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ABSTRACT: We study half-BPS surface operators in supersymmetric gauge theories in four
and five dimensions following two different approaches. In the first approach we analyze
the chiral ring equations for certain quiver theories in two and three dimensions, coupled
respectively to four- and five-dimensional gauge theories. The chiral ring equations, which
arise from extremizing a twisted chiral superpotential, are solved as power series in the
infrared scales of the quiver theories. In the second approach we use equivariant localization
and obtain the twisted chiral superpotential as a function of the Coulomb moduli of the
four- and five-dimensional gauge theories, and find a perfect match with the results obtained
from the chiral ring equations. In the five-dimensional case this match is achieved after
solving a number of subtleties in the localization formulas which amounts to choosing
a particular residue prescription in the integrals that yield the Nekrasov-like partition
functions for ramified instantons. We also comment on the necessity of including Chern-
Simons terms in order to match the superpotentials obtained from dual quiver descriptions
of a given surface operator.
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1 Introduction

In this paper we study the low-energy effective action that governs the dynamics of half-BPS
surface operators in theories with eight supercharges. We focus on pure SU(N) theories in
four dimensions and in five dimensions compactified on a circle, and explore their Coulomb
branch where the adjoint scalars acquire a vacuum expectation value (vev).

In four dimensions, a surface defect supports on its world-volume a two-dimensional
gauge theory that is coupled to the “bulk” four-dimensional theory, see [1] for a review.
This combined 2d/4d system is described by two holomorphic functions: the prepotential
F' and the twisted superpotential W. The prepotential governs the dynamics of the bulk
theory and depends on the Coulomb vev’s and the infra-red (IR) scale of the gauge theory
in four dimensions. The twisted superpotential controls the two-dimensional dynamics on
the surface operator, and is a function of the continuous parameters labeling the defect, the
two-dimensional IR scales, and also of the Coulomb vev’s and the strong-coupling scale of
the bulk gauge theory. The twisted superpotential thus describes the coupled 2d/4d system.
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Figure 1. The quiver which describes the generic surface operator in pure SU(N) gauge theory.

Surface operators in theories with eight supercharges can be studied from diverse points
of view. One approach is to treat them as monodromy defects (also known as Gukov-Witten
defects) in four dimensions along the lines discussed in [2, 3] and compute the corresponding
twisted superpotential W using equivariant localization as shown for example in [4-7]. A
second approach is to focus on the two-dimensional world-volume theory on the surface
operator [8]. In the superconformal theories of class S, a microscopic description of a generic
co-dimension 4 surface operator in terms of (2,2) supersymmetric quiver gauge theories
in two dimensions was realized in [9]. Here we focus on a generic co-dimension 2 surface
operator in pure N' = 2 SU(NV) gauge theory [10], which has a microscopic description as
a quiver gauge theory of the type shown in figure 1.

Here the round nodes, labeled by an index I, correspond to U(k;) gauge theories
in two dimensions whose field strength is described by a twisted chiral field ©(). The
rightmost node represents the four-dimensional N' = 2 gauge theory whose SU(N) gauge
group acts as a flavor group for the last two-dimensional node. The arrows correspond
to (bi-)fundamental matter multiplets that are generically massive. Integrating out these
fields leads to an effective action for the twisted chiral fields which, because of the two-
dimensional (2,2)-supersymmetry, is encoded in a twisted chiral superpotential W. The
contribution to W coming from the massive fields attached to the last node depends on
the four-dimensional dynamics of the SU(V) theory and in particular on its resolvent [10].
In this approach a key role is played by the twisted chiral ring equations that follow from
extremizing the twisted superpotential with respect to (). The main idea is that by
evaluating W on the solutions to the twisted chiral ring equations one should reproduce
precisely the superpotential calculated using localization.

In this work, we extend this analysis in a few directions. We show that there exists
a precise correspondence between the choice of massive vacua in two dimensions and the
Gukov-Witten defects of the SU(V) gauge theory labeled by the partition [n1,...nys| with
ni+---+ny = N. We also describe the relation between the (M —1) dynamically generated
scales A associated to the Fayet-Iliopoulos (FI) parameters for the two-dimensional nodes
and the (M — 1) dimensionful parameters that naturally occur in the ramified instanton
counting problem. Both the chiral ring equations and the localization methods can be
extended to five-dimensional theories compactified on a circle of circumference 3, i.e. to
theories defined on R* x Sé. In this case, surface operators correspond to codimension-2
defects wrapping Sé and supporting a three-dimensional gauge theory coupled to the bulk
five-dimensional theory. In the 3d/5d case, one again has a quiver theory, and as before its
infrared dynamics is encoded in a twisted chiral superpotential. However, the form of the
superpotential is modified to take into account the presence of a compactified direction.



The twisted chiral rings for purely three-dimensional quiver theories have been studied in
great detail in [11]. Here we extend this analysis and propose that the coupling between
the last three-dimensional gauge node and the compactified five-dimensional theory is once
again determined via the resolvent of the latter. With this assumption, the analysis of the
modified twisted chiral ring equations as well as the choice of vacuum follow exactly the
same pattern as in the 2d/4d case. An important and non-trivial check of this proposal
is provided by the perfect agreement between the twisted superpotential obtained from
solving the chiral ring equations and the one obtained from localization in five dimensions,
which we perform in several examples.

