 1)3(2ab + 2b2 + 1)(2ab + 3b2 + 1)
2b3z1
O(A8 B.5
+ (2a — b)(2ab — 2b2 + 1)(2ab — b2 + 1)2(2ab + b2 + 1)> + 0%, ( )

and

_ bz122
(—2ab+ b2 — 1)2(4a2b — 6ab? + 2a + 2b3 — b)

g(z1,22) = A* <

b2
T 2122(2ab + b2 + 1)2(2ab + b2 + 2)(2ab + 262 + 1))

L AS 2% 11
(2ab + b2 + 1)3(2ab + b2 + 2)(2ab + 2b2 + 1)(2ab + 3b2 + 1) \ 2222 2122
203 (2123 + 2222)

(20— b)(2ab — 302 1 1)(2ab — 20 + 1)(2ab— 42 + 1)3 O(A%). (B.6)

Under the limit a — %, A — % h — 0, we have

AR5 +1) Az + 22) (2725 +1)
16a4b? 21 29 32a8b22223

+O(h). (B.7)

This agrees with the B model results.
e The case N = 3: For the simplest fusion path a; = a + 2%, we have

1 1 1 1
Yo(z) =1, Y1:Zl+zz+z3 ( >7

2ab— b2 +2 (2ab+ b2 + 1) P
1 1 1
Yzzc1+c2(—2+—2+—2> +c3(z%+z§+z§)+c4(
Z  *3 2]

Z1 22 z3

e e e

Z1 Z1 Z3 Z2 Z2 Z3
F2) 23 22 z3 Z1 21 ’

1 1 1
+ c5(z122 + 2322 + 2123) + c6 ( + + > s
2123 2122 Z322

202 + 3 1
cl1 = 3 Ccy = 5
YT (C2ab+ b2 —2)(2ab+ b2+ 1) ° 2(2ab+ b2 + 1)(2ab + 262 + 1)
1 1

BT R a1 Dab—b2+2) AT T 2ab—_b2 +2)2ab+ 62 + 1)’
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_ 2ab — 2b% + 1
@ 2(ab— b2 1 1)(2ab— b2 + 1)(2ab— 6% + 2)
2(ab+b% + 1)
(2ab + b2 + 1)(2ab + b2 + 2)(2ab + 202 + 1)’

Ceg =

1 1 1 1 1 1
Ys=ec | 5+5+5)te(—+—+— +cs(z1 + 22 + 23)
25 23 27 29 23 z1

3,.3.,.3 1 1 1 1 1 1
+C4(Zl+22+z3)+05 3 +72+27+27+72+72
2523 2225  Z5Z1 2521 Z2Z) 237

2 2 2" Z1 zZ3 22 29 23
+ce (Zzzf+z3zf+z§z1 + 2321 + 2223 + 2523) +c7 <7+ S+ 5+t 5+ 5+3
%2 *3 * A3 A1 A

2

2 2 2 2 2
z z zZ ¥4 z z z1 z3 z2
1 1
+ea( 2+ 2 +2 424243 )40 + =+
22 Z3 22 z3 21 21 22%3 2221 2321

2322 2122 2123
+ c10 < + + ) + c11
zZ1

+ c12212223, (B~8)

