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1 Introduction

In the seminal article [1] Gaiotto argued that a large class, called class S, of N' = 2
superconformal field theories (SCFT) in four dimensions (4D) can be obtained by a twisted
compactification of the 6D (2,0) SCFT on a Riemann surface of genus g with n punctures.
The building blocks of the class S theories are tubes and pairs of pants that correspond
to gauge groups and matter multiplets, respectively. Subsequently, the authors of [2, 3]
proposed a relation between the partition functions of the N = 2 SU(NN) gauge theories
and the correlation functions of the 2D Ay_; Toda CFTs. If one can compute all the
2- and 3-point functions in a CFT, it would in principle lead to complete understanding
of the n-point functions. Analogously, if we are able to find all the partition functions

1 we will be able to write down all the

corresponding to the 2- and 3-point functions,
partition functions of theories that admit a pair of pants decomposition.

It is important to note that there is a fundamental difference between the SU(2) and
the SU(N), N > 2, cases. For the SU(2) quiver gauge theories from [2] that are related to
2D Liouville CFT, there is only one type of puncture on the Riemann surface and hence
has only one class of 2D 3-point functions to be calculated. On the other hand, the SU(V)
case with N > 2 has more than one kind of punctures, containing U(1) punctures and full
SU(N) ones [1]. So far, the case with three full SU(N) punctures T (also referred to as
Triskelion [4]) has remained elusive, since neither the Ty Nekrasov partition functions nor
the Toda three-point correlators are known. The situation is further aggravated by the fact
that the corresponding 4D theories do not posses a Lagrangian description. Even though
there is no known Lagrangian description of the 4D Ty theories, we are able to write down
the partition functions for their 5D uplift [5] using topological strings on the dual geometry
of the 5-brane junctions.

The simplest non-trivial example is the 4D T3 theory that was found by Argyres and
Seiberg in [6]. It was realized there as the strong coupling limit of an SU(3) gauge theory
with six flavors in the fundamental representation. This theory is known to enjoy global
FEg symmetry. The main focus of our study is the 5D uplift of this 75 theory, which is
quite special since it can be seen from a different point of view. Seiberg argued in [7]
that the 5D SU(2) gauge theory with N; fundamental flavors has a UV fixed point with
En,; 11 symmetry, where the SO(Ny) flavor and U(1) instanton symmetries enhance to an
EN,+1 global symmetry? [7]. The above mentioned 5D T3 theory is in fact identical to this
Es CFT [5].

Powerful tools became available when one realizes gauge theories in string theory. One
was suggested by Hanany and Witten in [18], who constructed gauge theories living on
a system of NS5 and Dp branes in type IIA/B string theories. This approach provided
a geometric way to realize and compute the Seiberg-Witten curves for 4D gauge theories
by uplifting to M-theory [19]. For 5D gauge theories, the brane configuration is a type

! As we will see below, the Ty partition functions corresponding to the 3-point functions of the Wy Toda
theory have empty Young diagrams at their external legs (4.68). In order to obtain the n-point functions
from the Nekrasov partition functions that correspond to the 3-point functions, one has to use the partition
functions (4.68) but with non-empty Young diagrams for their external legs.

2These theories also appear in the context of the E-string theory, see [8-17].



IIB (p, q) 5-brane system, which is referred to as the web diagram [20, 21] from which the
SW curves are obtained [21-24]. Another way to realize N' = 2 gauge theories, known
as geometric engineering [25, 26|, is to compactify type II string/M-theory on Calabi-Yau
threefolds. This route has the advantage of allowing one to obtain the Nekrasov partition
functions of the gauge theories by computing the partition functions of topological strings
living on these backgrounds. Magically, the dual to the Calabi-Yau toric diagram turns
out to be exactly equal to the web diagram used in the Hanany-Witten approach [27, 28].

Flavors can be added in the Hanany-Witten setup by introducing D7-branes [19]. In
particular, the £, SCFTs are obtained by adding (n+3) 7-branes inside a 5-brane loop [29].
In this configuration, the flavor symmetry becomes manifest, since it comes from the gauge
symmetry of the 7-branes [30]. The web diagram with 7-branes is equivalent to local del
Pezzo compactifications of M-theory [31]. The del Pezzo surfaces are roughly speaking
multi-point blow-ups of CP?, where the blow-up procedure corresponds to the inclusion
of the 7-branes inside the 5-brane loop. The flavor symmetry is also manifest in the del
Pezzo construction, and it corresponds to the rotations of the blow-up points. The SW
curves of the E, theories are derived based on the del Pezzo compactification [32-34].3
The enhancement of the flavor symmetry then becomes manifest on the level of the SW
curves. The partition function of the del Pezzo compactification was studied in [37-44].

For FE, with n < 3, we can pull all the D7-branes outside of the 5-brane loop by
employing the rules from [45-50] without changing the theory.* Since the five dimensional
theory is insensitive to the size of the regularized external 5-brane, we can move the 7-branes
to infinity. It is easier to obtain the SW curve in this setup, by uplifting to M-theory
following [19]. Moreover, the computation of the Nekrasov partition function is also fairly
simple, since the corresponding Calabi-Yau manifold is known to be toric. We can thus
use the topological vertex method, which is much easier than computing the topological
string partition function for non-toric Calabi-Yau geometries.

However, a subtlety with this strategy is that this brane construction is problematic
if we try to move all the 7-branes to infinity for E, with n > 4 [20]. This is because
parallel® external 5-branes appear in the naive brane web for the realization of higher fla-
vor symmetries. They include extra degrees of freedom due to the fact that 1-branes can
propagate along the parallel 5-branes. No desirable theory can arise from such an “untidy”
brane system. Moreover, the flavor symmetry is not manifest in the web system. The
corresponding toric M-theory compactification also includes these extra degrees of freedom
due to M2-branes propagating along the flat direction of the Calabi-Yau. Nevertheless,
in this paper we demonstrate that for all the flavor cases up to Ny = 5, the above men-
tioned computation methods for the SW curve and the Nekrasov partition function are still
applicable. The Ny =5 case corresponds precisely to the T3 5-brane multi-junction [5].

In this paper, we first compute the SW curve of the Ty junction using the method
of [19]. We demonstrate that the previously derived SW curve can be reproduced from
this brane setup and we show the way the Fg symmetry is realized, even though in this

3The 4D SW curve was found in [35, 36].
1t is known that SW curve does not change by this procedure also for n = 4,5 [21-24].
®For n > 7, crossing or jumping also appear [5], but we will not discuss these issues in this paper.



setup the full global symmetry is not manifest. We also compute the Nekrasov partition
functions of the T junctions as refined topological string partition functions [51, 52]. At
this point we make use of the quite recent conjecture of Igbal and Vafa [53], that says that
the 5D superconformal index, which is the partition function on S* x S!, can be obtained
from the 5D Nekrasov partition function and thus from the topological string partition
function

7°0 = /da]Zf\}]gk(a)]? x /da|2mp(a)|2. (1.1)

This provides a way to test our results against the 5D superconformal index computed via
localization on S* x S' by Kim, Kim and Lee in [54]. The Efs superconformal index is
obtained from the T3 Nekrasov partition function® by using the idea presented in [53] and
we find that the results coincide with those of [54]. When parallel external 5-brane legs
appear in the toric web diagram, the corresponding topological string partition functions
contain extra degrees of freedom. In contrast to the massive spectrum in 5D which forms a
representation of the Wigner little group SU(2) x SU(2), referred to as the full spin content
representation, these extra states do not transform as a correct representation under the
Poincaré symmetry. Therefore, we call them non-full spin content contributions. Based on
the discussion in [53, 56],” we interpret this part as the contribution to the extra degrees
of freedom appearing from the parallel 5-branes explained above. It should therefore be
removed. To obtain the superconformal index from the topological string partition function,
we have to eliminate all the non-full spin content from the partition function. Schematically,
the partition function can be expressed as a sum of Young diagrams assigned to the product
of strip geometries as

N
1 .
Iy = ———— Z5MP (Y . 1.2
N Znon—full spin Y z1;[1 ! ( ) ( )

The factor Zyon-full spin is the BPS spectrum which does not form a representation of the
Poincaré symmetry, and Z°"P is the partition function of the strip geometry. A factor
similar to Zyon-full spin Was also responsible for a mismatch observed in [57].

Finally, the 5D version of the AGTW relation [58-61], which suggests that the 5D
Nekrasov partition functions are equal to the conformal block of ¢-deformed Wy Toda, im-
plies the following relation between the superconformal index and the correlation functions
of the corresponding g-deformed Toda field theory [62]:

I5D($ay) = /[da]‘zlf\)I]e?k(%m?Bv 61,2) i S8 <Val (zl) T Van (Zn)>q—T0da‘ (1'3)

This is an important entry in the dictionary of the 5D/2D AGTW correspondence. The
partition functions of the T brane junctions predict, up to an overall coefficient, the
corresponding DOZZ formula for the three-point functions.

5 As discussed in [53], this is a property of odd dimensions. In even dimensions, the superconformal index
cannot possibly be derived from the Nekrasov partition function, see for a 4D example [55].

"The non-compact modes of the moduli of the wrapped M2-branes do not form a correct representation
of the Poincaré symmetry.



The organization of the paper is as follows: in section 2, we review the procedure
for obtaining the 5-brane junction of [5]. This is done by pulling the 7-branes out of the
5-brane loop. In section 3, we compute the SW curve for the 5-brane junction. Although
the full Eg global symmetry is not immediately manifest, we discuss how it is realized. We
also analyze the 4D limit of this 5D SW curve, and show that it reproduces the known
4D curve. In section 4, we compute the 5D superconformal index of SU(2) gauge theories
with Ny = {0,...,5} from the topological string partition functions and show that they
coincides with the results in [54]. Furthermore, we discuss the generalization to Ty. In
section 5, we discuss applications of our result in the context of the AGTW relation. We
also discuss how the Nekrasov partition function of the 5D T CFT is related to the
three-point functions of the g-deformed Wy Toda theory and how in general its n-point
functions can be obtained from the 5D superconformal index. Lastly, section 6 is devoted
to conclusions and discussions.

We would like to remark that there is a certain overlap between the results of section 4
and those of the article [63] that appeared on the same day as ours.

2 T7-branes and the toric web diagram of T3

In this section we review the brane construction of 5D gauge theories. In particular, we
see that the 5D SU(2) gauge theory with Ny = 5 flavors is obtained® from the 5D T
multi-junction [5].

Many 5D gauge theories are realized as the world volume theories of the type IIB (p, q)
5-brane webs [21], which is a 5D uplift of the well-known Hanany-Witten brane construction
of four dimensional N' = 2 gauge theories [18]. This web construction can be generalized
by introducing 7-branes [29] without further breaking any supersymmetry. Strings can
stretch between the D5 branes and the D7 branes rendering quark hypermultiplets in the
fundamental representation of the color group. Thus, adding D7-branes leads to an extra
hypermultiplet in the fundamental representation.

The 7-branes allow the construction of SU(2) gauge theories with up to Ny = 8
flavors [29]. An elementary example of how it works is depicted in figure 1. Consider
the (p, q) web configuration of the pure SU(2) gauge theory and add a 7-brane at the cen-
ter of the web-toric diagram. The 5-branes fill the 01234 directions and form webs in the 56
plane. The 7-branes fill the 01234789 directions and are point like in the 56 plane. Adding
multiple 7-branes inside the 5-brane loop increases the number of the hypermultiplets, and
the gauge symmetry of the 7-branes becomes the flavor symmetry of the 5D theory under
consideration, see [29, 30]. The 5-brane web on a generic point of the Coulomb branch leads
to a 5D theory at intermediate energy scales. The fixed point theory is realized nicely as a
collapsed limit of the 5-brane loop [21]. We can thus understand the E,, SCFTs from the
perspective of the type IIB brane configuration.

The 7-branes are filling (7+1) dimensions while being pointlike in the remaining two
(56 plane). They are the magnetic sources of the dilaton-axion scalar 7 = x + ie~?. This
complex scalar experiences a monodromy around each 7-brane, which is accounted for by

8F.Y. thanks Dan Xie for helpful discussions on this point.
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Figure 1. In this figure, the possible ways of constructing SU(2) gauge theory with Ny = 1 are
depicted. The blue circles denote the 7-brane, the solid lines the (p,q) 5-branes and the dashed
lines the branch cuts that start from the 7-branes and extend to infinity. In part (a) we have a
5-brane loop with five 7-branes in it. In part (b) we pulled four of the 7-branes out of the 5-brane
loop. In part (c) we also pull out the fifth 7-brane. In part (d) we pulled the 7-branes to infinity
and are left with a 5-brane web.

introducing a branch cut associated with each 7-brane [45-50]. The branch cut that starts
from a 7-brane and goes to infinity is depicted in figure 1 by a dashed line. A generic
7-brane setup is specified by listing the 7-branes in the order in which their branch cuts
are crossed when encircling them in a counterclockwise direction.

9

A T-brane is labeled by two co-prime integers” (p,q). The dilaton-axion scalar 7

transforms with the SL(2,Z) monodromy matrix K, ,y when crossing the cut of a (p,q)-
brane. Combining the two charges as a vector (p ¢), the monodromy matrix K, ;) reads

p 1+pg —p?
K =1 = 2.1
(p,9) + (q) (p q)S ( ¢ 1—pq> ’ (2.1)

. -1
where § & 0 .
10

In a generalized (p, ¢)-web containing both 5- and 7-branes, when a (p, q) 5- or 7- brane
crosses the branch cut of a (P, Q) 7-brane it changes into a (p, ¢’) 5- or 7-brane according

P\  (14+PQ —P? D
() (e ) (2) &

In the example depicted in figure 1 (b), the branch cut attached to an (—1,0) 7-brane

to the rule

generates a monodromy around the same brane given by the matrix in (2.2), which here

. 11
K, (0 1) | ©3)

At the same time, the 5-branes that are swapped by the branch cut change their charges

reads

according to
(0,1) —» (1,1), (-1,1)— (0,1), (-1,0) = (-=1,0). (2.4)

Due to the (p, q) 5-brane charge conservation, when an NS5-brane is swapped by a branch
cut, a new Db5-brane attached to the D7-brane is generated.

9This up to a sign, since a (p,q) 7-brane is the same object as a (—p, —¢) 7-brane.
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Figure 2. To obtain the SU(2) gauge theory with Ny = 5, we begin with the pure SU(2) web-
toric diagram with five D7 branes inserted. In the first part of the figure all the flavors have the
same mass, and the symmetry enhancement is manifest. In the second part of the figure, a mass
deformation is performed by moving the 7-branes vertically.
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Figure 3. Then, from the mass deformed configuration, we pull the 7-branes outside of the NS5-
branes following the Hanany Witten effect. Lastly, after a flop on the lower right leg of the diagram
we arrive at the Fg web-toric diagram suggested by Benini, Benvenuti and Tachikawa.

Now that we have explained how the monodromy works, we will derive the T3 multi-
junction starting from the SU(2) gauge theory with Ny = 5 flavors. One possible brane
setup is depicted in figure 2, where all the five flavors are due to the 7-branes. Giving mass
to a fundamental hypermultiplet corresponds to moving the 7-brane vertically. This is
depicted in figure 2 (b). On contrary, moving the 7-branes horizontally will not change the
theory. The next step is to move the four 7-branes horizontally out of the 5-brane loop and
use the monodromy rule (2.2) to obtain figure 3 (a). In figure 3 (a) we insist on drawing
the (0,1) 7-brane on which one of the NS5-branes ends (the upper right one) at a finite
distance, so that we can pull out the remaining 7-brane to the left without intersecting
any of the 5-branes (see figure 3 (b)). After flopping, we obtain figure 3 (c), which still
keeps the natural interpretation of the SU(2) theory with five flavors. This is also drawn in
figure 4 (b), where the 7-brane with the branch cut has been pushed all the way to infinity.