In the 2d/4d case, the quiver theory on the defect can be mapped to other quiver
theories by chains of Seiberg-like dualities, which lead to different quiver realizations of
the same Gukov-Witten defect [7, 12, 13]. We show that, with an appropriate ansatz, the
solutions of the twisted chiral ring equations for such dual theories lead to the same twisted
superpotential. We obtain strong indications that each such superpotential matches the
result of a localization computation carried out with a different residue prescription. If we
promote the quiver theories to the compactified 3d/5d set-up, the superpotentials still agree
at the classical level but, in general, they differ when quantum corrections are taken into
account. The 3d/5d quiver gauge theories can be extended to include Chern-Simons (CS)
terms in their effective action. Quite remarkably, we find in a simple but significant example
that the equivalence between the dual quiver realizations of the same defect is restored at
the quantum level if suitably chosen CS terms are added to the superpotentials.

The paper proceeds as follows. In section 2, we study the coupled 2d/4d system and
solve the twisted chiral ring equations as power series in the IR scales of the theory. In
section 3, we lift the discussion to coupled 3d/5d systems compactified on a circle. In
section 4, we analyze the ramified instanton counting in four and five dimensions and
show that the effective twisted chiral superpotential calculated using localization methods
exactly matches the one obtained from the solution of the chiral ring equations in the earlier
sections. In section 5, we discuss the relation between different quiver realizations of the
same surface defect, and show that the equivalence between two dual realizations, which
is manifest in the 2d/4d case, is in general no longer true in the 3d/5d case. We also show
in a specific example that the duality is restored by adding suitable Chern-Simons terms.
Finally, in section 6 we present our conclusions and discuss some possible extensions of our
results. Some technical details are collected in the appendices.

2 Twisted superpotential for coupled 2d/4d theories

In this section our focus is the calculation of the low-energy effective action for surface
operators in pure N' = 2 SU(N) supersymmetric gauge theories in four dimensions. As
mentioned in the Introduction, surface operators can be efficiently described by means
of a coupled 2d/4d system in which the two-dimensional part is a (2,2)-supersymmetric
quiver gauge theory with (bi-)fundamental matter, as shown in figure 1. Such coupled
2d/4d systems have an alternative description as Gukov-Witten monodromy defects [2, 3].
The discrete data that label these defects correspond to the partitions of N, and can be



summarized in the notation SU(N)[nq,...,ny| where ny +---4+np = N. The M integers
ny are related to the breaking pattern (or Levi decomposition) of the four-dimensional
gauge group on the defect, namely

SU(N) — S[U(nl) X ... X U(TLM)] . (2.1)

They also determine the ranks k; of the two-dimensional gauge groups of the quiver in
figure 1 according to
kr=ni+---+ny. (2.2)

The (bi-)fundamental fields connecting two nodes turn out to be massive. Integrating
them out leads to the low-energy effective action for the gauge multiplet. In the I-th node
the gauge multiplet is described by a twisted chiral field £() and the low-energy effective
action is encoded in a twisted chiral superpotential W (X()). The vacuum structure can
be determined by the twisted chiral ring equations, which take the form [14-16]

ow
exp ((1)) =1 (2.3)
0%s
where ZgI) are the diagonal components, with s = 1,...,k [17]. This exponentiated form

of the equations is a consequence of the electric fluxes which can be added to minimize the
potential energy and which lead to linear (in »U )) terms in the effective superpotential.

We extend this analysis in the following manner: first of all, we show that in the
classical limit there is a very specific choice of solutions to the twisted chiral ring equations
that allows us to make contact with the twisted chiral superpotential calculated using
localization. We establish the correspondence between the continuous parameters labeling
the monodromy defect and the dynamically generated scales of the two-dimensional quiver
theory. We then show that quantum corrections in the quiver gauge theory are mapped
directly to corrections in the twisted superpotential due to ramified instantons of the four-
dimensional theory.

2.1 SU(2)

As an illustrative example, we consider the simple surface operator in the pure SU(2)
theory which is represented by the partition [1,1]. From the two-dimensional perspective,
the effective dynamics is described by a non-linear sigma model with target-space CP!,
coupled to the four-dimensional SU(2) gauge theory in a particular way that we now
describe. We use the gauged linear sigma model (GLSM) description of this theory [17, 18]
in order to study its vacuum structure. We essentially follow the discussion in [10] although,
as we shall see in detail, there are some differences in our analysis. The GLSM is a U(1)
gauge theory with two chiral multiplets in the fundamental representation, that can be
associated to the quiver drawn in figure 2.

Let us first analyze the simple case in which the quantum effects of the SU(2) theory
are neglected. We consider a generic point in the Coulomb branch parameterized by the
vev’s a1 = —az = a of the adjoint SU(2) scalar field ® in the vector multiplet. These
have the interpretation of twisted masses for the chiral multiplet of the two-dimensional



Figure 2. The quiver representation of the SU(2)[1,1] surface operator.

U(1) gauge theory. The theory obtained by integrating out this massive multiplet has

been studied in some detail in a number of works and here we merely present the resulting

effective action which takes the simple form:!

W= 27Ti7'(u)0—22:(0—ai)<loga;ai - 1)

i1 (2.4)

= 2miT(p)o — Tr [(U—@)(loga;q) - 1)] .