z3 z2 212273

where

1
6(2ab + b% + 1)(2ab + 2b% + 1)(2ab + 3b2 + 1)’
8ab® + 10ab + 8b* + 17b? + 10

Cl = —

T T9(“2ab+ b2 — 2)(2ab + 02 + 1)(2ab + b2 + 2)(2ab + 202 + 1)’
8ab® + 10ab — 8b* — 5b% + 5
7 T 4(ab— b2+ 1)(2ab — b2 + 1)(2ab — b2 + 2)(2ab+ b2 + 1)
1
“ 7 12(2ab — 362 + 2)(ab — b2 + 1)(2ab — b2 1 2)’
2ab + 3b% + 2
= T (2ab+ b2 + 1)(2ab + b2 + 2)(2ab + 262 + 1)(2ab + 362 + 1)’
2ab — 3b% + 1
“ = 4(2ab — 302 + 2)(ab — b2 + 1)(2ab — b2 + 1)(2ab — b2 + 2) (B.9)
1
T T 9(—2ab + b2 — 2)(2ab + b2 + 1)(2ab + 202 + 1)’
1
BT T H(2ab+ b2 —2)(—ab+ 02— 1)(2ab+ B2 + 1)
2(ab+b* + 1)
T T (Z2ab+ b2 — 2)(2ab + b2 + 1)(2ab + b2 + 2)(2ab + 262 + 1)’
2ab — 2b% + 1
0= T9(ab — 02+ 1)(2ab — b2 + 1)(2ab — b2 + 2)(2ab + b2 + 1)
A 2(2ab? + 5ab> + 5ab + 3b* + Tb? + 3)

(2ab + b? + 1)(2ab + b? + 2)(2ab + b* + 3)’
(2ab + 2b% + 1)(2ab + 3b> 4+ 1)
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4a®b — 10ab? + 2a + 6b> — b
2(2a — b)(2ab — 36> + 2)(ab — b* + 1)
(2ab — b? +1)(2ab — b + 2)

Cl12 =

In the free energy F = logY, the relevant terms at order A% are

403

21227

(2a — b) (2ab — 3b% +2) (ab— b2 + 1) (2ab— b2 + 1) (2ab — 62 + 2)3
B 8b* 1 (B.10)

(2ab + b2 +1)° (2ab + b* + 2) (2ab + b + 3) 12223 '
(2ab + 26 + 1) (2ab + 3b* + 1)
Under the limit @ — %, h — 0, this gives
WL (arzpm — + O, (B.11)
16a7b3 2122723

This is consistent with the B model results.

B.2 Ny =1 case

We put (A| = (A_,A,m| and |B) = |A4, A), then (5.6) takes the form

N
A Z1%4 Z%
(LD) _'_74_( Zlazl)+z<21_zja + (Zl_zj)Zhl,Q

J=2

+ z1(=2mA) + 22(=A?) | ¥ =0, (B.12)

where the action of the first term is given as

N
A A_+2A, 1
(Loo = 30a+ ——— —3 ;(zzazi + hig), (B.13)

by using the relations Lo| B) = (At + $04)|B) and (A|Lo = (A_ + Ady)(A|.
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The equation has a solution such as Y (z) = 1+ V1A + YA 4 --- with
the same pre-factor as Ny = 0 case. The first terms are as follows:

2
YO = ].7 Yl = —7771(21 + Z2) s
—b2 + 2ab + 1
Vo — (—b2 + 2ab — 4m? + 1)(2? + 22) (—8m?2b% — b2 + 8am?2b + 2ab + 1)2221
27 To(C262 4 2ab+ 1)(—b2 + 2ab+ 1) | (2a — b)b(—26 + 2ab + 1)(—b2 + 2ab + 1)
1 1 1
( 7)7