We can now look at figure 4 (b) and move the (0, 1) 7-brane downwards without altering
the theory. By moving it downwards across the 5-brane and using the rule (2.1), we obtain
figure 4 (a), which is exactly the 73 multi-junction introduced in [5].

It is also interesting to demonstrate the other description. By moving the (0, 1) 7-brane
in figure 4 (b) upwards across the 5-brane and using the rule (2.1), we obtain figure 4 (c).
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Figure 4. Part (a) shows the brane setup for T3, part (b) the setup for the SU(2) gauge theory
with five flavors and part (c) the setup for the SU(3) gauge theory with six flavor.

Here, two (0,1) 5-branes are attached to a single (0,1) 7-brane, and one of the (0,1)
5-branes “jumps over” [5] the upper right D5-brane. It should be understood as a certain
limit of the SU(3) gauge theory with six flavors. This is the 5D uplift of the Argyres-Seiberg
duality, which states that the four dimensional Eg CFT is obtained at the strong coupling
limit of the four dimensional SU(3) gauge theory with six flavors. This interpretation is
further investigated in section 3 at the level of the Seiberg-Witten curve. In particular, we
show that the Eg SW curve can be obtained form the curve for the SU(3) gauge theory
with six flavors by constraining its parameters as (3.11).

We conclude this section by noting that it is also possible to demonstrate, in a similar
fashion, that the T multi-junction is realized as a certain limit of the SU(N) quiver gauge
theory, which we also briefly discuss in section 3.

3 Seiberg-Witten curves

In this section we derive the SW curve of the 5D T junctions and take their 4D limit.
We pay special attention to the T3 junction that is the first non-trivial example and show
how the Fg Weyl symmetry is realized. We also show that the 5D Ty junction curves can
be obtained from the curves of the SU(N)"V~2 quiver gauge theories if the gauge coupling
constants and some of the Coulomb moduli parameters are tuned to certain values. In this
section we follow closely [24] where our conventions were defined and the procedure was
explained in great detail.

3.1 Seiberg-Witten curves from M-theory

We start from the brane setup of figure 5. The toric diagram associated with this con-
figuration is depicted in part (a) of figure 5 and its associated SW curve is given by the
polynomial equation [5, 23]

3
Z C[JTIWJ =0, (3.1)

1,7>0
I+J<3



> W = —LsT

~ W = —izT
W

M. -
z 2 ¢ 3 = —I,T
g M2
B 1 _
k] M,

C A A
- - - T
0 1 2 3 Ny N, Ns

degree of T

(a) (b)
Figure 5. Part (a) shows the toric diagram and part (b) the brane setup for Eg CFT.

where every vertex of the toric diagram corresponds to a coefficient Cr; [21, 27]. The
boundary condition depicted in part (b) of figure 5 leads to the following list of equations
relating the parameters Cy;:

(T—>0:>W—>M1> :icmwf:cogﬁ(w/—m),
I=0 I=1

(W S0=T - N1> = icmTf = O30 f[ (T— NI) : (3.2)
I=0 I=1

3 3
<|T’ ~ ’W’ —oco=W — —E1T> = ZC[;},_]TIW:FI = Cos H (W + I~/1T> .
I=0 I=1
Compatibility of these three equations imposes the constraint:
NI Ny Ny = Ny Ny Ny Lols. (3.3)

By rescaling the coordinates W and T, we can choose the parameters of the curve to obey
the relations

M MyMs =1, NiNyN3 =1, LiLoLg =1, (3.4)
which then implies C3yp = Cps = —Cpp. Thus, putting the conditions (3.2) and (3.4)
together, we find that the SW curve for the brane configuration of figure 4 is given by the
equation

w3 — (; M1> W2+ (; EK> W2T + (2{: M;1> W+ UWT
+ (;E;) WT? 1+ <EJ:N;1> T - (%:N,) T2+ T3 =0, (3.5)

where U is a free parameter.

We would like to obtain also the expression of the curve based on the brane setup (c)
in figure 4, which is obtained from (a) in figure 4 by moving one of the (0,1) 7-branes
upward across the three (1,1) 5-branes. In [23], the authors introduced the coordinate

change which moves the flavor D5-branes from one hand side to the other side in the brane
setup for the 5D SU(N) theory with Ny flavor. We expect that (a) and (c) in figure 4



are also related by an analogous coordinate change. For that, we first observe that the
W-independent part of (3.5) can be written as

3
[1(7 - &) = 83 (= NNz ) (2= NaNg ) (£ 1), (3.6)
I=1
where we have set t = N?f 1T, Then, if we perform the coordinate change
1 1 -
W =—-N; *NJ(t — 1w, T = Nst, (3.7)

we can factor out a piece of (¢ — 1) from the curve to obtain the compact expression
3

6 6 6
[J(w = ma)t? + | —2u® + > " mw?® + Uyw + (1 + Hml> t+ [J(w—m) =0, (3.8)
e o1 i=1 i=4
where we have defined the new parameters {m;}%_; and U; as
_1_2\
NP 33>Li fori=1,2,3 s
fni == i and U1 = le 33U. (3.9)

~ 1 1 ~
N13N3 3>Mi_3 fori:4,5,6

We interpret that the expression (3.8) corresponds exactly to (c) in figure 4.
We can easily see that the curve described by (3.9) is a special case of the general 5D
SU(3) Ny =6 SW curve [24, 64]

3 6 1
H(w—mi)t2 + | = (1 —i—qHﬁLi_?) w3+U2w2
i=1 1=1
6 6 , 6
+U1w+<1+qu5> t+q][m; 2 [J(w—mi)=0, (3.10)
=1 =1 =4

if we constrain the additional parameters as

6 1 6
g=[1m:  T2=> . (3.11)
=1 =1

This is the 5D uplift of the statement in [6] that the 4D Eg CFT is obtained as the strong
coupling limit of the 4D SU(3) theory with six flavors.

We end this subsection, by noting that equation (3.8) defines a curve of genus one.
This is seen by solving (3.8) for ¢ in terms of w. For illustration, the discriminant of this

)

6 6 6
+ U§—2(1+quf§>U1—4qu;% > gy | w4, (3.12)
=1

i=1 i<j=1

quadratic equation for the general curve in equation (3.10) reads

6 2 6 6 6
A:<1—qui‘> w® + 2 QQHM;%ZWLZ’—UQ <1+qui‘
i=1 j=1 i=1

ol
ol

=1

which reduces to a degree four polynomial if equations (3.11) hold, meaning that two
branch points get sent to infinity and that we are dealing with a genus one curve.
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SU(3), SU(2)

SU(3)1 SU(3)s SU (6)

(a) (b)

Figure 6. Part (a) of this figure shows the first maximal embedding SU(3)® C Es, while part (b)
depicts the second one SU(6) x SU(2) C Eg.

3.2 Discrete symmetries

Due to the introduction of the mass parameters, the global Eg symmetry is broken to a
discrete symmetry, which consists of the Weyl symmetry together with the S3 symmetry of
the extended Dynkin diagram. It is straightforward to show this discrete symmetry group
for the curve derived in the previous subsection.

First, the Weyl symmetry of the SU(3) subgroup of Eg is manifest in the curve (3.5)
as permutations of the mass parameters

M[HMJ, N[HNJ, IN/[HEJ. (313)

Notice that SU(3)? is a maximal subgroup of Es, as depicted in the extended Dynkin
diagram in part (a) of figure 6. In addition, we can rewrite the curve in a way that makes
another piece of the Weyl symmetry apparent. For this purpose, we set M = Hle m,; and
define

D=

Mzt

U= 00U, = 0w, w—dlh, = — M (g
[[i=1 (w — )
This transforms the alternative description of the curve (3.8) into
6 L 6
ﬂ+—mﬁ+<2ﬁ0wﬂ+mw+@h+Md>ﬂ+IUW—mD—U (3.15)
i=1 =1

In this formulation, the Weyl symmetry of another maximal subgroup of FEg, namely
SU(6) x SU(2) becomes manifest, with the explicit parameter transformations

mj <), M« M (3.16)

The SU(6) x SU(2) maximal subgroup of Eg is depicted in figure 6. The complete Weyl
symmetry of Fg is realized as follows. We recall that the non-vanishing entries of the
Cartan matrix are C;; = 2 and Cj; = —1 if the node 7 is connected to the node j as
illustrated in figure 7. Denoting the simple roots of Eg by (a;)%_;, the action of the Weyl
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O—0—0B—0—™0

Figure 7. The Dynkin diagram of Fj.

group generator associated to a; on the set of simple roots is given by a; — «a; — Cj ;. If
we now associate the simple roots to the parameters of the curve as

eBa1 Eligl’ e Baz _ i2l~/—17 e Bas _ E3N3J\~4f1,
e~Pos = NI MY, e P = MM, e P = Ny N1, (3.17)

we then get a well defined action of the Weyl group, which is shown to be generated
by the discrete symmetry (3.13) and (3.16) after a lengthy calculation. This indicates
that the curve (3.5) is invariant under the whole Fs Weyl symmetry up to coordinate
transformations.

In addition to the Fg Weyl symmetry already discussed, the original formulation (3.5)
of the curve has an S3 symmetry that is generated by two basic transformations o and 7:

o: T+ W, MjHNj, f;j-)igjj, U, — Uy, (3.18)
T: W — —WT_l, T — T_l, Mj — Ej, ]\7]' — N:;Jj, U, — —U.

2 =1 as well as o070 = 7o7r. This implies that ¢ and 7

We easily compute that 02 = 7
together generate an Ss group, which we identify with the S3 symmetry of the extended
Dynkin diagram in figure 6.

Here, we comment that our curve for the 5D T3 junction investigated above is actually
equivalent to the curve for the 5D Eg CFT obtained in [32-34]. In their expression, all
of the coefficients can be written in terms of Fg characters, which makes the FEg Weyl
symmetry manifest. By comparing the modular function called “j-invariant” for the two
curves, we can show that the periods of the curves are identical up to SL(2,Z) modular
transformation. It indicates the existence of the coordinate change from one to the other
although its explicit form is too complicated to write down. In appendix B, we discuss this

check in further detail.

3.3 The 4D limit of the FEg curve

We will now consider the four dimensional limit of the SW curve (3.8). Denoting the S!
circumference of the compactified 5D theory as 3, we assume that the 4D coordinate v is

related to the 5D coordinate w as'®

w=e (3.19)

1070 simplify the notations we use here a slightly different definition compared to our previous paper [24]
2ma’

in which w = e~?/%% . The difference is a rescaling of v by the factor 2ra’ due to the relation 8 = T
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The 4D coordinate t is set equal to the 5D coordinate ¢t. Accordingly, we also assume that
the mass parameters of the 4D theory (my) are related to those of the 5D theory (my) as

mp=e M, T=1,...6. (3.20)

Moreover, the following 8 dependent variables are introduced for later convenience

M; = e_BM", N; = e_BN", L; =e Pl (3.21)

We also expand the Coulomb moduli parameter U; in a power series
o
Up=> uf* (3.22)
k=0

The expansion of the SW curve (3.8) in terms of the radius 3 is straightforward, in partic-

ular the first and the last term become

(w — 1) (w — o) (w — m3)t? = =2 (v — m1)(v — ma) (v — m3)t? + O (64) ,
~ ) ) 5 " (3.23)
(w — 1g)(w — 15) (w — 16) = —B° (v — ma) (v — ms)(v —mg) + O (B*) .

These expressions indicate that a 4D SW curve will appear at the order of 33 when we
expand the full 5D curve in (3.8). Indeed, by setting

6
ug = —6, up = Qka, Ug = — Z mgmy , (3.24)
k=1 1<k<(<6

we find that up to order 4% (3.8) vanishes identically. Under these assumptions we can
read off a 4D SW curve at the 32 order of (3.8)

6
(v —my)(v —mso)(v — ms3)t* + (—21}3 + Z mpv? — kamgv - u) t
k=1

et (3.25)

+(v—=my)(v—ms)(v —mg) =0,

where the parameter u is defined as

[ 1[ ’

_ 3

u=uz—¢ g mk 5 (g_l mk> . (3.26)
This 4D curve can also be expressed as

(t— 1)21)3 —(t—=1)(S1t — gl)UQ + <52t2 — <S2 + 5151 + gQ) t+ ,5'2) v

’ (3.27)
— <53t2 +ut+53) =0,
with the parameters S; and S; being defined as
S1=my +mg+m3, Sz =mimg+moms+mgmy, S3=mimoms,
51 = my + ms + Mg, 52 = myms + MmsMmeg + Mgy, 5'3 = M4MsmMsg. (3.28)

These parameters are the Casimirs [6, 35] of the U(3); x U(3)y flavor symmetries.
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Furthermore, we can introduce a new coordinate x which is related to the

coordinate v as
v=at+ —-——. (3.29)

The 4D SW curve then takes the form
3 Py(t) Ps(1)

T et T Ba - (3:30)
where Py(t) are polynomial functions with degree k in ¢
/42 ! U 1 2 1 Q 1 Q2 U
Pg(t) == —SQt + S2+S2+§S1 +581S1 + gSl t—SQ,
(3.31)
2 1 o5 0 2 s 1 -
Py(t) = S4t3— (sg—msi”—gsfsl—u’) 24 (sg—wsf—gsls%—u’> t—S%.
Here, we have shifted the Coulomb moduli parameter as
1 . -
u=u+ g <5182 + 5152) (3.32)
and have introduced the SU(2) x SU(2) Casimirs:
1
S5 =Sy — 5512 = Li1Ly+ LoL3 + L3Lq,
1 2
Sé = 53 — 7515'2 + ES% = L1L2L3,
3 (3.33)

T
Sé =55 — 5512 = MMy + MsMs + MsM,
1. 9 _

Sé =53 — §5152 + ?S% = M MsMs .

The expressions after the second equality signs follow from the relations (3.4), (3.9)
and (3.28). This form of the SW curve has previously been used by Gaiotto. For the
massless case, (3.30) coincides with eq. (3.10) in [1]. This SW curve can be interpreted
as the triple cover of a sphere with three punctures. It is straightforward to see that the
curve has poles at t = {0, 1, 00}.

Let us look at the poles more closely starting at ¢ = 0. By looking at (3.30) we see
that around ¢ =0

T = % +O(1). (3.34)

After substituting it into (3.30), one obtains
C?® = Py, (0)C — P5(0), (3.35)

which has the solutions
C = {My, My, M3} . (3.36)

Observe that these are the mass parameters associated with the SU(3) puncture at ¢t = 0.
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Similarly, at ¢ = oo we substitute

r=—+0 (t?) (3.37)
into (3.30) to obtain
- Pa(t) - Bs(t)
3 2 / 3
o= tliglo 12 o tliglo 3 (3:38)
Solving for C” yields
C' = {Ly, L, L3} . (3.39)

These are the mass parameters associated with the SU(3) puncture at ¢ = oo. Note that
when computing the contour integral

! /
f zdt = f = 7{ s~ (3.40)
t=00 t=00 t s=0 S

with s = %, the extra minus sign from % = —% is canceled by changing the direction of
the contour.
Lastly, at t =1
C//
T = +0(1) (3.41)
t—1
yields the equation
C" = Py(1)C" 4 P3(1). (3.42)
Solving for C”, we find
1 2. 2 1~ 1 1~
C//: _75 _75’75’ 78’_75 —S = — N7N,N . 343
{313131+3131+31} {N1, N, N3} (3.43)

These are the mass parameters associated with the puncture at ¢ = 1. They are originally
the mass parameters associated with the U(1); and the U(1)2 puncture, respectively. How-
ever, t = 1 corresponds to a third SU(3) puncture, which is generated by decoupling the
sphere with two U(1) punctures from the two SU(3) punctures. This interpretation is also
consistent with the picture that the Fg gauge theory corresponds to a sphere with three
SU(3) punctures.