Here 1 is the ultra-violet (UV) cut-off which we eventually take to infinity, and 7(u) is the
bare FI parameter at the scale u. We can rewrite this superpotential using another scale
p' and get

W= <27m(u) —210g/;/>a—Tr [(o—@)(logU;/@ - 1)] . (2.5)

From the coefficient of the linear term in o, we identify the running of the FI coupling:?

/

omiT(y) = 2miT(p) — 2log - . (2.6)
1

In particular, we can choose to use the complexified IR scale A; at which 7(A;) = 0, so that

W = —Tr [(a—q>)<1og"A_®—1>] . (2.7)

1

In this way we trade the UV coupling 7(u) for the dynamically generated scale A;.
Let us now turn on the dynamics of the four-dimensional SU(2) gauge theory. As
pointed out in [10], this corresponds to considering the following superpotential:

W= — <ﬂ [(a - <I>)<log "A_lq’ - 1>]> . (2.8)

The angular brackets signify taking the quantum corrected vev of the chiral observable

in the four-dimensional SU(2) theory. The twisted chiral ring equation is obtained by

exp (%T) =1, (2.9)

'For notational simplicity we denote the superfield ¥ by its lowest scalar component o.
2Recall that 7 is actually the complexification of the FI parameter r with the -angle: 2wir = if — r.

extremizing W and is given by

The sign of the coefficient of the logarithmic running (2.5) is such that r(u') grows with the scale p'. The
same is true in the other cases we consider.



which, using the superpotential (2.8), is equivalent to

-
exp <Tr log UAl > =1. (2.10)

As explained in [10], the left-hand side of (2.10) is simply the integral of the resolvent of
the pure N' =2 SU(2) theory in four dimensions which takes the form [19]:

_ 2 _ 4
<T]r log 0A1<I>> e (Pz(a) + 21122(0) A ) | 211)
1

Here A is the four-dimensional strong coupling scale of the SU(2) theory and
Py(o)=0%—u (2.12)

is the characteristic polynomial appearing in the Seiberg-Witten solution where
1

= (TrdY) =a’+ — + —— +... 2.13

U 2< T > a” + a + a + ( )

Using (2.11) and performing some simple manipulations, we find that the twisted chiral
ring relation (2.10) becomes

A4
Py(o) =AT+ — (2.14)
At
from which we obtain the two solutions
+ A4
oy (u,Aq) =+ u—i—A%—f—A—%. (2.15)

Notice the explicit presence of two different scales, A1 and A, which are related respec-
tively to the two-dimensional and the four-dimensional dynamics. Clearly, the purely
two-dimensional result can be recovered by taking the A — 0 limit. We can now substitute
either one of the solutions of the chiral ring equation into the twisted chiral superpotential
and obtain a function WF. The proposal in [10] is that this should reproduce the twisted
superpotential calculated using localization methods. We shall explicitly verify this in
section 4, but here we would like to point out an important simplification that occurs in
this calculation.

Let us consider the twisted effective superpotential evaluated on the o solution of the
chiral ring relations, namely

Wj(u,Al) = W(O':F(U,Al),l\l) . (216)

While W itself is complicated, its logarithmic derivative with respect to A; takes a re-
markably simple form. In fact W seems to depend on A; both explicitly and through the
solution o, but on shell 9W/ 80‘U+ = 0 and so we simply have

aw;r ow

A =AN— =207. 2.1
1dA1 18/\1 U:_ O ( 7)

where in the last step we used (2.8) and took into account the tracelessness of ®.



Using the explicit form of the solution given in (2.15), and inserting in it the weak-
coupling expansion (2.13) of u, we thus obtain

1, dw,f 1 A? 1 A3
SA 2 :a+<A§+>—a<A‘1‘+>

27 dAy 2a A?)  8a3 Al
) ! AS AL ! (2.18)
+<A§+A%A4++) SR
16ab A2 A9

As we shall show later in section 4, this result precisely matches the derivative of the twisted
effective superpotential calculated using localization for the simple surface operator in the
SU(2) gauge theory, provided we suitably relate the dynamically generated scale A; of the
two-dimensional theory to the ramified instanton counting parameter in presence of the
monodromy defect.

2.2 Twisted chiral ring in quiver gauge theories

We will now show that the procedure described above generalizes in a rather simple way
to any surface operator in the SU(NN) gauge theory labeled by a partition of N. In this
case, however, it will not be possible to solve exactly the twisted chiral ring equations as
we did in the SU(2) theory. We will have to develop a systematic perturbative approach
in order to obtain a semi-classical expansion for the twisted chiral superpotential around a
particular classical vacuum. Proceeding in this way we again find that the derivatives of the
twisted superpotential with respect to the various scales have simple expressions in terms
of combinations of the twisted chiral field o evaluated in the appropriately chosen vacuum.