B (b2 + 2ab+ 1) 21 29
m(—5b% + 6ab — 4m? + 3)(23 + 23)
3(—3b2 + 2ab + 1)(—2b2 + 2ab + 1)(—b2 + 2ab+ 1)
m(3b* — 8ab® + 4a2b? + 12m?b? + b2 — 8am?2b — 2ab — 2)(2123 + z227)
(2a — b)b(—3b2 + 2ab + 1)(—2b2 + 2ab + 1)(—b% + 2ab + 1)
n 2mzq n 462 + 1)m
(=02 4 2ab+1)(b2 4+ 2ab + 1)(21 + 22)  (=b2 +2ab+1)(b2 + 2ab+ 1)’
(9b* — 24ab® + 12a2b2 + 56m2b2 — 1262 — 48am?b + 12ab + 16m* — 24m?2 + 3)(2} + 23)
24(—4b2 + 2ab + 1)(—3b2 + 2ab 4 1)(—2b2 + 2ab + 1)(—b2 + 2ab + 1)
(80m2b* + 9b* — 136am?2b> — 24ab® + 64m*b? + 12a2b>
+48a2m?b? — 12m?b? — 12b% — 32am™b + 12ab — 12m? + 3)(2123 + 2223)
 6(2a — b)b(—4b2 + 2ab + 1)(—3b2 + 2ab + 1)(—2b2 + 2ab + 1)(—b2 + 2ab + 1)
C’lzng
(a —b)(2a — b)b2(—4b% + 2ab + 1)(—3b% + 2ab + 1)(—2b% + 2ab + 1)(—b% 4 2ab + 1)
(—b2 + 2ab — 4m? + 1)22 ( 1 1
2(—2b2 4 2ab + 1)(—b2 + 2ab + 1)(b + 2ab+ 1)
(32m2b* + 5b* — 32am?2b3 — 12ab° + 4a2b?
+20m2b% — 3b2 — 24am?b — 2ab — 2)(21 + 22)
t 2(2a — b)b(—26% + 2ab+ 1)(—b2 + 2ab+ 1)(% 1 2ab + 1)
N 2(b% + ab+ 1)
(b2 4 2ab + 1)(b2 + 2ab + 2)(2b2 4 2ab + 1)z221
1
* 2(b2 + 2ab + 1)(2b2 4 2ab + 1) (22 + 22)’ (B-14)
Cy = —8bm?(2a — 3b)((2a%b? — 5ab® — ab + 2b* + b2 — 1)
+ ((2ab — 3b% + 1)((2ab — b% +1)((2a%b% — 5ab® + 2b* 4 1)

+ 16b>m*(2a — 3b)(a — 2b).

Y3 =

Yy =

1

21 29

Then the free energy F' =logY = g(z1) + g(22) + g(z1, 22) is given by

(1) 2mz1L
1) =—"—5—— 7
g b2 + 2ab+ 1
N (=% +2ab — 2mb + 1)(=b* + 2ab + 2mb 4 1)27 1 5
2(—2b2% + 2ab + 1)(—b2 + 2ab + 1) (b2 + 2ab+ 1)z1

( 402m(b? — 2ab — 2mb — 1)(b2 — 2ab + 2mb — 1)z}
3(b2 — 2ab — 1)3(26% — 2ab — 1)(3b2 — 2ab — 1)

2b%m 3
(v2 —2ab—1)(b2 +2ab+ 1)
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b2(—b? + 2ab — 2mb + 1)(—b? + 2ab + 2mb + 1)Caz}
+ (4(74172 + 2ab + 1)(—3b2 + 2ab + 1)(—2b2 + 2ab + 1)2(—b2 + 2ab + 1)%

2b(—b% + 2ab — 2mb + 1)(—b? + 2ab + 2mb + 1)2z;
(2a — b)(—2b2 + 2ab + 1)(—b2 + 2ab + 1)2(b2 + 2ab + 1)
b2
- A+ O(A?),
2(b2 + 2ab + 1)2(2b2 + 2ab + 1)zf) +ow?)
(=b? + 2ab — 2mb + 1)(=b> + 2ab + 2mb + 1)z1 22 A>
g(z1,22) = +
(2a — b)b(—2b2 + 2ab + 1)(—b2 + 2ab + 1)2
_ 4bm(—b> + 2ab — 2mb + 1)(—b? + 2ab + 2mb + 1)z122(21 + 22)A3
(2a — b)(—3b2 + 2ab + 1)(—2b2 + 2ab + 1)(—b% + 2ab + 1)3

b2
(b2 + 2ab + 1)2(b2 4 2ab + 2)(2b2 + 2ab + 1)z1 22

Jr —

(—b2 + 2ab — 2mb + 1)(—b? + 2ab + 2mb + 1)Caz1 22(2? + 23)b
(20 — b)(—4b% + 2ab + 1)(—3b% + 2ab + 1)(—2b2 + 2ab + 1)2(—b2 + 2ab + 1)4