As a side remark, the relations between the 4D coordinates {¢,v} and the 5D coordi-
nates {7, W} in (3.7)

o=

~ ~ 1
T=Nst, W=N,3N}{t—1)e P (3.44)

are different from the corresponding ones given in [5].
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3.4 Compatibility of the 4D and strong coupling limits

Noticing that the constraint (3.11) becomes ¢ — 1 in the 4D limit 8 — 0, it is therefore
natural to consider (3.11) as being the 5D uplift of the strong coupling limit of the 4D
SU(3) theory with six flavors, leading then to the 4D Eg CFT [6]. However, the 4D limit
and the strong coupling limit may not commute a priori. In order to clarify this point, we
consider here a more general way to take the 4D limit of the SW curve.

We start from the curve (3.10) for the general 5D SU(3) theory with six flavors. By
expanding the Coulomb moduli parameters as

=Y up, =Y ufph, (3.45)
k=0 k=0

it is shown below that the 4D limit does not depend on u(®) with k& > 4, which we then
can put to zero.
For the Ejg theory, one of the Coulomb moduli parameters obeys

6
Up =Y i, (3.46)

yielding

6
1
ugo) =1, ugl) = —Zmi, ug) =3 Zm?, (3.47)
=1 ]

after a Taylor expansion.

It is worth emphasizing that the 4D limits of the Eg CFT and of a generic SU(3) six fla-
vor theory are slightly different. In the Eg case, we have the relation (3.11) g= H?:1 ()2,
which means that ¢ goes to 1 in a specific way when we take the 4D limit. On the other
hand, for the SU(3) theory, ¢ is regarded as being constant. Only after taking the 4D limit
can we put ¢ — 1. Thus, it is not obvious that the two procedures give the same result.

In order to compare the two 4D limits, we also expand ¢ in terms of

g=> q"p. (3.48)
k=0
For the Fg theory, we have
6 6 2 6 3
1 1/(1 1/1
0) — o __= , @_-(z , (6 R ,
N DR ) o) INEEE (D o
(3.49)
while for an SU(3) theory, we have
9 = qp, ¢ =g =40 =...=0. (3.50)
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By expanding the curve (3.10) in powers of 3, the corresponding 4D SW curve is again
obtained at the order 3. Constraining the lower expansion coefficients (5%, 3!, 8?) of the
curve to vanish, we find the following relations among the parameters:

u{? = -3 — 3¢, uf) = 3 43¢,
1 o 1 0w
k=1 k=1

6
u§2) = —ug) + kaq(l).
k=1

Furthermore, the 4D SW curve becomes

0= (v—m1)(v—mao)(v—mz)t

6

+ <— (1 + q(O)) 03+ ¢ kaUQ +av+ 122) t (3.52)
k=1

+ ¢ O (v = my) (v — ms) (v — me),

where we have defined

6 2 6
- _ @2 _3 0 L a 2
Uy = uy —8(1()(;77%) —261();77%—341( ),
3 3 1 . ; (3.53)
Ug = —ug ) _ ug ) 4 ﬂq(o) (Z mk> + q(2) ka
k=1 k=1

This is the SW curve of the SU(3) theory with six flavors, if we identify ¢(© = qp as
in (3.50). It is remarkable that all the higher order terms in the expansion of ¢ are ab-
sorbed by the definition of the 4D Coulomb moduli parameters. In (3.52), only the leading
order ¢(©) appears explicitly. Therefore, the difference between the two expansions (3.49)
and (3.50) will not be seen in the 4D curve itself, if we further take the limit ¢o = g4p — 1.
Thanks to this feature, the 4D limit and the strong coupling limit commute.

By inserting (3.47) and (3.49) into (3.53), we obtain

@ =1, == mm,. (3.54)

1<j
The curve (3.52) then coincides with the 4D Eg curve in (3.25).

3.5 The curve for general Ty junctions

The analysis of the previous sections can be generalized to the Ty theory for an arbitrary
N. The SW curve for the T theory has the form

> Ciy T'W7 =0, (3.55)
120,720,1+5<0
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(a) (b)

Figure 8. Part (a) of the figure shows the brane setup of Ty. Part (b) shows the brane setup of a
special limit of the SU(4) x SU(4) quiver gauge theory.

with the coefficients
Coi = (=1)" " Sy (M) ) Cjo = (‘UijSN—j (]\7) ’ CiN-i = 5i (E) - (3:56)

We have introduced the elementary symmetric polynomials .S,, in the above expressions,
in particular
S, (M) = > M;, M, --- M;, (3.57)

1<y <ig < <in <N

with Mi, ]\71' and f/i satisfying the constraints

N N N
[T =]]N=]]Li=1 (3.58)
=1 i=1 =1

The rest of the coefficients Cj; corresponds to various Coulomb moduli U;. There are

$(N —2)(N —1) in total. We now perform the coordinate transformation'!

W=—(t—1)w,  T=Npt, (3.59)

which we interpret as moving the (0,1) 7-brane attached to one of the NS5-branes. An
example for N = 4 is given in figure 8. After factoring out (¢ — 1), we obtain a polynomial
of degree N — 1 in ¢t and N in w:

N—-1 >
0= (¢ = )N "w™ + ($1(a1) = NySi (D)t) (¢ = )N 2w e MY T <t— N)
i=1 Ny
N N
= w— NyLi) |tV ] (w— M) (3.60)
(1 (- 2 I (v - 1)

This curve is consistent with figure 8 since N — 1 NSb5-branes coincide in the w — oo
limit. This is the special case of the SW curve for the SU(N)V~=2 quiver gauge theory,

11n the previous section, we rescaled W such that the center of mass of the color branes sits at W = 1.
Here, we omit this rescaling.
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where the gauge coupling constants and some of the Coulomb moduli parameters are
tuned to certain specific values depending on the mass parameters and is the 5D uplift of
the known statement that the 4D Ty theory is constructed from the 4D SU(N)N=2 quiver
gauge theory [1].

The SU(N)? symmetry is the full symmetry of the Ty theory for N > 3. The check
of the Weyl symmetry would therefore be trivial.

The 4D limit can be obtained analogously by using the same coordinate transforma-
tion (3.44) up to an overall rescaling of T' and W together with the parametrization (3.21).
The 4D curve appears at the order SV

N N
0= (H(v — (Nn + Li))> N [0 - ). (3.61)

=1

In order to bring the above expression into Gaiotto’s form, we first shift v as
UV = Unew + f(t) (3.62)

so that the vN~! term disappears. Moreover, for a such term to vanish at ¢ — 0 and
t — 00, the constraints

f(0)=0,  f(oo) =Ny (3.63)
have to be satisfied. Under these conditions, we find the asymptotic behavior
Unew ~ M;  (t — 0), Unew ~ Li  (t — 00), (3.64)

which imply that © = vpew/t has poles at t = 0 and ¢ = co. The residues at these poles are
M; and L;, respectively. Furthermore, we expect the curve to have a pole at ¢t = 1 with
the residue N; as well, but this is less trivial to show.

4 Nekrasov partition functions from topological strings

The main result of this section is the derivation of the topological string partition func-
tions for the Ty junctions. We read them off from the corresponding toric diagram using
the refined topological vertex [51] (see also [52]). We begin the section by reviewing the
rules of the topological vertex construction and apply them to the SU(2) gauge theories
with Ny = 0,...,4. By comparing them with the corresponding 5D superconformal indices
of [54], we discover the presence of extra non-full spin content contributions in the topolog-
ical string partition functions. In subsection 4.3, we argue that these non-full spin content
contributions are of stringy nature and that they should be removed in order to obtain the
correct Nekrasov partition functions that reproduce the 5D superconformal indices. With
this knowledge at hand, we compute the topological string partition function for the T3
junction and compare its index with the known results. We then generalize this by cal-
culating the partition functions for the general junctions and finish by deriving a product
formula for the partition function of the simplest junction 75.
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4.1 From toric diagrams to partition functions

The purpose of this subsection is to review the rules for reading off the refined topological
string partition function from a dual toric diagram. We begin by defining the main building
blocks that will enter the partition function. Similar to Feynman diagrams, the procedure
associates functions to the edges and to the vertices of the dual toric diagram, called edge
and vertex factors respectively. The full partition function is then obtained as the product
of all the edge and vertex factors, summed over all possible partitions associated with the
internal edges. For a description of the computation of the topological partition function
in the unrefined case, the reader is referred to [65].

First we will give a couple of preliminary definitions. The €2 background parameters t
and q that enter the refined topological string partition function are

q=e P, t = efe2 (4.1)

Letting A = (A1, A2,...,) be a partition, we define

2(\) £(\)
A D> 1= "N APE DY M=) M (4.2)
=1

(i,7)EX i=1 (4.5)EX

Given a toric diagram, the determination of the topological string partition function is
done in several steps that we shall now describe carefully.

1. We begin by drawing the dual toric diagram and picking a preferred direction, which
has to be chosen in a such a way that each vertex is connected to exactly one edge that
points in the preferred direction. In our illustrations, the edges along the preferred
direction are marked by two red strips.

2. Each edge is associated with a partition A, an arrow pointing towards one of the two
vertices of the edge, a vector v with integer coefficients and an integer n. In addition,
each edge is of a given length /. The partition A of an external line of the diagram
has to be empty.

3. The arrows are chosen such that they are either all incoming or all outgoing at every
vertex. The vectors v with integer coefficients point in the direction of the arrows.
At each vertex, we number the vectors of the adjacent edges clockwise and impose
the charge conservation condition

> wi=0. (4.3)

Furthermore, we define the bilinear antisymmetric operation A as

v AW E vy — vowy , (4.4)
and require that
v; AN vjy1 = —1. (4.5)
We see in the example of figure 9 that v; A vg = v Avg =v3 Avy = —1.
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Figure 9. This figure illustrates the numbering of the edges.

U1 o

v
(%) 3

Figure 10. This figure gives an example for the determination v;, and voyut.

4. To each edge with vector v, we associate an incoming vector v, and an outgoing
vector voyt as follows. First choose v;, to be one of the two vectors that point towards
one of the two vertices that the edge connects. Then vyt is determined to be the
one outgoing vector that has a positive scalar product with vy,. For example, in
figure 10, we can choose v1 to be vi,, which then implies that vs is vou. Alternatively,
we can choose vs to be vy, in which case vy is vous. We then associate a number 7 to
the edge of v according to

n L i A Vout - (4.6)

Due to the constraints (4.3) and (4.5), the number 7 does not depend on the
choice of vjy,.

5. Each end of an edge that is not oriented along the preferred direction is labeled by
either t or q according to the following rules. We start by labeling the end of an
arbitrary non-preferred segment by either t or q. The other end of that segment
is then labeled by the other variable. As soon as one makes a choice for one edge,
the associations for the rest of the diagram are uniquely determined as illustrated
in figure 11. However, the topological string partition function should not depend
on the choice of the original placement of t and g, see [66] for examples where this
invariance has been checked.

6. We define the framing factor functions, of which we use two,'?

]El/(tv q) = (_1)

namely:

b2

folta) = (=)=
They obey the exchange relations

fut(q7t) = fl/(tv q)_la fut(qvt) = fl/(t’ q)_l' (48)

We then associate to the edge with partition A and number n a framing factor, which

_lvl? Ut 12+ v]  [vl? 4y
v
2 t 2 q 2 .

(4.7)

depends on the preferred direction and the association of t and ¢ to the edges, as
shown in figure 12.

20ur f is different from the one of Igbal and Kozcaz [67], specifically U (,q) = (t/q)"! fI¥ (¢, q).
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Figure 12. This figure shows all the possible ways to associate a framing factor to an edge.

In addition, the Kéhler moduli of an edge with vector v = (p,q) is given by the
equation

Bl
Q=cxp| ————m==, 4.9
2o/ \/p? + ¢ 9
where / is the length of the edge and 3 is the circumference of the fifth dimensional

circle. The full edge factor is then

edge factor = (—Q)! x framing factor. (4.10)

. Within our conventions the refined topological vertex reads:
[7]+[ A= ]

o Uel®Hvl® el ~ o i
Crult) =20 3 (1) T s s (a7,
n

(4.11)
where we have used the functions Z,(t, q) defined in equation (A.1) in the appendix.

The s/, (x) are the skew-Schur functions of the possibly infinite vector x = (x1,...).
We remind that for a partition v, the vector t77q~" is given by

g = (t%q_yl,t%q_w,tgq_w’, N ) . (4.12)

To each vertex we associate a wertex factor, namely a topological vertex function
Cx 203, Where the ); are the partitions associated to the lines connected to the
vertex, counted clockwise around the vertex such that the last edge is oriented along
the preferred direction. If the arrow of a segment is incoming towards the vertex,
then the associated partition gets transposed in the topological vertex. Whether we
write Cx,ans(t q) or Cx;x,04(0, t) depends on the variables associated with the ends
on the segments as illustrated in figure 13.
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= Cxeagag (t,9)

Figure 13. The direction of the arrows determines whether the partitions or their transpose enter
the vertex factor. Counting clockwise with the preferred direction being last, if t is associated with
the end of the first edge and q with the end of the second, then the variables enter in the order t, q
in the vertex factor.

q
-1 ,t -1 ,t t
qf,“ (a,t) / qf,ﬂ (g )q A
¢ ::Q‘ ¢ ¢ “Q‘ ¢
Pt ) = fr (0, |Qr I (ta) Y . (0,4 |Qr
al . |a al . |a
t ) t t b t
fn(tq) fn(ta)

Figure 14. The diagrams for Ny = 0 and Ny = 1.

Having performed all the steps in the list above, we can finally write the topological
string partition function as a sum over the partitions {1, -+, Ays} of the M internal edges
of the toric diagram

Z = Z H edge factor x H vertex factor. (4.13)

A1y, s edges vertices

4.2 From zero to four flavors

In this subsection, we shall compute the topological string partition function for SU(2)
gauge theory with the number of flavors ranging from zero to four. Using the same approach
as [53], we shall then calculate the resulting index and compare with the results of [54].
In so doing, we find that it becomes necessary, starting at Ny = 2, to divide out the
topological string partition function by a factor that does not depend on the partitions
entering the computation of the instantonic part.

Let us warm up with the simple case of pure SU(2) gauge theory, for which the index
was computed using topological string partition function in [53]. The diagram is depicted
in figure 14 and the partitions of the internal lines are named, starting from the left one and
going clockwise, A1, p1, A2 and pso. Instead of giving the lengths of the internal lines of the
toric diagram, we prefer instead to directly give the Kéahler parameter. Thus, for example,
the edge factor of the top horizontal edge is (—QB)W“fljll(q,t). The topological string
partition function is then given, according to the rules in section 4.1, by the expression:

Zo =Y (=@M [, (t) ()" Fry(a.0) (—Qp) " £ (a0, 8) (—Qp) "2 £t a)

A p
X C)\’i@u’i (ta q)CQ))\llLQ (t7 q)C)\E(Z)/Lg (qa t)C@)\z,ul (qa t): (414)
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\ ::QB @1 {95 Q1 Q5 I Qs Q1

Qr QF QF

Q
Q> ’

Figure 15. The three different toric diagrams for SU(2) with two flavors. The non-trivial framing
factors are identical to the one flavor case. To remove clutter, we denote only two of the positions
of t and q in the diagram.

where A is a vector of partitions (A, Ao, ...) and similarly for g . In a similar manner, we
can also write down the partition function for SU(2) Ny = 1, whose diagram is depicted
on the right in figure 14. For one flavor, it does not matter on which external leg of
the toric diagram we attach the flavor brane and furthermore, the framing factor of the
corresponding edge is trivial. The resulting partition function reads

Zy =Y (=Qn)™M i (ta) ()™ fay(a,0) (—Qu)™ M@, 0 (—Qp) "2 1 (4 q)

A,V
X (= Q)" Cyt gt (6 0) Cony iy (£ ) Cr108 (8O Conrager (8, ) Crtgp(tq) . (4.15)

Before simplifying the sums in (4.14) and (4.15), let us consider the case of Ny = 2,3, 4.
At two flavors, there are three a priori inequivalent toric diagrams as shown in figure 15.
The partition function corresponding to the leftmost diagram in figure 15 is given by

Zo= > (=™ i, (t.a) (=Qr)™! fay(a,0) (=)™ 1.0 (—Qp) " £} (4 q)

A,V
x (—Q)!" (= Q)" Cepput (6 0)Clpng oy (,0) ittt (0,0 Corgp (a,1) (4.16)

x Crpp(t; 4)Cpuyp (L, a),

the one for the center diagram in figure 15 is

Zy =" (=)™ i, (60) (=@ (0,8 (@) " £ 0,0 (—Qp) 2 £ (4 q)

A,V
X (_Ql)lyll (_Q2)|V2‘ C)\’i@;ﬂl (t7 q)Cuz)q;m (tv q)C)\E(Z)ug (qa t)Cm)\zm (qv t) (4'17)

X CV{U)(D(ta q)CVEW)(qv t)v

and the one for the rightmost diagram is

75 = > (=Qr)™M £, (69) (=Q) " fu(a,0) (-Q) " £ (0,0 (-Qp) " £ (4 0)

AU,V
X (—QI" (@) Ot (6:4) Clpr, s (6 8) gt (0,0 Coprgy (4, 1) (4.18)

x Cigp(t: 0)Couy(t, q)-
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QF Qr
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Qo Q2

Figure 16. The toric diagrams for SU(2) with N; = 3 and N, = 4.