Following [10], we consider a quiver gauge theory of the form
U(k1) x U(ka) x ... x U(kpr—1) (2.19)

with (bi)-fundamental matter between successive nodes, coupled to a pure N' = 2 theory
in four dimensions with gauge group SU(NV) acting as a flavor symmetry for the rightmost
factor in (2.19). All this is represented in figure 1. We choose an ordering such that

k1 <ky<ks...<kpy-1 <N, (2.20)

where the k;’s are related to the entries of the partition of N labeling the surface operator
as indicated in (2.2). Our first goal is to obtain the twisted chiral ring of this 2d/4d system.
Only the diagonal components of o are relevant for this purpose [17], and thus for the I-th
gauge group we take

o) = diag(agn, aél), .. ,U]g)) . (2.21)

The (bi)-fundamental matter fields are massive and their (twisted) mass is proportional
to the difference in the expectation values of the ¢’s in the two nodes connected by the
matter multiplet. In order to minimize the potential energy, the twisted chiral field oD

gets a vev and this in turn leads to a non-vanishing mass for the (bi)-fundamental matter.



Integrating out these massive fields, we obtain the following effective superpotential

W = 27i Z ZT](M) Ugl) - w(agl) — 05”1))
le_zll s=1 I=1 s=1 t=1 (222)
S <Tm(agM D _ q>)>
s=1

where, for compactness, we have introduced the function

w(z) = <logz - 1) (2.23)

with p being the UV cut-off scale. Similarly to the SU(2) example previously considered,
also here we can trade the UV parameters 77(u) for the dynamically generated scales A for
each of the gauge groups in the quiver. To this aim, we unpackage of the terms containing
the w-function and rewrite them as follows:

. D _ U+ . oD _ U+
w(agl) — Jt( * )) zagl)(logH — 1> —Ug * )<logst — 1)
Ar Arpa (2_24)
A A
+ 0D log =L at(IH) log —+L
1
forI=1,...,M — 2, and
M- _ g
Trw(agM_l) - ) =Tr (eM=1) — <I>)<log 2 1 - 1>
M1 (2.25)

Considering the linear terms in the /) fields we see that the FI couplings change with the
scale and we can define the dynamically generated scales A to be such that

(1) = () — S g 24— 0 (2.26)
for I =1,...,M — 1.3 Equivalently, we can write
Abr = 2T br (2.27)
where
br = kry1 — kr—1 (2.28)

denotes the coefficient of the S-function for the running of the FI parameter of the
I-th node.

3We assume that ko = 0 and ks = N.



Using these expressions, the twisted superpotential (2.22) can thus be rewritten as

M-2 ki ki (I) (I+1)
YT Y (10 sf’t_l)
g

Ar
I=1

s=1 t=1
M—1 ky ki1 (-1 _ (D
+ Z ol <logAI - 1> (2.29)
I1=2 s=1 r=1

kar—1 (M-1)
— Tr | (cM~D) — @) (log o =% 1) .
~ Apr—a

The I-th term (1 < I < M —2) in the first line and the (I +1)-th term in the second line of
this expression are obtained by integrating out the bifundamental fields between the nodes

I and (I + 1), while the last line is the result of integrating out the fundamental fields
attached to the last gauge node of the quiver. The angular brackets account for the four-
dimensional dynamics of the SU(N) theory. One can easily verify that for N = M = 2,
the expression in (2.29) reduces to (2.8).

The twisted chiral ring. The twisted chiral ring relations are given by
ow
exp <> =1. (2.30)
oo

In order to write the resulting equations in a compact form, we define a characteristic
gauge polynomial for each of the SU(k;) node of the quiver

kr
Qi(z) =[[(z—0o). (2.31)
s=1
For I = 1,...,M — 2, the equations are independent of the four-dimensional theory,
and read
Qrii(2) = (DM 1 AY Q1 () (2.32)

with z = ag) for each s, and with the understanding that Qo = 1 and kg = 0. Note
that the power of Aj, which is determined by the running of the FI coupling, makes the
equation consistent from a dimensional point of view. For I = M — 1, the presence of the
four-dimensional SU(V) gauge theory affects the last two-dimensional node of the quiver,
and the corresponding chiral ring equation is

exp <Tr log fn;qi> = (—1)kr2 APV O o (2) (2.33)

(M

with z = o Y for each s. We now use the fact that the resolvent of the four-dimensional
SU(N) theory, which captures all information about the chiral correlators, is given by [19]

LN P
T(z) = <T — (I)> - T (2.34)




where Py (z) is the characteristic polynomial of degree N encoding the Coulomb vev’s of the
SU(N) theory and A is its dynamically generated scale. Since we are primarily interested
in the semi-classical solution of the chiral ring equations, we exploit the fact that Py(z)
can be written as a perturbation of the classical gauge polynomial in the following way:

Py(z) = H(z —€;) (2.35)

where e; are the quantum vev’s of the pure SU(NV) theory given by [20, 21]

d 1
ei = a; — A2V o <H a2> +O(AYY) . (2.36)
C N\

Integrating the resolvent (2.34) with respect to z and exponentiating the resulting expres-
sion, one finds

> B Pn(z) + \/PN(z)2 — 4A2N

-
exp <Tr log iM ) (2.37)

Using this, we can rewrite the twisted chiral ring relation (2.33) associated to the last node
of the quiver in the following form:

Py (2) + /P (2)2 — 402N =2 (~1)%-2 A1 Qura(2), (2.38)

(

where z = astl). With further simple manipulations, we obtain

brr A2N
Py(2) = (=12 AT Qura(2) + (2.39)
" (—1)m-2 A Qura(2)
for z = angl). In the limit A — 0 which corresponds to turning off the four-dimensional

dynamics, we obtain the expected twisted chiral ring relation of the last two-dimensional
node of the quiver. Equations (2.32) and (2.39) are the relevant chiral relations which we
are going to solve order by order in the Aj’s to obtain the weak-coupling expansion of the
twisted chiral superpotential.