—b2 4+ 2ab — 2mb 4 1)(—b? + 2ab + 2mb + 1 222 5
(=7 + 2 Uhs )g T2 It JC32123 | pd 4 o), (B.15)
4(a —b)(2a — b)*(—4b* + 2ab + 1)(—3b* + 2ab + 1)

(=22 + 2ab + 1)2(=b2 + 2ab + 1)*b

Co = —3b% 4 14ab® — 20a%b* + 44m2b* + 7b* + 84303 — 40am?b3
— 20ab® + 12a2b? — 20m2b% — 5b° + 6ab + 1,
C3 = —3b'0 4 26ab° — 88a2b® + 172m2b8 — 116% 4 144a3b” — 664am?b”
+ 54ab” — 112a1b% — 844205 + 784a%2m2b° + 20m2b° 4 400° + 324°6°
+ 40035 — 288a3m2b° + 24am?b® — 150adb° + 168ab* — 32a%m2b?
— 52m2b* — 36b* — 560363 + 64am?b> + 82ab® — 44a%b% + 4m?b? 4 116% — 12ab — 1.

Under the limit a — %, m — 2, A — % and h — 0, we have

z129(a% — m? mz1z2(21 + 2) (0 —m?
9(21,2’2)—’12516#11)2)1&2— 122 14a62b2( )As
2 223 (a? — 9m?) (@ — m?)
16a4b221 29 32a°b?
z1(21 + 23) z2(a® — 5m?) (a® — m?) + O(AP). (B.16)

16a8b?
Again, this recovers the B model results correctly.

Appendix C Schur functions and topological vertex

The Schur function satisfies the following properties [60]:

sulex) = clsy(2),  su(a”) = ¢ ?s,6(a”),  su(a”) = (=1)Ms,:(g7"),
(C.1)
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su(a”)sv (@) = su(¢”)su(@”™), (C:2)

where |u| and k,, are

=3 i (C.3)

R =l ) i — 20) =2 (G =14 Fur = —hp (C.4)
i (i.3)en

The Cauchy formulas for the Schur functions are

1 1,
Y " su(@)su(y) =[] T = XP > STy | (C.5)
" ij Wi rirg

Z su()s,(y) = H(l +2;yj) = exp | — Z (_1)nx?y;7 . (C.6)
n

1,] n,%,J
The topological vertex in the canonical framing is [30]

Clis popis (4) = q(nu2+/w3)/2sug(qp) Z Sm/n(qﬁ“z)sué/n(qﬁw)? (C.7)
n
is the skew Schur function defined by

Sujy = Zc’,jnsn. (C.8)
n

where s,,/,

We denote the Littlewood-Richardson coefficient by cf,. The topological
vertex enjoys the cyclic symmetry

Cu1u2u3 (Q) = CM3M1M2 (Q) = Cuzusul (Q) (CQ)

If some of p;’s are the trivial representation ), the topological vertex sim-
plifies as follows:

Croo = su(d”), (C.10)
Chp = 0™ *5,(0")3,0 (") = 5,(¢°) s, (). (C.11)

The gluing rule for the topological vertex is

Z Cmnnz (_Q)M (_1)nlulq—nm/20ut#m2 ) (C.12)
o
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Figure 8: Gluing rule for topological vertex.

where the integer n is defined by the exterior product of the vectors v,
and vy,

vl w2
n = v, Avy, = det < R > . (C.13)
Up Um
The vectors vy, = (vj,,v5 ) and vy, := (v, , vy ) are the directions of the

corresponding legs in the toric diagram (see fig. 8). In particular for inner
branes, the gluing rule is generalized as follows:

(i) f(i) —L(i 1
Z Cujuk(ui®aL)(_1) ()qf( ) e ()C(W@OCR)N;ML Tr 2V Tr V™,

ol ol
(C.14)
with
L(i) = |pilti + [o[r + || (t; — 7), (C.15)
f(i) = prgar/2+ (0 +p)/€u§®aﬁ/2, (C.16)
s(i) = || + pilps ® & + (n + p)|pf ® ), (C.17)

where |a ® 8| = |a| + |8] and Kkagg = Ka + K3-
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