The cases of three and four flavors are similar to the ones of zero and one flavor since
there is essentially only one inequivalent diagram for each, as illustrated by figure 16. The

partition functions read

Zy= > (=™ i, (ta) (=Qr)™! fay(a,6) (=)™ £1 (0.0 (—Qp) " £} (4, q)

A,V
X (=QD)M (=Q2)* 1 (= Q)" Ot (£,0) oy (6,0) Crt e (0, 1) (4.19)
X CV1)\2M1 (Cl, t)Cum@ (t7 Q)C@ugm(ﬂ q)CQJVsV)(qa t)
and
Zy=3_ (=Qn)™ P (ta) (=Qr)™ Fiu(0,0 (-Qp) " £ (0.0 (-Qu)" £ (4 a)
Apv
x (=Q)" (= Q)" (=Q3)"* (= Q)" Crg gyt (£,0) Cyas s (£,0) (4.20)

X C)\guéyg (q7 t)cl/l)\2#1 (qv t)CV{(D(Z) (t’ CI)C@V2@(t, q)cﬁugﬁ(q’ t)cufl@@(qv t)'

To simplify the expressions (4.14) to (4.20), it is convenient to define a function Ry,
as

Ran(@:ta) = T (1 -@e 2 g mim). (421)

ij=1
We can use this function to express in a compact way two well known identities involving
Schur functions, namely

ZQP\ISA/;“ (tipqiyl)s)\t/ﬂz(qiptiw) =
A
= RVQVI (_Q7 t, q) Z Q““‘+|M2|_|>\‘Sué/k(t_pq_yl)s/ﬂi/)\t (q—pt—ug)’ (422)
A
as well as

D Qs (6707 )0 (0 PE2) =
A

= Ruan (Qst,0) 71 Y QIR (£79g7")s,, a(a77472). (4.23)
A
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If either of the partitions pu; is empty, equations (4.22) and (4.23) allow us to simplify the
sums and replace them by an expression involving infinite products. Acting iteratively, the
sums in (4.14) to (4.15) can be reduced to sums over the two partitions p and uo that are
associated with the internal lines oriented along the preferred direction.

In order to keep the formulas of the next part short and tidy, we introduce the
shorthand

e 2 2 ~ ~ ~ ~
ZM1M2 (t CI) = tHMH qH#QH Zm (qa t)Zlm (tv q)Zuﬁ (tv q)Z,u; (qv t)' (4‘24)

Furthermore, we will often drop the explicit dependence of t and q, i.e. we shall write
f(Q) = f(Q;t,q). (4.25)

Taking now the topological string partition functions (4.14) to (4.20) and applying the
identities (4.22) and (4.23), we obtain the result

ZO — ZQ'&AH—H#QI 1H42 (426)

1
w0 R (9 R (@3)

ZMMQR,M@(Ql)R t@(QlQF)

for pure SU(2),

ZQIMIHMI , (4.27)
Bt (01) R (00
for Ny = 1. In the Ny = 2 case, we find
M1M2 m@(@l)R@m (QZ) @(QlQF)R(/),u’i (Q2QF) (4.28)

ZQIM\HMI :
Ryt (QF\/Z) bt (QF\/%) Roo (QlQZQF\/%)

for the situation on the left in figure 15,

= Ry <Q1Q2QF\/§> Zo (4.29)

for the one depicted in the center and
v ia o] Zini R0 (@) R0 (Q2) Ryt p(Q1QF) R 0(Q2Qr)
zy =) Qf

u R (@) R (0 )

for the one on the right. Performing the sum in (4.30) on a computer for partitions pu with

(4.30)

|| < M for some large integer M, we experimentally uncover the identity

Zy = R <Q1Q2QB\/f> Zy. (4.31)

For Ny = 3, the partition function (4.19) becomes

] Dz Tlimt R0(Q2i-1) R i50(Q2in1QF) Ry, (Q2) Ryt (Q2Qr)

Z Q\ul
Ryssu (QF\/% uhu (QF\/% Roo (QIQQQF\/E)

. (4.32)
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while for four flavors we get the similar expression
Zyns [ Ry 0(Q2i—1) Ry (Q2) Ryt (Q2iQr )R 1t p(Q2i-1Qr)

Ryt (QF\/%) Ryt (QF \/%) Ry (QlQQQF \/g) Roo <Q3Q4QF\/%>
(4.33)
We would now like to use equations (4.26) to (4.33) in order to extract the 5D super-

2= Qe
©w

conformal index of protected states for the relevant gauge theory, as done in [53] for the
zero flavor case. For this purpose, it is necessary to replace the variables t and q through
x and y via

t= % q =y, (4.34)

and then carefully expand the partition functions for small x. This is problematic due to
the presence of infinite products in the definition of R,. To simplify the issue, we separate
the functions Ry, into a finite product Ny, that depends on the partitions and an infinite
product M that doesn’t according to equation (A.1). It is now trivial to replace t and q by
z and y in N),(Q;t,q) and expand for small z. On the other hand, the function M needs
to be reformulated so that a power series expansion for small z becomes possible. This is
done by the use of the following analytic continuation rule for arbitrary @Q:

ﬁ (1 - Qq—m+%)_1 = ﬁ (1 - qu—%) . (4.35)
m=1

In order to compute the superconformal index, we need in addition to have a “complex con-
jugation”, which for an arbitrary function f of the variables t, q and the Kahler parameters
is given by

FQu Qursta) = F(QY Qi g (4.36)
Of course, the above is not a complex conjugation for the case in which the variables are
not of unit modulus, and in particular not in the case we are interested in, for which t — oo
and q — 0. Thus, it is better to simply view (4.36) as the definition of a new function f.

Applying the replacement rule (4.35) to M and M, we obtain

M@Qz,y) = T[] (1=Q«™y'™),  M(Qizy)= [[ (1-Q a2y 7). (437)
i,j=1 i,j=1

In computing the index, we also need to expand the refined MacMahon function M (t,q) =
M(1;t,q) and its conjugate M(t,q) for small z. Applying (4.35) to M naively leads to a
trivial zero that has to be removed as shown in [53]. We will then obtain the result

o0

M(x,y) = H (1 — "2y 7). (4.38)
ij=1
(6.5)7 (1,1)

After these careful preparations, we can finally spell out the procedure of computing the
index. For any Ny, we parametrize the Kahler moduli Q = (Qr,@p,Q1,Q2,...) as

Qr = A%, Qp = 1A%, Qi =z A (4.39)
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where A is the Coulomb modulus and z; will be determined later so that the symmetries
become manifest. Then, we take the topological string partition functions Z, and their
conjugate Z,, replace the functions R by M and N, as determined by (A.1) and expand
in a power series in = by using (4.37). The index is defined as the contour integral over the
Coulomb moduli [53]

1 dA — _
1= 2%~ . ~M(337y)M(:U,y)Z(Q;x,y)Z(Q;x,y)’ (4.40)
|A|=e 2miA
where € > 0 is small enough so that the contour integral in (4.40) only picks up the residue
at zero.?

For the Ny =0 and Ny = 1 cases, application of (4.40) leads'® to

To =1+ x2(u1)2® + x1(y) (1 + x2(w1))2® + (1 + xa(wr) + x2 () (1 + x2(u1)))z* + O (2)
T =14 (1 + xo(u1))2” + x1(y) (2 + x2(u1))z (4.41)
+ (1 + xa(wr) — xa(un)(uz +up ') + x2(9) (2 4 x2(u1)))z* + O (2°)

11
where we have set zg = u? and 21 = u; uZ in order to get full agreement with [54]. For the

pure SU(2) case, the global U(1) symmetry is enhanced to £; = SU(2) and the index Zj is
organized in representations of SU(2) that depend on the fugacity u;. In the Ny =1 case,
the resulting enhanced global symmetry is Eo = SU(2) x U(1) and the variable ug that takes
care of the U(1) factor is to be identified with e*?/2 appearing in equation (4.12) in [54].

Starting with two flavors, we need to remove certain problematic factors from the
partition functions in order to obtain the index. Specifically, for Ny = 2, we set

-1
Z5" = 7y = M (QlQQQFD Zy = M(Q1Q:Qp) "' 23 (4.42)

and compute the index Zs using Z en Setting the parameter z; of (4.39) equal to zg = u?,
1 1 1
-1

1 = uy “ugus and To = uy *u, u§, we obtain

T=1+ (1 +xz(ur) + xa(wr) (us +uzt) + XQ(UQ))xZ (4.43)

+x1(y) (2 + x2(u1) + x1(ur) (ug +uzt) + xg(uQ))xS +0 (2%),

with uy, ug and ug counting the charges of the Cartan generators of SU(2) x SU(2) xU(1) C
SU(3)xSU(2) = Ej3, asin [54], equation (4.12) et seqq. To make the full F5 = SU(3)xSU(2)

symmetry manifest however, it is preferable to instead parametrize as

xo = =4 / Ty = 4 /%ufl, (4.44)
Y3

so that the fundamental representation of SU(3) has the character y; +y2+ys. The fugacity
u is the variable associated to SU(2) and we also have [[>_; y; = 1.

13This statement is correct only after expanding in terms of z.
"Tn our normalization, the su(2) characters x;(u) of the I + 1 dimensional representation are given by

Xl(u) — Zlm:o ul—2m — Ul 4 ul—2 N U_l
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For three flavors, we claim that the renormalized partition function that gives the
correct index is

-1
t
Z3h = [M <Q1Q2QFq> M(QIQ?)QB)} Z3. (4.45)
Parametrizing the fugacities as
£ = /y2y5 /y2y4’ 24— /y2y3’ (4.46)
Y3ya’ Y3Ys Y4Ys
we recover the global symmetry E; = SU(5) of the index which reads
Ty = 1+ X[ 001 ®)7° + x1(v) (1 + X114 (y))ch
[1,0,0,1] [1,0,0,1]
+ ()L + X701 (1) + 1+ Xl 0 () + O (2°)

In the above, [a1,as2,as,as] are the Dynkin labels of SU(5), with [1,0,0, 1] denoting the
adjoint and [2,0,0, 2] the 200-dimensional self-dual representation.

(4.47)

In the four flavor case, the renormalized partition function is

—1
Zy" = [M (@1Q3QB) M(Q3Q4Qr) M (Q2Q4QB;> M (QIQQQF;H Za,  (448)

as we shall justify in the next subsection by equation (4.61). Parametrizing the fugacities as

Y1 Y2Ys Y2Y4 Y293
To= ", Ty=/——, Ta=[———, X3=,)——, T4=\/Y2y3yays, 4.49
Y2 Y3Y4 YsyYs YaYs ( )

we make the enhanced E5 = Spin(10) symmetry of the index manifest. Specifically, for
this choice of the fugacities, the character of the vector representation of Spin(10) takes the
standard form Y27 (y;+y; !). Plugging (4.48) into (4.40) leads to the following expression
for the index

Ti =1+ X g 0.0 @) + x1(y) (1 +X[01.000] (y))w?’ +0 (21), (4.50)
where [aq,...,as] are the Dynkin labels of Spin(10), with [0, 1,0, 0, 0] being the adjoint.

4.3 Normalizing the partition functions

As we have discovered experimentally a procedure to obtain the correct superconformal
indices of the E ... 5 SCFTs, we will move on to a theoretical formulation of our findings.
We saw an extra factor appearing in the Ny > 2 theories (E345), a phenomena deeply
related to the stringy construction of the five dimensional SCFTs. Let us now give a brief
review on the relevant background materials.

Originally [8-15], the 5D E,, SCFTs were studied by considering the small Fg in-
stantons coming from M-theory on S'/Zs, which arise when an M5-brane comes near the
9-brane at a boundary of the interval S /Zs. By further compactifying this M-theory set-up
on an additional circle, we find Type IIA theory on the orientifold S'/Zo with D8-branes,
which is called the Type I’ superstring theory. Seiberg in [7] derived certain properties of
the F, SCFTs using this Type I’ realization.
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s
44

Fo By

Figure 17. The first line is the sequence of the del Pezzo surface By, which is the blow-up of
CP? at k generic points (k = 0,1,---,8). Bo,1,2,3 and Fy (the five gray diagrams) are the toric
del Pezzo surfaces which are the smooth toric Fano varieties in four dimensions. The gray, orange
and red diagrams are toric surfaces. For k > 4, the del Pezzo surface is non-toric, but by setting
the blow-up points on special positions we can get toric surfaces (the red diagrams). We can also
obtain the two red diagrams from the Fy surface blown up at two points (the orange diagram).

Let us consider a point on the moduli space of an elliptically fibered Calabi-Yau three-
fold where a compact four-cycle shrinks to a point. It is conjectured that F-theory com-
pactified on the Calabi-Yau leads to the same E,, theories [29]. The E, theory appears
when the del Pezzo surface B,, vanishes as the four-cycle. By compactifying this F-theory
on a circle, we obtain M-theory on the same Calabi-Yau with an elliptic fiber of infinite size.

The 5D E,, SCFT is thus obtained by compactifying M-theory on a Calabi-Yau which
includes the del Pezzo surface B,, as a compact four-cycle. At the singular limit, the del
Pezzo surface collapses to a point, the SCFT appears and the finite size four-cycle describes
the deformation from the strongly-coupled fixed point.

For some of the E, theories, we can employ (p,q) 5-brane construction and dual
toric Calabi-Yau compactification to investigate the corresponding 5D fixed point theory.
Actually, the 5D FE,, SCFTs with n = 0, 1,2, 3 are constructed by these web configurations
(Fo and B,,), and we can compute their superconformal indices by using the toric Calabi-
Yau compactification [53]. At first sight, the blow-up points of B 23 seem to be placed in
a non-generic fashion, because they are located at the three corners of the toric diagram
of P2. However, the SL(3,C) symmetry of P? enables us to place three points to any
positions and we can therefore arrange the blow-up points to the three corners. The first
four del Pezzo surfaces are thus toric varieties [68]. This fact does not hold for higher del
Pezzo surfaces By,>4 since we have exhausted the SL(3,C) transformations, so that these
del Pezzo surfaces do not have any toric description. The naive toric descriptions of del
Pezzo-like surfaces B), are given as the red diagrams in figure 17, but they are not genuine
del Pezzo surfaces because the blown-up points are specially tuned. As we will see in the
following subsections, the 5D theories arising from the diagrams colored in orange and red
cause problem because they contain parallel external lines (branes), and in higher cases
some of the external lines cross each other. This situation is a reflection of the non-toric
nature of the corresponding del Pezzo surfaces. These external configurations then lead to
extra states (which are stringy in general).
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Figure 18. This figure shows the 7-brane realization of blow-ups of the local CP?. By pulling a
7-brane out of the 5-brane loop, the positions of the corresponding blown up points will be tuned
into special locations of the toric geometry CP?: the corners of the toric diagram.