Solving the chiral ring equations. Our goal is to provide a systematic procedure
to solve the twisted chiral ring equations we have just derived and to find the effective
twisted superpotential of the 2d/4d theory. As illustrated in the case of the SU(2) theory
in section 2.1, we shall do so by evaluating W on the solutions of the twisted chiral ring
equations. Each choice of vacuum therefore corresponds to a different surface operator.
In order to clarify this last point, we first solve the classical chiral ring equations, which
are obtained by setting A; and A to zero keeping their ratio fixed, i.e. by considering the
theory at a scale much bigger than A; and A. Thus, in this limit the right-hand sides

~10 -



of (2.32) and (2.39) vanish. A possible choice? that accomplishes this is:

agl):as fors=1,...,k,
U,§2):at fort=1,...,ko,
(2.40)
J&M_l):aw forw=1,...,kpy_1.

This is equivalent to assuming that the classical expectation value of o for the I-th node is
o) = diag(al, as,. .., @kl) . (2.41)

We will see that this choice is the one appropriate to describe a surface defect that breaks
the gauge group SU(N) according to the Levi decomposition (2.1).

Let us now turn to the quantum chiral ring equations. Here we make an ansatz for
o) as a power series in the various A;’s around the chosen classical vacuum. From the
explicit expressions (2.32) and (2.39) of the chiral ring equations, it is easy to realize that
there is a natural set of parameters in terms of which these power series can be written;
they are given by

qr = (—1)kr-1 Al (2.42)
for I =1,...,M — 1. If the four-dimensional theory were not dynamical, these (M — 1)
parameters would be sufficient; however, from the chiral ring equations (2.39) of the last
two-dimensional node of the quiver, we see that another parameter is needed. It is related
to the four-dimensional scale A and hence to the four-dimensional instanton action. It
turns out that this remaining expansion parameter is

q =(—1)NA2N<Aﬁ1 >_1
M al (2.43)
I=1

Our proposal is to solve the chiral ring equations (2.32) and (2.39) as a simultaneous power
series in all the g;’s, including q;;, which ultimately will be identified with the Nekrasov-like
counting parameters in the ramified instanton computations described in section 4.

We will explicitly illustrate these ideas in some examples in the next section, but first
we would like to show in full generality that the logarithmic derivatives with respect to Aj
are directly related to the solution o of the twisted chiral ring equations (2.32) and (2.39).
The argument is a straightforward generalization of what we have already seen in the SU(2)
case, see (2.16) and (2.17). On shell, i.e. when 8W/8U}U* = 0, the twisted superpotential
W, = W(o,) depends on A; only explicitly. Using the expression of W given in (2.29),

we find

dW, oW (I)
A — 2.44
dNI_ Iaalo‘* b[tI'O'* ’ ( )

where in the last step we used the tracelessness of ®. This relation can be written in terms

Ag

of the parameters g; defined in (2.42), as follows

dW (1)
— =1 . 2.45
qr dq; IOy ( )

4All other solutions are related to this one by permuting the a’s.

- 11 -



Figure 3. The quiver corresponding to the surface operator SU(3)[1,2].

If we express the solution o, of the chiral ring equations as the classical solution (2.40)
plus quantum corrections, we find

dW,
qld =a1+...a + corrms = ai+...+ ay, + corr.ns,
@ (2.46)
q2 d g ai+...ag, + corrms = ai+...+ ap;1n, + corr.ns
a2
and so on. This corresponds to a partition of the classical vev’s of the SU(N) theory
given by
ai, = Anqy Qpi41, *°° AQpi4ngs * aN—nN[—‘rla CZN} ) (247)
ni n2 nym

which is interpreted as a breaking of the gauge group SU(N) according to the Levi de-
composition (2.1). In fact, by comparing with the results of [6] (see for instance, equation
(4.1) of this reference), we see that the expressions (2.46) coincide with the derivatives of
the classical superpotential describing the surface operator of the SU(N) theory, labeled
by the partition [ny,ne,...,na|, provided we relate the parameters g to the variables ¢ ;
that label the monodromy defect according to

M
o2mity; ~ Y logq  for J=1,...,M . (2.48)
=1

We now illustrate these general ideas in a few examples.

2.3 SU(3)

We consider the surface operators in the SU(3) theory. There are two distinct partitions,
namely [1,2] and [1, 1, 1], which we now discuss in detail.

SU(3)[1,2]. In this case the two-dimensional theory is a U(1) gauge theory with three
flavors, represented by the quiver in figure 3.

Since M = 2, we have just one ¢ and one chiral ring equation, which is given by

(see (2.39))
A6

1

(2.49)

where the gauge polynomial is defined in (2.35). We solve this equation order by order in
A1 and A, using the ansatz

Ox = aj + Z Cty to qfl qﬁQ (2.50)
41,62
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Figure 4. The quiver diagram representing the surface operator SU(3)[1,1,1].

where the expansion parameters are defined in (2.42) and (2.43), which in this case explic-
itly read
3 A®
a=A,  @=-43. (2.51)
1
Inserting (2.50) into (2.49), we can recursively determine the coefficients ¢/, and, at the
first orders, find the following result

1 AS 1 1 A2
<A?+3>_<3 5t 3)(1\?"'6)"""' (2.52)
a2 a13 A7 aip A73 Q720473 A7

where a;; = a; — aj. According to (2.45), this solution coincides with the ¢i-logarithmic

Ox = a1 +

derivative of the twisted superpotential. We will verify this statement by comparing (2.52)
against the result obtained via localization methods.