This subtle situation has been resolved by introducing 7-branes into the 5-brane webs,
so that the semi-infinite 5-branes become finite, ending on the 7-branes. See also section 2.
By moving a 7-brane inside the 5-brane loop, an 5-brane disappears and a 7-brane insertion
appears in this new configuration. We can therefore blow up a del Pezzo surface at a generic
point by adding a single 7-brane inside the 5-brane loop that describes a compact four-
cycle. Figure 18 illustrates the construction of the del Pezzo surfaces as the blow-up of the
surface CP?.

4.3.1 Our conjecture

In this paper we compute the superconformal indices of E3 456 theories by using a toric
description. As we mentioned above, toric formulation of Bj and By 5 ¢ surfaces causes prob-
lems and we have to employ the alternative formulation based on 7-branes. Unfortunately
we do not know any efficient way to compute the topological string partition functions of
toric Calabi-Yau manifolds on 7-brane backgrounds. This means that we cannot compute
the partition functions and the superconformal indices of the corresponding Fs 4 56 SCFTs
based on the Igbal-Vafa scheme [53]. However, we did find an efficient way to compute
these partition functions and superconformal indices. Our claim is that the partition func-
tion of a 5-brane web blown up by 7-branes is equal to that of the naive toric description
after eliminating the so-called non-full spin contents. Schematically our proposal is

o Ztoric
Z'5 & 7-brane web = 7

non-full spin

(4.51)
A 5-brane web describes a five dimensional minimal supersymmetric gauge theory, and its

massive BPS states are characterized by the Wigner little group SO(4) ~ SU(2) 1, x SU(2)g.
The label (j1,jr) denotes the spin content. In the context of Calabi-Yau compactification,
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Figure 19. The toric analogue of the del Pezzo surface Bg as a two point blow-up of the toric
By-like surface. This surface is the minimal resolution of the orbifold C2/Zy x Zs.

these BPS states come from M2-branes wrapping a two cycle inside the Calabi-Yau C' €
H(CY,Z). The multiplicities Né] £:9R) of these states with labels (Jr,Jjr) and C provide
the Nekrasov instanton partition function of the resulting five dimensional theory

(—1)2Ue R IRy ()75 Ty, (q)7?
Z(Qcit,q) = exp Z Z Qo (t1/2 _ t*l/Q)(ql/z _ q71/2)

CeH(CY,Z) jL.Jr
=Z(Qcit ' q7h). (4.52)

For various Calabi-Yau manifolds and their cycles C, this property is satisfied because we

have the full spin content for each spin (jr,jr). This is however not always the case. The
Wigner little group is mathematically the Lefschetz action [56, 68] onto the fiber and base
direction of (the cohomology class of) the moduli space M¢ of the stable sheaves of the
Calabi-Yau, which is a flat vector bundle over the moduli space M of the curves in class
C'. The spin content of the BPS state is then given by the decomposition of the cohomology
as the representation space of the SU(2)y, x SU(2)g Lefschetz action

H (Mc) = @ NI [(jr.jr)). (4.53)
JL.JR
However the existence of the Lefschetz action is not guaranteed in general, and in fact the
cohomology is not a full representation space for some curves C' on which the moduli space
of M2-brane M is non-compact.

In our scheme we can compute a typical non-toric del Pezzo surface Bg based on a
5-brane web and toric compactification. The key is the toric description of the CP? blow-
up at six specially placed points, see figure 19. This geometry is the resolution of the
supersymmetric orbifold C?/Zy x Zs. The genuine del Pezzo surface Bg compactification
is obtained by attaching the 7-branes to the ends of the external 5-branes in the dual
5-brane system and moving these 7-branes inside the 5-brane loop. It is difficult to study
this compactification, but we have a nice toric description (4.51) and can compute the
partition functions explicitly. In this paper, we thus utilize the simple toric description
of Bg to compute the superconformal index of the worldvolume theory, and we find the
appearance of the non-trivial Fg SCFT on the five-dimensional space-time.
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Figure 20. In pictures (a) and (b), we show the four diagrams contributing to the non-full spin
content. In (c¢), we have the flopped diagram, which is precisely equal to the non-full spin content
partition function Znen-full,

4.3.2 Example: the toric description of By

Let us check our conjecture (4.51) by using the typical example Ny = 4. In the previous
subsection we obtained the superconformal index by dividing the topological string parti-
tion function of the del Pezzo-like Bf geometry (the red colored toric diagram below Bs
in figure 17) by the partition function of extra contributions. Our conjecture is that this
extra factor comes from the non-full spin content of the resulting five dimensional theory.

The non-full spin contents arise from M2-branes wrapping a CP? whose local structure
forms a O(0) ® O(—2) bundle. In the language of the 5-brane web, such a two-cycle corre-
sponds to a stack of parallel 5-branes. We have four such stacks in the web configuration
B, as illustrated by (a) and (b) in figure 20. Therefore, the partition function of these
four partial web diagrams explains the multiplicities of the non-full spin contents of this
geometry. The preferred direction for the two diagrams in (a) is horizontal, which makes
the computation slightly technical. The refined topological vertex for the upper diagram
in (a) gives

Z e (Q13, QB3 t,9) = > (—Qa)MI(=Qp)"21 £, (¢ a) (= Q1)

m
X C@/n@(qa t)C@)uﬁug (ta q)Cugﬂ)ug (qv t)Cu§®® (t, Q)a (4'54)

which after using the resummation formulas (4.22) and (4.23) leads to

Zl(l?))PeT = ZtHMHQQ‘gIZMt (ta q)Z,u<qa t)RQ),u(in)R(Du(QI)
1

= [M <Q1\/§> M (Qg\/D]_l > (—QB\/D h Pu(@”t,a) P (7750, 1)

I

< I (1—Q1qi—%t—j+%) I1 (1—Q3qi—%t—j+%). (4.55)

(i,)€n (i,)€n

In order to express the Z as functions of the Macdonald polynomials, we have made use
of (A.2). To perform this summation, we use formulae (A.4) and (A.5) to find the closed
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expression

M(QB%)M(Q1Q3QB)

(D) (@) 4 (@ T (00 3]

In order to obtain the non-full spin content of the above partition function, we have to
isolate the parts that change under the transformation (t,q) — (1/t,1/q). Since by the

analytic continuation rule (4.35) we have M (Q; L q_l) =M <Q£; t, q), we see that the
15

Z&) o (Q13,Qpit,q) =

(4.56)

corresponding non-full spin partition function is
Zigpe M (Qus, Qpit 0) = M(Q1QsQp).- (4.57)

The lower diagram in (a) is just Zl(J.%)per(Q2747 @B;q,t), and by combining it with the upper
contribution we find the non-full spin partition function

78 (@1 4, Qpit ) = M(Q1Q5Qp) M <Q2Q4QB:I> : (4.58)

The partition function of (b) can be derived just as easily by using the same rules as before.
The result for the left part of (b) is then

M(QF&)M(Q?)@;QF) .
M(Qs (/M (Quy/2) M (QsQr\[E) M (@uQr /3)

The right part is obtained by exchanging t with q and @3, Q4 with @1, Q2.We therefore
obtain the following partition function for the non-full spin content of the stacks (b):

Zl(ek;z(Q?)Av Qr;tq) = (4.59)

Zr(lzzl_fun(Ql,...AaQF;ta q) = M(Q3Q4Qr)M <Q1Q2QF;> : (4.60)

Therefore, the total partition function of the non-full spin contents is given by combining
(a) and (b) and equals

Znon-tull (@ £, q) = M(Q1Q3QB)M(Q3Q4Q )M <Q2Q4QB;> M <Q1Q2QF;> . (4.61)

This function is precisely equal to the prefactor that we divided by in equation (4.48) in
order to get the properly normalized partition function for the computation of the 5D
superconformal index of the Ny = 4 theory. These four factors come from four stacks of
parallel 5-branes, and in the flopped diagram of figure 20 part (c), these stacks are manifest.
In fact, we can even compute the non-full spin partition function Z,on a1 directly from the
four diagrams in (c).

4.4 Five flavors and the Eg index

The toric diagram for the SU(2) five flavors case is significantly different from the previous
cases. As we argued in section 2, it has the form given in figure 21. The inversions

15The factor M (QBé) =11 (1 — C)Bt"qj*l)i1 forms a full spin content by combining with the contri-
bution coming from the lower diagram of (a).
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Figure 21. The toric diagram for SU(2) with five flavors. In this case, we also label the partitions
associated to the internal edges. There are no non-trivial framing factors.

appearing in Q1, Q3 and Q)5 are purely for convenience. All the framing factors are trivial.
The topological string partition function for this toric diagram is

7 = Z (_Q1—1)|>\2\ (_le)lw\ (_le)luz\ (—Q» )|u1| ( QrQ; )\Ml (_QBQ21)|M3|

AU,V
% (=Q)" (~QrQi )™ (@)™ Conga(a.9C,100 (0, ) g (0.1

x Cl/1>\2,u1( q)c t)\t@(qu )CV2>\1M3 (t’ q)cuéﬂ,ug (qvt)cllg,)\g,uz (ta q)C@)\gutI (q,t).
(4.62)

Applying now the resummation formulas (4. 22) and (4.23) to Z5 leads to

2522 (_Qz_lQB)“Lll (—le)m?' 0710 Iusl H Ll H/A

©n

H2 -

Z,(6,9)Z,: (9,1) (4.63)

Rugo(@5) Raw (@21 Ros (057) Ry QR (8) Ruso(8) R (B) Rusm (%)

Roo (/1) Roo (/1) R (2 /1) Rati (@ /1) Rusn (@3)

Using the experience acquired experimentally in the computation of the indices for Ny =

0,...,4 as well as the theoretical justifications of subsection 4.3, we claim that the properly
formahzed partition function for Ny = 5 reads

ren _ Q2 Qr Qr QB Qr QpQF
4= [M <Q1) M (Q1Q3) M (Q2Q3> M <Q1Q2> M <Q4Q5> M <Q1Q2Q4Q5)

Qo t), (Qut Qs t\]™
M <Q3Q4q) M <Q5q> M <Q3Q5q>] % (4.64)

In order to get the index from the above equation, we introduce the Coulomb modulus A,

see (C.5) and (C.6). Computing the index using formula (4.64) is numerically difficult, to
obtain even the x? order term requires summing over all partitions y; whose total number
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Figure 22. This figure depicts the flopped version of the T3 geometry and the parallel 5-brane
contributions. The circles denote the new topological string vertex introduced by Igbal and Kozcaz.

of boxes is smaller or equal to 8. We nevertheless managed to check numerically the
superconformal index given in [54]

Ty = 1 xga® + (14 X758 ) a 0)2® + (xa(y) (14 XF§) + 1+ X5ha0 ) 2 +0 (2) , (4.65)

for several sets of particular values for the fugacities, which makes us confident that (4.64) is
correct. We refer the reader to appendix C for the details involving the different characters
and parametrizations.

We finish this section by discussing the non-full spin contributions that were removed
in (4.64). In subsection 4.3 we computed the non-full spin part of the four flavors SU(2)
theory directly and observed that we obtained a piece of the form M(Q) for each pair of
external parallel branes, where () determines the distance between the two branes. We
propose that this holds for the T3 junction as well and since we have 9 pairs of external
parallel branes, we arrive at (4.64). The only remaining issue is the position of the variables
t and q which tells us whether to divide out M(Q) = M(Q;t,q) or M(Q%) = M( %; t,q) =
M(Q;q,t). We have solved this problem experimentally by computing the index.

Let us finally mention a possible way to actually compute the non-full spin contribu-
tion directly. In the brane setup, the three stacks of parallel 5-branes provide this extra
contribution, so it is useful to go to the frame which makes these parallel stacks manifest.
In the Calabi-Yau setup, we can move into this frame by using a flop transition and the
resulting toric diagram is illustrated in figure 22. This geometry contains the new ver-
tices T (t, q) depicted by the red circles. The vertex of this new type was introduced
by Igbal and Kozgaz in [67]. We can expect that these non-full spin content contributions
coincide with the refined topological vertex partition function of this geometry. Since it is
non-trivial to compute this new vertex function, we leave the problem open.

4.5 The T partition function

In this subsection, we generalize the computation of the T3 partition function to the T
case. In order to do this, it is convenient to cut the toric diagram diagonally into N
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Figure 23. The left part of the figure shows the strip diagram, while the right one depicts the
dissection of the T diagram into N strips. The partitions associated with the horizontal, diagonal
1,7=1,..., N — j respectively. The

Ef)l, Q%i, l(jl) respectively

and vertical lines are ij), ,ufj) and )\Ej) with j=1,...,N —
Kahler parameters of the horizontal, diagonal and vertical lines are @

with the same range of indices.

subdiagrams called strips. We consider the strip diagram of arbitrary length L < 0, drawn
in the left in figure 23. The corresponding partition function depends on the external

horizontal partitions v = (v1,...,vp4+1), T = (71,...,71) as well as the parameters Q,, =
(Qm;ly ceny Qm;L) and Ql = (Ql;la e an;L)- It takes the form
L L+1 L
i def . .
257 (Qu @t )= D T I (@) ™ (= Qi) [T Cutne s @ 0T [ G (b0), (4:66)
Api=1 j=1 k=1
where purpi1 = Ao = (). We claim that this expression can be resummed to the following
result:
i L+1 k2 tHQ L HT Hz
Zu‘rp(vaQl;taq) = H H )
j=1 j=1

L Ryt (Qm;j ) Qm;le;k) Rty (Ql;i [T Qm;le;k)

i<j=1 Rmyj+1< T Ql;ka;kﬁ)
L1 -1

X H Rirtri <HQlemk+l\/§> (4.67)
i<j=1

The complete T diagram is made out of N such strip diagrams as depicted in figure 23.
The choice of the Kéhler parameters is explained in detail in appendix D. Using the re-
sult (4.67) and renormalizing the outcome as in the previous subsections, we arrive at the
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Figure 24. The toric and web diagram of the T, geometry.

following expression for the topological string partition function of the T toric diagram:

N
ren r |V(T)| stri r T
zin=>"TI(-QV)" 2z, @QW.Q":tw (4.68)
v r=1
pa= R L) ) ¢ N o
1 1
< 11 [M (H Qi Qm;k) M (H Qm;lQn;lq) M <H Qun—rk me)]
i<j=1 k=1 k=1 k=1

In the above formula, we have set l/](»o) = () for all j, see the right part of figure 23.

This partition function depends on the parameters Q%), Qg ) and Ql(j ) of which there are
3 Zf\i Eli in total. Since each hexagon in the toric diagram comes with two independent
equations that relate the parameters to each other and there are Zfi _121' hexagons in the
T toric diagram, we arrive at the conclusion that there are a total of

N-1 N—-2
3Z¢2Z¢:(N+4)2(N_1) (4.69)
=1 =1

independent moduli. The result (4.69) fully agrees with equation (3.36) in [69]. When
N is equal to 3, this gives us 7 parameters corresponding to Qr,Qp,Q1,. .., s from
subsection 4.4.

4.6 The T5 partition function revisited

In this subsection, we shall rederive (4.68) for N = 2 and rewrite it as an infinite product.
The T5 theory is given by the intersection of three stacks of two parallel 5-branes as show
in figure 24. The toric diagram of the dual Calabi-Yau manifold has the same shape
as this web diagram. We can therefore compute the five dimensional Nekrasov partition
function of the deformed 75 theory by using the refined topological vertex formalism. As
shown in subsection 4.5 as well as in appendix D, this theory has three independent Kéhler
parameters. In order to simplify the notation, we do not use the notation of subsection 4.5
here, but instead write Q1 = QSL?I, Qo = Ql(,ll) and Q3 = qul)l As we will show in the
following, the partition function of the 75 theory is given by the infinite product

p 5 (1 - Q1Q2Q3fi_%qj_%) ITie (1 - Qkfi_%qj_%>
@ =11 (1= @@t/ 1) (1 = Q1@Qst'a7) (1 — Q2Qst'g/ ")

1,j=1

(4.70)
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This formula is precisely equal to the one which was conjectured by Kozcaz, Pasquetti and
Wyllard in [69], equation (5.3). In the paragraphs to follow, we shall provide a derivation
based on the properties of the Macdonald polynomials.

We begin with the refined partition function of the T5 geometry. The general case was
written down in subsection 4.5, which we repeat!® here:

3

Z5,(Q) =Y [ I(—Q) " Cregp(t, a) Coreo(t, ) Cooms (t 0) Cry oy (a, ), (4.71)
R =1
where Q = (Q1,Q2,Q3). This vertex is off strip in the sense of Igbal and Kashani-Poor’s
paper [70]. It is very difficult to compute such an off strip diagram in general. However
this T geometry is special and the closed expression for the unrefined partition function
was given in [71]. By using the usual identities (4.22) and (4.23), we can easily obtain
from (4.71) the following expression

2(Q) = (- Qo) olg "3 2 (4, ) 2y (0, O M (QlQQ;) Rogg (@) R (Q2):
R3
(4.72)

As we did for the computations in the SU(2) gauge theory case, let us normalize this
partition function with the following one-loop like factor

ia.o-m(oed (o) wleyd)

so that (4.72) becomes

75, (Q) = 7§, Y (—Qs)t LG M 1T (1 -1 \/gtl_jqi_l) (1 - QQ\/gtj—lql—z) |

R (if)ER (1 — fRi‘j“qRﬂ) (1 - fRi‘quE*"“)
(4.74)
In the above, we have used a trick that allowed us to replace in the numerator qu - by
q°~!. We can further rewrite this expression by using a specialization of the Macdonald

symmetric polynomials

t)2
PR(tN_%,tN_%,"',f%;q,’t)ztilmzn I1 (

(1,5)€R (1 — qRi—thj-—i+1)

taken from [72], equation (6.11%) on page 337. By using the Cauchy formula (A.5) for the

1— qultNJrlfi)

(4.75)

Macdonald symmetric polynomials, we find

Z%Q(Q) = Z'.%Q Z(_Q?))‘RIPPJ (tN_%utN_%7 e 7t%7 q7t> PR (qM_%ﬂ qM_%a e 7q%7t7 Q)
R

N M L
=73, [T111 (1 — Qgt’—iqﬂ—§> : (4.76)

i=1j=1

Note that t and q are reversed relative to the previous sections.

-39 —



Here, we have specialized (01 and )9, so that N and M, defined via the equations
& =Qitag, oM =QutigE, (4.77)

become integers. Due to this specialization, it is possible to rewrite the finite product as
an infinite one

A L o (1-Qstim2qi72) (1 —Q1QaQst2qi 2
H H (1 —Q3t'2¢’ 2) = H ( (1 i Q1Q3t¢)1qg) § _1Q22Q33tiqj1) )

i=1j=1 hj=1

(4.78)

By “analytic continuation”, the right hand side should give the correct result for the par-
tition function (4.76) with generic @)1 and Q2. Putting everything together, we arrive at
the following compact product expression:

M(Q1Q3) M <Q1Q2§) M (Q2Q3§>

(D) (@) 4 00 3) M (@102 5]

Due to the definition of the function M in (A.1l), this is exactly the desired partition
function (4.70) for the T» geometry. Since there is no compact four-cycle in this geometry,

Z1,(Q) =

(4.79)

there is no constant map contribution. This formula is therefore complete up to the well-
known classical partition function which is irrelevant for the superconformal index.

5 Wy 3-point functions

In this section, we interpret the topological string partition functions that we obtained in
the previous section through the lens of the 5D AGTW relation and relate them to the
correlation functions of the 2D g¢-deformed Toda CFTs. We explore the generalization
of the 5D/2D AGTW dictionary, originally studied in [62], namely the correspondence
between the 5D superconformal index (of a generalized quiver) and the n-point ¢-deformed
Toda correlation function.!” This is in strict distinction to the 4D /2D case, where the index
corresponds to topological QFT correlators [73, 74] and it stems from the fact that the 5D
superconformal index is not as simple as the 4D index, since apart from the plethystic
exponential part, it includes an instanton contribution.

In the context of the AGTW relation between 4D theories of class S and 2D conformal
field theories, the T theory corresponds to the three punctured Riemann sphere and is a
basic building block in the construction of the Sicilian gauge theories. In the original paper
by Gaiotto, these theories were called “generalized quiver theories”. The 5D T theories,
i.e. b-brane junctions, also lead to “Sicilian gauge theories” in 5D by gluing the edges of the
junctions,'® and some of them provide well-defined UV fixed point theories. Therefore, the

"The quiver diagram drawn a la Gaiotto looks identical to the diagram associated with the
conformal block.

8An edge of a stack of 5-branes in a junction describes a subgroup of the flavor symmetry of the Ty
theory, the gluing procedure of two junctions is realized by gauging two such subgroups and coupling them
with the corresponding vector multiplet.
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5D AGTW relation suggests that the Nekrasov partition functions of these gauge theories
can be recast'® into the conformal blocks of g-deformed Toda theories with g-deformed Wy
symmetry [58, 59]. By generalizing the results of [62], one obtains the following relation
between the 5D superconformal index, which is the partition function on S* x S', and the
correlation function of the corresponding g-Toda field theory:

20(w,y) = [ ldal| 238 m, B x| x Ve (1) -+ Ve Gl (52)

Strictly speaking, the generalization to N > 2 is straightforward only for the degenerate®”
cases, but we conjecture that the relation holds for the others as well. It is a vast project to
properly investigate this 5D AGTW correspondence, we therefore focus on the T\ theory
which is a basic building block of the uplift of the class S theories. In the following we will
study the partition functions of the T brane junctions from the perspective of the DOZZ

formula.

5.1 The T> theory

In (4.70), we have obtained the partition function of the 75 theory in 5D. This result is
expected to be related to the g-deformed Liouville theory through the AGTW relation. On
the 2D side, the only results available so far [62] are obtained by employing the symmetry
constraints of the g-deformed algebra. This method gives the DOZZ functions of the
g-deformed Liouville theory up to an overall unknown function.

5.1.1 The g-Liouville DOZZ formula

The ¢-Liouville correlation functions are expressed with the help of the g-deformed
T-function

def 1
Tiq(z) = Toq(@)Teqle — )’ (5.2)

where € = €; + €5 and the g-deformed Gamma function is defined, via a zeta function
regularization, by the following infinite product:

def d def > . ﬁ . . -
[iq(z) = exp %Q,q(s;a}) 0 Cq(six) = Azl <2 sinh 5(3: + et + 62])) . (5.3)
1,]=

Here (8 is the circumference of the fifth dimension, and the quantum-deformation parame-
ters are given by the (2-backgrounds as

q=e P, t = ePez, (5.4)
We can recast the functions M of (A.1) by using the I' y-function as follows

ASANIR I G ¢z (mta(i—ag)+e(i-a3))
M <Q (q) ) = T., (m — Oz%) (5.5)

Y9For an M-theory based derivation of this statement, see [75-77].
20See [78, 79] for a topological string description of the semi-degenerate multipoint function of
g-Toda theory.
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with Q = e~#™. The partition function Zr, of (4.79) can then be rewritten as

oo 5 oo ) 1 ) 1
Z@ = (T %) T1 (- -t
t,j=1 t,j=1
L (11~ 5) Tiq (2 = §) Ty (2 = §) P (s 4 ma £ ma =)
Leq (_5) Liq (m1 +ma —€) Ig (ma +m3 — ) g (m1 + ms3) '
By introducing the Liouville parameters
€ 3e

my :—041—042-1-063—5, m2:a1+042+043+?7 mg = Qq =g = 03— o, (5.7)

we can rewrite it into the following form similar to the DOZZ formula for the g-Liouville
correlation function, up to a divergent prefactor

o0
75 (@) < [] (1 - ti’%qj’%) (5.8)
ij=1
Fig(—o1 —as+ag —€)I'yg (Zi:l o + e) Fiqlar —ag —az —€) Tq (o — g + az)

X
Tig (—5) Tigq (200) Teq (—202 — €) Ty g (2a3)

(5.9)

The combination of Z7, and Z{FQ appears in the superconformal index of the 5D theory,
which leads to the DOZZ formula for the g-Liouville three-point functions [24, 62, 69]

. > 1 L 2

b > | TT (1= ¢730774) " Z0,(Q)] (5.10)

i,j=1

The Liouville parameter is given by —e, which is opposite to the usual conventions [2].
We thus obtain the ¢-DOZZ three-point function up to an unknown coefficient, and this
situation is completely the same as in [62]. In that paper, the authors determined the
DOZZ partially without referring to any Lagrangian formulation of the ¢-Liouville theory.
The lack of the Lagrangian description makes the determination of the proportionality
coefficient difficult.

5.1.2 The superconformal index

We can apply the expression (4.70) to compute the superconformal index of the T SCFT
after extracting the full spin content. Since the non-full spin content breaks the symme-
try (t,q) — (1/t,1/q), we find the genuine contribution from the south pole of S*, after
expressing the result using (4.37),

o0 3
Zn@ =[] (- Q1Q2Qsa™ i1y 7)™ IT@a- Qi Ly ) (5.11)
ij=1 k=1
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Since the “Euler number”?2!

of this Calabi-Yau manifold is zero, there is no constant
map contribution. Moreover the T5 theory does not have any Coulomb branch deformation,

so the superconformal index is simply the product of the north and south pole contributions

Ir, =Z5,(Qit9) Zr, (Q 5t g7') =14 <x[sfo(’?} - x%ﬁﬁ%) x

SU(4) SU(4) SU(4) SU(4) U(4)
+ [X2(y) (X[1 00 T X[o,0,1]> T X200 T 1+ X[,0,2] T X[1 0 1]] CE (5.12)

where the SU(4) characters labeled by Dynkin labels are given by

100] ZQ“ X[001 ZQ_ Tty (5.13)

for fugacities @); satisfying Q1Q2Q3Q4 = 1. We can thus see that the flavor symmetry
is enhanced as U(1)> — SU(4) ~ Spin(6). The index (5.12) is the index of four free
hypermultiplets and SU(4) is the flavor symmetry that rotates them.

5.2 The TN theory and the Any_;1 g-Toda CFT

The refined topological vertex formalism enables us to write down the partition function
of the Ty geometry, since we can find a consistent choice of the preferred direction. In
fact, this partition function does not correspond to a conventional gauge theory, and so
far no closed expression, as for the T, case, has been found. This, however, does not
mean that there is no nice expression mathematically, and actually we have the expression
as a summation over Young diagrams. So if we can perform the summation exactly, a
closed expression will immediately follow from our expression. Though this might be an
interesting problem for mathematicians, we leave it open and assume the existence of a
closed expression in the following.

Recall that the superconformal index, can be obtained from the corresponding
Nekrasov partition function, i.e. the topological string partition function, through the fol-
lowing formula a la localization

2
7°P(z,y) = /da1~~-dap )Zﬁgk(a,m,ﬁ,q’g) . (5.14)

The integral is taken over the loop variables Qr, = e P9 which parametrize the local
deformation of the brane web diagram. Let F' be the number of these variables, namely
the number of the elementary faces in the web-diagram. In [62] the relation between 4-point
functions of 2D g-deformed Liouville and the superconformal index of SU(2) gauge theory
with four flavors was discussed. Generalizing, we expect the superconformal index of an
SU(N) quiver to be related to a correlation function of the 2D g-deformed Toda just like
for the AGTW relation in 4D. This is because the (irregular) conformal blocks of this 2D
CFT coincide with the corresponding Nekrasov partition functions. We therefore expect
the following 5D uplift of the AGTW relation:

gauge theory on S' x §4 g-Toda CF'T
superconformal index Z°P | correlation function (Vg - -- V)

2'Twice the number of the compact four-cycles.
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To fit the web diagram into the Gaiotto construction of SCFTs, we need to decompose
the diagram into T geometries and stacks of parallel (color) 5-branes connecting the Ty
blocks. These Ty blocks are the analogues of the three punctured spheres in the Gaiotto
construction, and the connecting procedure by the stacks represents gauging (the subgroup
of) the flavor symmetries of Tys. The parameters associated with the gauged external lines
of the Tys then become the internal momenta of the 2D CFT, and the non-gauged external
leg parameters are the momenta of the vertex operators inserted in the g-Toda correlator.
The claims made thus far are completely parallel to the original AGT story [2] on 4D
SU(2) theories.

5.2.1 Counting Wy three-point functions

A subtlety appears in the Ty>3 cases as pointed out by Wyllard [3], due to a characteristic
of the higher spin Wj-algebra. We review this subtlety in the well known non ¢-deformed
case, expecting the situation to be essentially the same for the g-deformed one. Usually, one
can reduce a CFT three-point function of descendant operators to that of three primary
operators by using the Ward identities of the conformal algebra. However, in the An>2
Toda CFT, one cannot derive the correlation functions of the descendant fields purely from
the correlation functions of the Wy primary fields. This fact can by roughly explained [69]
by counting the available Ward identities. The chiral Ay_; Toda CFT has N(N —1)/2
basic descendant operators,

(Wisl))nVOU for 1:1727"'78_17 8:2737'”7]\[' (515)

The number of basic three-point functions is hence 3N (N — 1)/2 after taking into account
the three primaries Vi, , ,(2 = 00,1,0). On the other side, the Wx-algebra provides Ward
identities for the following generators

I/I/Yl(s), for l:—5+1,—5+2,"'75—15 522,37"'7]\[7 (516)

leading to only N? — 1 constraints. Therefore, we cannot reduce

3N(N —1)
2

(N—-1)(N—-2)
2

—(N?-1) = (5.17)
types of basic three-point functions. This means that the three-point functions of three Wy
primary operators are not enough to write down the generic Toda correlation function, and
we need to introduce additional (N — 1)(NN — 2)/2 types of three-point functions for the
descendant operators. Moreover, we have to specify 3(N — 1) values for the Toda momenta
of the three basic primary operators Vi, ,,. Remember that a Toda momentum is an
(N —1)-vector o« = (ay, - -+ ,aen—1). Let us consider the W3 symmetry as an example [69)].
The additional building blocks are the three-point functions of the following type:

(Ve (00) ((WE’;’)" va2(1)) Ve, (0)). (5.18)
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They are labeled by the positive integers n = 1,2,---, and therefore we need an infinite
amount of additional data. The choices of the original correlation function and its de-
generate channel determine which three-point functions appear in the construction. This
situation makes the study of the Toda three-point functions very difficult.??