SU(3)[1,1,1]. In this case the two-dimensional theory is represented by the quiver of
figure 4.

Since M = 3, there are now two sets of twisted chiral ring equations. For the first
node, from (2.32) we find

2
[ (e —o) =A%, (2.53)

A6
A2 (o) — o))

Py(0®) = —A2 (6@ — o) —

s (2.54)
for s = 1,2. From the classical solution to these equations (see (2.41)), we realize that this
configuration corresponds to a surface operator specified by the partition of the Coulomb
vev’s {{a1},{a2},{as}}, which is indeed associated to the partition [1,1,1] we are consid-
ering. Thus, the ansatz for solving the quantum equations (2.53) and (2.54) takes the
following form:

1 0 o [/
0'£ ) =a; + Z d€17£2,£3 Q11 QQ2 Q33 )

£1,62,03
2 _ 0 by 4
o,1=0a1+ Z fotas @' 43”45 (2.55)
£1,62,03
2 by la £
U£,2) =az+ Z geras @1 427 43" 5
41,62,03
with
2 A3 A° (2.56)
q=A, q=-A;, 43 = 75,3 - .
A1A2
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Solving the coupled equations (2.53) and (2.54) order by order in g7, we find the following
result:

1A2+1A6 1 ., 1 A2

)
O ' = a1+ —— A+ —— 55 — —~ A — - g
ai2 a1z ATA3 a?z a‘i’3 ATAS

_ <A2A2 AG) + (2.57)
ajpaizagg \ 2 A2 o '
1 1 AS 1 1 AP
T (2 _ A2 T ANA
P T G MR a7 ad, AAS
S <A2A2 + AG) - (2.58)
ajpajzass \\ T 2 A2 o '

According to (2.45) these expressions should be identified, respectively, with the ¢;- and
go-logarithmic derivatives of the twisted superpotential. We will verify this relation in
section 4 using localization.

We have analyzed in detail the SU(3) theory in order to exhibit how explicit and
systematic our methods are. We have thoroughly explored all surface defects in the SU(4)
and SU(5) theories and also considered a few other examples with higher rank gauge
groups. In all these cases our method of solving the twisted chiral ring equations proved
to be very efficient and quickly led to very explicit results. One important feature of
our approach is the choice of classical extrema of the twisted superpotential which will
allow us to make direct contact with the localization calculations of the superpotential for
Gukov-Witten defects in four-dimensional gauge theories. A further essential ingredient
is the use of the quantum corrected resolvent in four dimensions, which plays a crucial
role in obtaining the higher-order solutions of the twisted chiral ring equations of the two-
dimensional quiver theory.

3 Twisted superpotential for coupled 3d/5d theories

Let us now consider the situation in which the 2d/4d theories described in the previous
section are replaced by 3d/5d ones compactified on a circle Sé of length 8. The content
of these theories is still described by quivers of the same form as in figure 1. We begin by
considering the three-dimensional part.

3.1 Twisted chiral ring in quiver gauge theories

To construct the effective theory for the massless chiral twisted fields, which is encoded
in the twisted superpotential W, we have to include the contributions of all Kaluza-Klein

(KK) copies of the (bi)-fundamental matter multiplets. When the scalars ¢(/) are gauge-
fixed as in (2.21), the KK copies of the matter multiplets have masses®
oD — U§I+1) +27min/p, (3.1)

5This is consistent with the fact that gauge-fixing the scalars oD asin (2.21) leaves a residual invariance

under which the eigenvalues shift by aﬁ” — agl) + 27ins /8.
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for I = 1,...,M — 2 (with an independent integer n for each multiplet). Similarly, the
copies of the matter multiplet attached to the 5d node have masses

oM=1) _ g, + 2rin/p (3.2)

when the 5d theory is treated classically.

All these chiral massive fields contribute to the one-loop part of W. As we saw in (2.22)
and (2.23), in 2d a chiral field of mass z contributes a term proportional to @ (z). Summing
over all its KK copies results therefore in a contribution proportional to

Uz) = Zw(z—}—%'in/ﬁ) (3.3)

nez

where the sum has to be suitably regularized. This function satisfies the property

9
0:4(z) = Z d.w(z + 27win/B) = Z log <z+Zln/B> = log <2 sinh ﬁ;) . (3.4)
nez neZ
Note that the scale u, present in the definition (2.23) of the function w(z), no longer
appears after the sum over the KK copies. Integrating this relation, one gets
Bz?  w?

0(z) = ;Lig () + - 5 (3.5)

where the integration constant has been fixed in such a way that

0z) 20 2 <log(ﬁz) - 1> = w(z) . (3.6)
Note that here w(z) is defined taking the UV scale to be

n=1/8, (3.7)

as is natural in this compactified situation.