For the W3 case, we can recast this situation explicitly in terms of the three- and
four-point functions [80]. The W3 three-point functions can be associated to maps from
the Verma module to the complex numbers:

W) = (0a|Va, (1)|9). (5.19)
Following [80], we introduce the following combinations of the generators

em(z) = Ly, — 2211 + 22 Lo, fm(z) =Wy, — 32Wph1 + 322Wy_g — 2°Wy_3,

ey(2) = Lo — 22L_1 + 2°L_o, fo(2) = Wo — 32W_1 +32°W_g — 25W_3,
eg(z) = —2L_q + 22 L_o, V(2) = —2W_1 +22°W_g — 23W_3. (5.20)

The OPEs between a primary field and a symmetry generator then imply

<Of1\Vaz(2) m (%)
(01|Vay(2) ( AI)
(a1 |Vay (2) (e (2) — A2)
)

)

z

m=—1,-2,-3,--,

i

<a1\Va2(z)fm(z m = _17_27_37"' )

(01 |Vay (2) (fo(2) —
(Q1|Vay (2) (fo (2) — wa)

where w is the eigenvalue of Wy on a primary state Wyla) = w(a)|er). In the following

w1 5

: (5.21)

0
0
0
0
0
0

E

we specialize to z = 1. However, the Verma module cannot be spanned by the generators
{em, €, €5y fm, 1), fi|} only. We need to introduce an additional generator, W_y, in order
to construct the full Verma module. A generic state then takes the form

= D> D> > Cepery fomom o (e0)” (€0) (0)" (f6)” (W-1)" |e)

1> >1m1> >1pq,T5n
v
:Z-Pn (67176727"' ;fflvf*Za"' 6O)BOaan )( 71)n|a>) (522)
where P,‘LI’ is a polynomial. The three-point function then becomes

(01| Vs (1 ZP“’ 30,0 s AL Ag,wi,ws) (Vg (1) (Wor)" [ar). (5.23)

The infinite number of independent (g |V, (1) (W-1)" |a) leads to infinitely many fusion
rules, which complicates the situation.

*2The building block of the SU(3) gauge theory with 6 fundamentals is the three-point function with the
insertion of a semi-degenerate operator, namely the simple punctures in the Gaiotto’s construction. This
case is very simple, because the transformation Wﬁg’f on the semi-degenerate operator can be replaced with
the well-behaved Virasoro transformation Wi21> = L_; and the primary three-point functions are enough
to compute the correlation functions as in the Liouville theory.
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Next, we can apply the result to the four-point functions. Let {|¥y)} be an orthonor-
mal basis of the Verma module with highest weight state |a). The four-point function,
after inserting the projector Po = >y |Wy)(Vy| is given by

o0

(@1 Vs (DPaVas (2)la) = Y (| Vaa (1) (W-1)™ |@){a] (W1)™ [Vay (2)|a)  (5.24)

ni,n2=0

X ZP;LI;Y(OW‘ s A1, Ag wi, wa) Py (0, -+ 5 Ay, Az, wy, ws)
Y

with fixed the internal momentum a«. The product of two polynomials P is the four-point
conformal block, and the coefficient, which corresponds to two DOZZ factors,?® are labeled
by a pair of positive integers {ni,ns}

<a1IVa2(1,1)Va3(Z,Z)|a4>=/[da] Y Chogzlen, az,a)Cpt,, (o, as, o)

ni,n2=0
2
X ‘fﬂ17”2(a1,a2; oz;a3,oz4)‘ . (5.25)

We would like to find the analogous object on the gauge theory side.

5.2.2 Counting parameters from the topological string side

There is a corresponding situation in our web construction of Sicilian gauge theories. Let
us thus use Ty as an illustration. We can easily count the number of possible deformations
of the Ty theory using the toric web diagram. The global deformations of the theory, which
change the physical parameters of the theory, are associated with the external lines of the
web such that

#(global deformations) = #(external lines) — 3 = 3(N — 1). (5.26)

They are the relevant deformations of the fixed point theory associated with the kinetic
terms of the gauged Cartan flavor symmetry. In particular, they provide the fugacities of
the superconformal index. The breathing modes which correspond to the Coulomb branch
direction are associated with the faces of the web, so the counting goes as

N—-1)(N -2
#(local deformations) = #(internal faces) = ( )2( ) . (5.27)

These deformations turn on the VEVs of the scalar components of the associated local

U(1) vector multiplets, and their values are the loop variables Q4 in the Ty theory. The
Tn theory then has (N —1)(NN +4)/2 parameters in total, and the same counting was given
in [5] based on the 5-brane construction.

The 3(N — 1) global parameters agree nicely with the three types of external momenta
a123. We can thus expect that the fugacities of the global deformations coincide with
the Toda momenta. Then, what are the variables associated with the local deformations?
The number of the local deformations is (N — 1)(N — 2)/2, and it is equal to the types
of Toda three-point functions. We can therefore expect these parameters to specify the
different types.

Z3Here, we have only discussed the chiral part, and in order to compute the full correlation function we
need to introduce the anti-chiral part as well.

— 46 —



By expanding this idea, we can generalize the parametrization to the theories obtained
by gluing the Triskelion blocks T. It is useful, while following this argument to also keep
an eye on table 1 which summarizes the different parameters appearing in this article. In
the language of the toric web description, all the parameters originate from the Kéhler
parameters of the Calabi-Yau. After the decomposition as a Sicilian gauge theory, these
parameters fall into three categories: global deformations, local deformations, and gauged
flavor symmetries. The first are the masses of the matters multiplets, i.e. the fugacities
for the flavor symmetry of the Sicilian theory. They are precisely the Toda momenta of
the vertex operators. The parameters in the second class specify the choices of the descen-
dant operators ny in the three-point functions associated with the T blocks. The final
parameters are the Coulomb branch parameters ay» of the Sicilian theory over which we
have to integrate. These parameters are just the internal momenta of the Toda correlation
function in a fixed channel. The corresponding (undeformed) Toda correlation functions
then take the form

<Va1 (Zla Zl) t Van (Zm Zn)>Toda

= H/[dagu] Z HCDozz(m, ng/) }“(a,m,ﬁ,el,g) ’ y (528)
9" {ng}

where F is the corresponding Toda conformal block. By applying the Ward identities to
the internal lines, where all the descendant operators run, we can reduce the correlation
function into a combination of three-point functions, and then a special choice of three-point
functions labeled by {n,} appears. This result is illustrated on the right hand side of the
above formula. We expect that exactly the same structure holds for the g-deformed case.

5.2.3 Discrete versus continuous parameters

Going back to the g-deformed Toda theory, we find that formula (5.28) is very similar to
the expression (5.14) of the superconformal index, once we make use of the 5D AGTW
identification between the conformal block and the Nekrasov partition function. However,
there is an important difference. In the 5D superconformal index we take the integral over
all the breathing modes log(Qry), but in the Toda correlation function these parameters
are split into ny and agr. Recall that the nys are the breathing modes of the Ty blocks,
and agr are that of the web-loops generated by the gluing procedure. In contrast to the
superconformal index, the n, parameters take integral values as explained above, and
therefore we have to consider a summation over the parameters in the Toda correlation
function, not an integral. Nevertheless, we would like to expect that the integral procedure
on the superconformal index side corresponds to the summation procedure on the 2D CFT
side. We will consider the situation with integral values of the Kahler parameters, like
Qry x g appear automatically because of certain special mechanism. Integral Kihler
parameters are also very natural from the perspective of the topological string, because
the closed topological string comes from the open topological string theory through the
geometric transition and in this context a Kéahler parameter is equal to the number of D-
branes times the topological string coupling constant, that is to say the (2-background. We
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Topological strings (5-web) Superconformal Index qg-Toda

q,t T,y “Central charge” ¢

Global deformations e #™

(distance between the exter- | Flavor fugacities u;,z;,y; | External momenta a;

nal legs)

Local deformations Qg
for gluing pants (breathing | Gauge group fugacities Internal momenta a
modes for gluing pants)

Local def tions A /| Resid f th -
ocal deformations A or Qpy esidues (r,s) o e con Labels 1 of the different

inside T (breathing modes | tour integral (of [ da, o<
N & gral (of [ dag three-point functions

inside Ty) [dlogQpry)

Table 1. In this table we summarize all the different parameters/notations that appear when
we consider the correspondence between the different objects: partition functions, superconformal
indices and Toda correlation functions. The superconformal index is the bridge between the 5-web
picture and the 2D ¢-Toda theory.

can expand this idea to the following possible AGTW relation between a partition function
on S x §* and a ¢-deformed Toda correlation function. Let us consider a gauge theory
obtained from Ty junctions®* whose flavor symmetries are partially gauged and coupled.
Its superconformal index after evaluating the residue leads to a certain combination of
the three-point functions as the coefficient of the instanton partition function, that is the
conformal block

dQr
D
= 1}% 27TZQ; | QFQ Zl 1001)’ |Zlnst (QFgN)‘

dQ o
N H 7{ 2.79 Z H CBC(I)ZZ(nJ') H C]t)’%)zz | F(Qrg)|? (5.29)
P2 WZQFg// n

- <Va1 (217 21) T Van(znv 2n)>q—Toda;

where n; = {n } labels the choices of combining the three-point functions for the j-th

TN block.

The coefficients of the superconformal index are written in terms of the residues, and
25

9'(4)

heuristically we know that the poles are labeled by integers as

1
Qr xt'q®, rse §Z. (5.30)

24We can generalize to theories obtained from all types of three punctured spheres. We do not know the
forms of these three-point functions except for free hypermultiplets T and hence skip discussing details on
these generalized cases.

2The denominator of the instanton partition function for a given instanton number is the Kac determi-
nant, so the corresponding topological string partition function as a function of @ has such poles. Since
this pole structure comes from the Cauchy formula computation of the refined topological vertex, we expect
this to be the case for a generic partition function.

— 48 —



® o Qro-

@ @' - @ @ QFg' QFg”

\7
]_

Figure 25. Sicilian theory obtained by gluing T3 and T3 through an SU(3) vector multiplet.

This observation implies that the residue of the absolute square of the topological string
partition function is the “building block” with discrete labels (7, s) in the superconformal
index, which is analogous to that any correlation function can be written in terms of the
DOZZ three-point function with discrete label ng . This observation is expected to give
a clue to relate the degrees of freedom of the breathing modes in the topological string
partition function with the degree label ny on the 2D CFT side. Furthermore, we might
be able to find the transformation from the set of residues to the set of three-point functions.
It might be highly non-trivial and complicated, and so we leave it for further studies.

Thus, the 5D uplift of the AGTW relation naturally leads to the expected DOZZ
formula for the g-deformed Toda three-point functions, and they are automatically derived
from the Ty Nekrasov partition function via the structure of the superconformal indices.
Once we can compute the closed form of the three-point functions, the DOZZ functions of
ordinary Toda CFTs automatically follow from them by using the 4D limit of the gauge
theory side. The 5D viewpoint thus provides a powerful approach to investigate an, yet-
undiscovered, explicit expression of the Toda three-point functions.

5.2.4 Example: the T3-T; system

Figure 25 illustrates the 5D theory of T3 and nine free hypermultiplets Ty coupled via
an SU(3) vector multiplet. In this figure, the parameters (see table 1) Qpy and Qpgr

6 inside Ty and the local deformations for gluing

corresponding to the local deformations?
pairs of pants respectively are depicted on the web diagram of the SU(3) quiver. The left
part of the figure is the analogue of the Gaiotto curve of the theory, and the 5-brane web is
depicted on the right. The breathing mode inside the T3 block is the parameter QQr,/,. The
residue integral over this parameter leads to a summation over integers. We expect that
this part provides the As Toda three-point functions. The three horizontal legs connecting
the T3 and T3 webs correspond to the SU(3) vector multiplet. Therefore, the breathing
modes for this part are the parameters QQpyv, and they are associated with the internal

momenta of the corresponding conformal block.

6 Conclusions

In this article, we have studied the 5D Ty theories realized on the 5-brane junctions with
two different tools. On one hand, we computed their SW curves for any N such that the

261n appendix D, these parameters are denoted A.
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SU(N)? symmetry is manifest. We were also able to reproduce these curves using a certain
limit in the parameter space of the SW curve of the 5D SU(N)¥~2 linear quiver theory
obtained in [24]. Furthermore, this curves yield the SW curves for the 4D Ty SCFTs.
Our results are consistent with those given in [1]. For the simplest non-trivial case T3,
we explicitly demonstrated how the SU(3)? symmetry enhances to Eg and reproduced the
curves given in [32-34].

On the other hand, we used topological string theory techniques to compute the su-
perconformal index of the T3 junction from the Nekrasov partition function. We first
carried out the same computation for the 5D SU(2) Ny = 0,...,4 gauge theories, where
we found that the contribution with non-full spin content has to be removed from the
partition function in order to reproduce the results of [54]. We thus claim that this con-
tribution corresponds to the extra degrees of freedom which appear when we describe (by
choosing special blow-up points) the local, generically non-toric, del Pezzo surface using
toric geometry. The non-full spin content contributions arise from BPS M2 branes with
a non-compact moduli space that are wrapping a two-cycle. In the language of the web
diagram, whenever external parallel 5-branes appear, multiplets with an incomplete spin
content show up. Such degrees of freedom do not exist in the original 5D SU(2) gauge
theory and have to be removed from the topological partition function in order to obtain
the Nekrasov partition function of the theory. We therefore conjectured a procedure to
remove the extra degrees of freedom for generic toric diagrams, which needs further study
in the future. Armed with this idea, we proceed to the T3 case and checked that it gives
the same index as in [54]. We also generalized to the T case and provided the formula to
the superconformal index from the topological string partition function.

It is a long standing problem to compute the generic 3-point functions in Toda CFTs.
We proposed in section 5 a way to obtain, via the 5D AGTW correspondence, the 3-point
functions for primary operators of the 2D Wy ¢-deformed Toda field theories from the
5D T Nekrasov partition functions, up to an overall factor. Any n-point function of the
g-deformed Toda theory can be obtained by computing the superconformal index of the
appropriate 5D gauge theory. Furthermore, the relation between the labels of different
g-Toda 3-point function and the T breathing modes was addressed in section 5. From
the gauge theory point of view, calculating the index, although technical, is a fully algo-
rithmic procedure. A first step in this direction would be to explicitly compute the 5D
superconformal index for the T junction and/or the corresponding 4D partition function.

Another important open problem is to perform the summation of the Young diagrams
in order to get a product formula for the partition function of the T junction, as is possible
to do for T5. Once it is done, we expect to be able to take a well defined ¢ — 1 limit and
obtain the 3-point functions of the undeformed Toda CFT. Furthermore, by generalizing
the methods of [81, 82], one should be able to get differential equations, whose solutions
should be given by the 3-point functions obtained via our Nekrasov partition functions.
Moreover, a bootstrap approach like the one used in [62] should provide an alternative way
of calculating the 3-point functions.

Five dimensional Nekrasov partition functions also have an interpretation as Hilbert se-
ries, i.e. generating functions counting holomorphic functions on the Higgs branch [83-86].
The moduli space of instantons in E-type groups can be realised as a Higgs branch of the
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4D Ty theories [5, 87]. In particular, it was pointed out that it coincides with the Hall-
Littlewood limit of the superconformal index for particular values of the fugacities [88].
The topological string techniques applied in section 4 can be used to further develop
this direction.