Therefore, the twisted superpotential of the three-dimensional theory is simply given
by (2.22) with all occurrences of the function w(z) replaced by ¢(z), for any argument z,
and with the UV scale p being set to 1/3. Just as in the two-dimensional case, we would like
to replace the FI couplings at the UV scale, 77(1//3), with the dynamically generated scales
A;. Since the renormalization of these FI couplings is determined only by the lightest KK
multiplets, the running is the same as in two dimensions and thus we can simply use (2.26)
with p identified with 1/8 according to (3.7). Note however that, in contrast to the two-
dimensional case described in (2.29), this replacement does not eliminate completely the
UV scale from the expression of W, and the dependence on 8 remains in the functions ¢(z).
Altogether we have

M—-1 kr M-2 kr krq1 kar—1

W= brlog(BAnNa =3T3 S g0l — oY) -3 <Trg(agM—1> - q>)> .

I=1 s=1 I=1 s=1 t=1 s=1
(3.8)

The expectation value in the last term is taken with respect to the five-dimensional gauge
theory defined on the last node of the quiver and compactified on the same circle of length
[ as the three-dimensional sector.
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The twisted chiral ring. Our aim is to show that the twisted superpotential (3.8),
evaluated on a suitably chosen vacuum o*, matches the twisted superpotential extracted
via localization for a corresponding monodromy defect. Just as in the 2d/4d case, the
vacuum ¢* minimizes W, namely solves the twisted chiral ring equation (2.30). Moreover,
the logarithmic derivatives of W with respect to Ay, or with respect to the parameters
qr in (2.42), evaluated on a solution o*, still satisfy (2.44) or (2.45) respectively. These
derivatives are quite simple to compute and these are the quantities that we will compare
with localization results.

In close parallel to what we did in the 2d/4d case, the chiral ring equations (2.30) can
be expressed in a compact form if we introduce the quantity

~ ' z— ol
Qr(z) = H (2 sinh ﬂ(2)> (3.9)

s=1

for each of the SU(k7) gauge groups in the quiver; note that @ 7(2) is naturally written in
terms of the exponential variables

S — B (3.10)

which are invariant under the shifts described in footnote 5. Indeed, starting from (2.30)
and taking into account (3.4), for I =1,..., M — 2 we find

Qr1(z) = (1M1 (BAN)" Qr-1(2) (3.11)

with z = agl). For the node I = M — 1 we obtain
P ~
exp <Tr log (2 sinh 6('22)>> = (—l)kM‘2 (,BAM—l)bA471 Qrr—2(z) (3.12)

with z = Ungl). To proceed further, we need to evaluate in the compactified 5d theory
the expectation value appearing in the left hand side of (3.12). To do so, let us briefly

recall a few facts about this compactified gauge theory.

The resolvent in the compactified 5d gauge theory. The five-dimensional N' =1
vector multiplet consists of a gauge field A,, a real scalar ¢ and a gluino A\. Upon circle
compactification, the component A; of the gauge field along the circle and the scalar ¢ give
rise to the complex adjoint scalar ® = A; + i¢ of the four-dimensional N' = 2 theory. The
Coulomb branch of this theory is classically specified by fixing the gauge [22]:

& = A; +i¢ = diag (a1, az,...an) . (3.13)
However, there is a residual gauge symmetry under which
ai—>ai+27rini/6 (3.14)

with n; € Z; since we are considering a SU(/V) theory, we must ensure that these shifts
preserve the vanishing of . a;.
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The low-energy effective action can be determined in terms of an algebraic curve and
a differential, just as in the usual four-dimensional case. The Seiberg-Witten curve for
this model was first proposed in [22] and later derived from a saddle point analysis of the
instanton partition function in [23, 24]; it takes the following form

~ 2N
y? = PR (2) —4(BA)" . (3.15)
Here A is the strong-coupling scale that is dynamically generated and
N
Py(z) = H (2 sinh 5(""26)> (3.16)
=1
where e; parametrize the quantum moduli space and reduce to a; in the classical regime, in

analogy to the four-dimensional case. Like the latter, they also satisfy a tracelessness con-
dition: ), e; = 0. Note that Py can be written purely in terms of the exponential variables

E;=¢P, 7 =¢P, (3.17)

and is thus invariant under the shift (3.14). Indeed, using (3.17) we find

N-1
DPy(z)=2"7% <ZN + D (-)ZN U+ (—1)N> , (3.18)
i=1
where U; is the symmetric polynomial
U= Y Ej..E. (3.19)
J1<j2<...ji

In (3.18) we have used the SU(XV) tracelessness condition, which implies Uy = [[; E; = 1.
The resolvent of this five-dimensional theory, defined as [25]

T(2) = <ﬁ coth 5(22_(1))> = Z, §Z<Tr log <2 sinh 6(22_@)» , (3.20)

contains the information about the chiral correlators through the expansion
R o0
T(z) = N—|—2Ze_wz <Trew¢> . (3.21)
(=1

On the other hand, the Seiberg-Witten theory expresses this resolvent as®

- 2 Pl(2)
T(z) == N : (3.22)
B P - a (3™
so that, integrating (3.20), we have
p P2 () — 2N
exp <Tr log <2 sinh 6(22_@)>> = (=) + \/PN;Z) 4(5A) ) (3:23)

5Using (3.18) we can expand this expression in inverse powers of Z; then, comparing to (3.21), we can
relate the correlators (Tre’?®), of which the first (N — 1) ones are independent, to the Up’s.
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With manipulations very similar to those described in section 2 for the 2d/4d case, we can
now rewrite the twisted chiral ring relation (3.12) as follows

~

Py(2) = (=1)%=2 (BAp—1) "™ Qui—2(2)
(80)*" (3.24)
(—1)kM—2 (/BAMfl)bMil Q\M,Q(Z)

for z = agM_l). It is easy to check that in the limit 8 — 0 we recover the corresponding

equation (2.39) for the 2d/4d theory.