Finally, 7-branes played a major role in this paper. At the same time, the topological
vertex formalism provided a powerful computational tool. It is natural to expect that
a topological vertex formalism also should exist in the presence of 7-branes. If we let
5-branes end on 7-branes at finite distance, the partition function might be different from
the setup where all the external 5-branes extend to infinity. Related to this problem, it is
also important to study how to deal with the jumping of the 5-branes described in [5, 89].
Deeper understanding of these questions will make it possible to calculate the topological
string partition functions for more generic theories including 5D E7 and Eg CFTs.
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A Special functions

For the reader’s convenience, we collect here the definitions of the special functions used
in the main text. The most used ones are:

defHH(l V—z+1 Vz j>_17

i=1 j=1

o0 -1
Ron(@:ta) 2 ] (1= QU3 Mgl i) = M (Q\/} t q) Ny (Q\/}t, q) :

i,7=1
M@t = T - Qi—te?) ™, (A1)
i,j=1

| Q1N gin
t def ' '
N)\,LL(Q ) 7jHZl 1 _ Qtl_]_q]

(,7) €A (i,5)Ep

— 51 —



We also occasionally use the Macdonald polynomials P, (x;t,¢q). Our main reference is
appendix B in [90]. We reproduce here the formulas that we need. We can relate the
Macdonald polynomials, at specific values of the vector x, to the Z,, functions as

H» 2 et ~

t2Z,(ta) =P, a2 Z(qt) =P "ta). (A.2)
Furthermore, we will need the following two exchange relations
[N L 2 i 1 P _ 1 -1
PV(tp;qat): <_ a) q 2t 2 ]Dl/(t p;qvt)v PV(X;qat):PV (X’q 7t )7 (AS)
as well as the “extension” identity

P(t7,Q¢;q,0) = P(t a0 [ (1-@t g/, (A4)

(4,5)€v

Lastly, there is a variant of the Cauchy identity for the Macdonald polynomials

> QVIP,(x:9. 0P (yit ) = ] (1+ Quiyy). (A.5)
v i,j=1

B Comparison with the Eg curve of Minahan-Nemeschanski type

In this section, we check that our curve investigated in section 3 is equivalent to the curve
which was known previously [32-34].
On the one hand, our curve (3.15) is rewritten in terms of the quartic polynomial

y? = aw' + bw'® + cw'® + dw' + e (B.1)

by shifting and rescaling the coordinate ¢’ as

6
y =2+ |—20" + (Zm;) w? + Ulw' + (M% +M§)] (B.2)
so that no linear term appears. The coefficients in (B.1) are given by
2
@ = —AU! + ( SU(G)) B 4X§g(6)7 b= 2U{X§U<6) _ 4X§U(2) + 4X§(I)J(6)’
= U1% 4 2y SU(6) SU(2) 4X%J(6), d= 2U{X§U(2) i 4X§U(6)’ (B.3)

6
SuU(6) ~ SuU(6) ~ 1~ SU(6) ~ 1~ ~ 1
X6 _Zmi7 X15 = Z m;ms;, X20 T Z mym;my,
i=1 1<z'<j<6 1<i<j<k<6
SU(6) _ S 1151 =71 SU2) _ 4 s1L 1
Xiz = mymy Z , Xo =Mz+M"2.
1<i<j<6
(B.4)



From the Seiberg-Witten one-form
Asw o logt'dlogw’, (B.5)

we can explicitly show that the holomorphic one-form of this curve is given by

0 dw’
— A — B.6
v ou; W W' (X Yy (B:6)
On the other hand, the 5D Ejg curve has been studied in [32-34], which provides the
5D uplift of the Minahan-Nemeschanski theory [35, 36]. It is given in terms of a cubic

polynomial
y* =Az® + Ba® + Cx + D, (B.7)
where
A=4, = —u? 4 4x 5%, C=(2x7s — 12)u+ (4)(351 4X2£76) ,
D =4’ + 4X 2+ <4X351 4X§76> U+ dxhs — (X%Gy (B.8)
with the holomorphic one-form being
dx
w= Y (B.9)

Since (B.7) is written in terms of the characters of Eg, we need to rewrite them in terms
of the characters of SU(6) and SU(2) to be able to compare with our curve (B.1). The
decompositions of the relevant representations of Eg into SU(6) x SU(2) representations
are the following;:

(6,2) + (15,1),

2925 :(1,3)+(20,2) (20,4) + (35,1) + (35,3) + (70,2) + (70, 2)
+ (175,1) + (189, 3) + (280, 1) + (280, 1) + (540, 2), (B.10)

(6,2) + (15,3) + (21,1) + (84,2) + (105, 1),

(1,3) +(20,2) 4 (35, 1).

Furthermore, by using the relations derived from the decompositions of the product repre-
sentations of the fundamental representation of SU(6) into irreducible representation, we
can rewrite the characters of any irreducible representation in terms of the characters of
the fundamental representations:

21 =6®6 — 15, 3BH=66—1,

70 = 6 ® 15 — 20, 84=6®15—6,

105 = 6 ® 20 — 15, 175 =20®20 — 15® 15 (B.11)
189 =15® 15 — 1 — 35, 20=6®6®15—-15®15 - 6® 6 + 1,

540 =606 ®20 —6® 15 — 6 ® 15.
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The above expressions should only be understood on the level of the characters. We have
also suppressed the corresponding relations for the dual representations. For completeness,
we also give the decompositions for SU(2):

3=202-1, 4=20202-(2)2. (B.12)

Combining these sets of identities, we find that the characters of Fg can be rewritten in
terms of the characters of the fundamental representations of SU(6) and SU(2).

Taking into account that the holomorphic one-forms for both curves are given in the
standard form (see (B.6) and (B.9)), we find it straightforward to compare their modular
function called “j-invariant” in order to show the equivalence of the curves (B.1) and (B.7).
Agreement of the j-invariant indicates that the periods of the curves are identical up to
SL(2,Z) modular transformations, which means that the curves coincide with each other.

For the elliptic curve in the standard Weierstrass form

y* =42° — g2z — g3, (B.13)
the j-invariant is defined as
3
92
J(17) = ———""F—. B.14
(7) R T (B.14)

As for elliptic curves with more generic expressions, the j-invariant is derived by first
going to the standard Weierstrass form by proper coordinate transformation and then
expressing go and gs in terms of the coefficients of the original polynomial. For the quartic
polynomial (B.1), the denominator of the j-invariant is given by its discriminant multiplied
by 16a~%, while for the cubic polynomial (B.7), it is given by its discriminant?” multiplied
by 1644

The numerator is given for the quartic polynomial (B.1) as

4 2
92= 33 (¢® — 3bd + 12ae) (B.17)

while for the cubic case (B.7) as

By explicit calculation, we have checked that the j-invariants for the both curve coin-
cide, under the identification of the Coulomb moduli parameters

Ui = u, (B.19)

although the explicit expression is too long and complicated to write down here.

2"The discriminant is given by
A = —128d%c%e® + 256a°e® — 4b*d® + 16ac’e — dac®d® — 6ab’d’e + 144ab’ce® + 144a°cd’e
+ 18abed® + b*d? — 4b°cPe — 192a”bde® — 80abcde + 18b%cde — 27b*e® — 27a°d* (B.15)
for the quadratic polynomial (B.1) and given by
A = —27TA’D? + 18ABCD + B>C® — 4B*D — 4AC® (B.16)

for the cubic polynomial (B.7).
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C Eg characters and parametrization

The purpose of this appendix is two-fold. First, we would like to connect the parametriza-
tion of section 4.4 to the one appearing in section 3. Second, we will provide some addi-
tional details concerning the embedding of the group SU(3)? in Fg and the information
this provides us for formula (4.65).

Let us begin by relating the parametrizations. In order to do so, we need to connect
the Kéhler moduli Qp,Qr,Q1,...,Qs5 to the distances appearing in the toric diagram
using (4.9). For this purpose, we draw the T3 diagram again and parametrize the positions
(in the unit of 2wa’) of the relevant branes as depicted in figure 26. In order for the toric
geometry to have the proper angles, we need to have the following constraints

m2 — 13 =81 — 82, mp —7Ty=mn1— 51, Ty — T2 ="n2— S53. (C.1)
Furthermore, from the intersection points of the exterior diagonal lines, we read
ms = Sg + I3, r3 = s3 + lo, ro =ng + . (C.2)

We would now like to solve for the r; and s; in terms of the exterior parameters m;, n; and
l;, for which (3.4) gives us

3 3 3
i=1 i=1 i=1

The system of equations (C.1) and (C.2) has rank 5, so that we need to use an additional
equation to determine the size of the inner cycle. We dispose of a certain amount of
freedom in parametrizing the size, but in order to get parameters with good behavior with
respect to the o and 7 transformations of (3.18), it turns out to be useful to introduce the
parameter a by the relation

rn—1r3=2a—n1 +I3. (04)

Then, by equation (4.9), we find
O = cB—m) _ R2N-1Ly  Qp et — RIS ()
and similarly
Q1= AMsLs, Q2 = AMyLs, Q3 = AM{'N[', Qi = ANo Ly, Qs = ANsL'. (C.6)

Furthermore, we find the obvious relations Qg = QBQQ_I, Q7 = QFQZI, Qs = QBQZI,
Qg = QFQQ_I. In the previous equations, we have set A =ePa,

The 78-dimensional adjoint representation of Fjg is decomposed into the representation
of its subgroup SU(3); x SU(3)2 x SU(3)3 as

78 = (3,3,3) + (3,3,3) 4+ (8,1,1) + (1,8,1) + (1,1,8). (C.7)

We note that in the above decomposition, the SU(3); appears differently from the other
two. The problem is to find out, which parameters among M, N or L correspond to
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ni %) ns

Figure 26. This figure illustrates the parametrization of the Kéhler moduli as functions of the
toric geometry. The equations y = = + [; come from the conditions W = —L;T.

SU(3);. This can be seen from the discrete symmetry (3.18), from which we read that in
order for the Fg character to be invariant, we must relate SU(3); to the M;. Therefore,
the characters of the fundamental representation of the different SU(3) are written as

3 3 3
= ZMza X?U(sb = ZNM X3 Z (08)
=1 =1 i=1

The characters of the dual representations 3 are obtained by sending the parameters M, N

and L to their inverses and the characters of the adjoints are of course given by XSU( ) =

XSU( )XgU( ) _ 1. In the index formula (4.65), the 2430-dimensional representation of Fg
labeled by the Dynkin index [0, 0,0, 0, 0, 2] (the adjoint is labeled by [0, 0,0, 0, 0, 1]) appears.

It decomposes as follows:

2430 = (1,1,1) + (3,3,3) + (3,3,3) + (8,1,1) + (1,8,1) + (1,1,8)+
+(8,8,1) +(8,1,8) +(1,8,8) + (8,8,8) + (27,1,1) + (1,27,1) + (1,1,27)
+(6,3,3) +(3,3,6) + (3,6,3) + (3,6,3) + (3,3,6) + (6,3,3) + (6,6,6) + (6,6,6)
+(15,3,3) + (3,15,3) + (3,3,15) + (15,3, 3) + (3,15, 3) + (3, 3,15). (C.9)
By using the following formulas
6=3®3-3, 15=6®3-3, 27T=606—-8—1, (C.10)

where we suppressed the symbol “xSU®)i” (i = 1,2,3) to denote the character, we can
express the character of the 2430- d1mens1onal representation of Eg entirely in terms of the
parameters M, N and L. Plugging the parametrizations (C.5) and (C.6) into the expres-
sion for the normalized topological partition function (4.64) and computing numerically
the index using generic values for the parameters, we have been able to check our final
expression (4.65) for the Eg index.
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Figure 27. Parametrization for T)y. We denote the Ké&hler moduli parameters corresponding to

the horizontal lines as Qg% to the vertical lines as Ql(j?), and to tilted lines as foﬂ . We denote the
breathing modes as ;lgj ). The index j labels the strips in which the diagram can be decomposed.

D Parametrization for Ty

The purpose of this appendix is to relate the Kéhler parameters Q,,, @, and @ for the
general junction Ty of section 3.5 with the parametrization of the SW curves of section 4.5.
The situation is depicted in figure 27. The K&hler moduli parameters of the 2-cycles are
denoted as Qn s Ql P Qn;m (i,j > 1,147 < N) and the breathing modes corresponding to

the 4-cycles are denoted as A(j ) (i,j > 1,i+7 < N—1). We interpret the breathing modes
as Coulomb moduli parameters. For later convenience, we also introduce parameters A(()] ),
flg ) and A( —) corresponding to the non-compact 4-cycles, which should be determined
once we fix the parameters of the SW curve M, N,,, and L,,.

In figure 27, we see that each two cycle is shared by two 4-cycles and attached to
two more 4-cycles. We propose that the Kahler moduli parameters for the 2-cycles are
determined only in terms of the breathing modes of these four neighboring 4-cycles as

(4 57G) () 7(—1 =1 70)
6 _ _AVAL () _ ADATY Q) = A Ay (D.1)
nii 453_1)141(3__1{1) i AEJ)1A§+1 )’ m;i AZ(J)AZ(]_—ll)
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i—1 Ai—l Azj—l

(a) (b) (¢)

Figure 28. The pictures (a), (b) and (c) illustrate the relation between the Coulomb moduli and
the Kédhler parameters for the horizontal, vertical and diagonal edges respectively.

Here, we see as in figure 28 that the breathing modes of the two 4-cycle which share the

considered two cycle appear in the numerator while for other come in the denominator.
We further assume that the relations (D.1) are valid also for m = 0, for n = 0 and for
n+m = N. Furthermore, we explicitly check that for each “hexagon” in the diagram, the
following expected identities are satisfied:

NG _ Hli+D) HE+1) NG+ _ HG) ()
Qi Qiit1 = Qs Qi 5 Qi@ = Qi1 Qi (D.2)
At the border of the diagram, we can relate the Kéhler to the positions of the branes as

L;

M; @ A _ Ny (N—i) (N i)
QuiQl = = Q@i = Qe = (D-3)
L M 1enil AG+{ ’ b Litq

In order to fully determine the relations between the SW curve and the Kéhler parameters,
we assume that the breathing modes of the non-compact cycles are given by

AO T, AP =[N, AN =T] L (D.4)
k=1 k=1 k=1

Now, we can see that the Ty generalization of the discrete symmetry o in equation (3.18)
acts on the Coulomb moduli on the border of the diagram as

A0 G A0, AN G 40 (05)
If we further assume that it acts on the Coulomb moduli parameters in the interior as
A7) (@)
A7 o A7, (D.6)
we find by (D.1) that it action on the Kéhler moduli parameters is

QU Q). QY+l (D.7)

Similarly, the generalization of the discrete symmetry 7 of equation (3.18) acts as follows
on the moduli on the border of the diagram

AO o AN J9) ¢ 09, (D.8)

7
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Again, assuming that it acts on the Coulomb moduli parameters of the interior as

AD o AN, (D.9)

i
we find that its action on the Kéhler moduli parameters is

QU e QU QU e QYT (D-10)

N2

The transformations (D.7) and (D.10) are natural from the point of view of the toric
diagram. They further imply that the original assumption of (D.4) was natural as well.
We can now express the Kahler parameters only as functions of the independent elements
of the toric diagram. We obtain the explicit formulas

o = a0 (v1)” (%)

1) L ()

1
Q;}vq = ANy_oMNLN-1,
. - ~( —1 - —1 .
Qi = A7 (A? 1)) (Nm) , 2<j<N-2) (D.11)
~ - » 1.0 -1
Q,(f;? = ANAY) (Ag)l) 11 (Mk> : (2<i<N-2)
k=1
S
Qgﬂ) _ Al(f;z) (AZ(Nfzfl)) L (2<i<N-2)

for the Kéhler parameters of the horizontal lines,
~ ~\N—1 /. \—1
Qi =AY (i) (M)
N-1 F(N=2) & (7 \ 7!
l(;l ) = A(l )NN < ) ’

1(;113771 = (Ag\lf)—2> B

[\

QY = AP Ay ( Ngjfl))fl f[ <Nk>71 , (2<j<N-2) (D.12)
=1
W= A0 (A1) (38) 2<m<N-2)
Qi = APNTTY (AT ”)71 (im)fl , 2<i<N -2
QY = AP AU ( ]Ql)_l (Aggn)‘l (6,j>2 m+n<N-1)
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for the parameters of the vertical lines and

QM = (Agl))_l M; Ny,

m;1

QU = A (1) Wy,
QS}Z?N_l = Ag\})_gMNflf/N7

QU = A9V (A9) 7 N, (2<j<N-2) (D13)

QW = A0, (AM) " i, @<m<N-2)
QU = ANTIAN (AT (1) esmen

k=1
QY = AFVAD, (A) " (a0 0) (=2 min<N—1)

for the parameters of the diagonal lines. This reproduce the parametrization for N = 3.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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