Solving the chiral ring equations. At the classical level the solution to the chiral ring
equations takes exactly the same form as in (2.41). In terms of the exponential variables
introduced in (3.10) we can write it as

S = diag(Ay,. .., Ay,) (3.25)

where A; = e8% . These variables A; represent the classical limit of the variables E; defined
in (3.17). The SU(N) tracelessness condition implies that [, 4; = 1.

Our aim is to solve the chiral ring equations (3.11) and (3.24), and then compare the
solutions to the localizations results, which naturally arise in a semi-classical expansion.
Therefore, we propose an ansatz that takes the form of an expansion in powers of 3, namely

Sy) = diag <A1 + Z 55&)7 e )Ak[ + Z 55}5;?() : (3.26)
l V4

Notice that also the chiral ring equation (3.24) of the last node can be expanded in f.
Indeed, the quantity ﬁN contains the moduli space coordinates U;, which as shown in
appendix A, admit a natural expansion in powers of (ﬂA) 2N Putting everything together,
we can solve all chiral ring equations iteratively, order by order in [/ and determine the
corrections 55’5(;) and thus the solution Sg). In this way, repeating the same steps of
the 2d/4d theories, we obtain the expression of the logarithmic derivative of the twisted
superpotential, namely

kr
aw, 1 ) (I
= g log Sy s =Troy’ . 3.27
qr dqr 6821 g O, * ( )

3.2 SU(2) and SU(3)

We now show how this procedure works in a few simple examples with gauge groups of
low rank.

SU(2)[1,1]. In this case the quiver is the one drawn in figure 2. Since M = 2, there is
a single variable o for the U(1) node and a single FI parameter 7. The only chiral ring
equation is given by (3.24) with z = o, namely

A4

Py(o) = B2 (A% + A%> : (3.28)

~ 18 —



Using (3.18) we can express P, in terms of S = %, obtaining

~ 1
PQ(S) :S+§*U1 ZQCOSh(ﬁU)*Ul (329)
where Uy = Fq + E5. A solution of the twisted chiral ring equation is therefore given by
1 1 U At
Oy = 3 log S, = Earccosh [ 5 T 52<A A%)] . (3.30)

In appendix A we derive the semi-classical expansion of U;. This is given in (A.4) which,
rewritten in terms of a, reads

(58)° )
U; = 2cosh 1+—F=—+...]. 3.31
! cosh(fa) ( 4sinh2(ﬁa) ( )
Substituting this into (3.30), we find finally
6] A? 33 cosh(Ba) A8
. = ——(A? - A : .32
7% = Ot S (Ba) < 1Y) T gemnd(Ba) LT AT T (3:32)

According to (3.27), this solution corresponds to the logarithmic ¢;-derivative of the su-

perpotential, namely
dW,

q1
dq1
We will verify in the next section that this is indeed the case, by comparing with the

=0, . (3.33)

superpotential computed via localization and finding a perfect match.

SU(3)[1,2]. This case is described by the quiver in figure 3. Again, we have M = 2
and thus a single variable ¢ and a single FI parameter 7. In this case, the chiral ring
equation (3.24) reads

~ AS
Py(S) =p3 (A? + A§> (3.34)
where
P3(S) = S7%%(S? — U1 S? + UnS — 1) . (3.35)

Using the semi-classical expansions of U; and Us given in (A.5) and (A.6), and solving the
chiral ring equation order by order in 8 according to the ansatz (3.26), we obtain

Ay AS
—logS =a; + (2 <A1+ )

3

B A1pA13 A (3.36)

_ﬁ5<A1(A1+A2) Al(A1+A3)><A6 A12> n

2\ A}AL Aty Aty Af
where A;; = A; — A;j. Rewriting this solution in terms of the classical vev’s a;, we have
o ey (1 )

or=a1 + AT+ — 3.37
! 4 sinh ( alg) sinh ( a13) ! Az{’ ( )

B cosh( (112) cosh( a13) A2

T 39 3 2 T 2 3 AT + e )T

32 \ sinh ( a12) sinh ( a13) sinh ( a12) sinh ( a13) A3

It is very easy to see that in the limit 5 — 0 this reduces to the solution of the corresponding
2d/4d theory given in (2.52). In the next section we will recover this same result by
computing the ¢;-logarithmic derivative of the twisted superpotential using localization.
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SU(3)[1,1,1]. In this case the quiver is the one drawn in figure 4. Since M = 3, we have
two FI parameters and two sets of chiral ring equations. For the first node the equation is
given by (3.11) which, in terms of the exponential variables, explicitly reads

2
H(S(l) — 5@y = 25, /5P gD A2 (3.38)

s=1

For the last node, instead, the chiral ring equations are given by (3.24), namely

852) _ S(l) 52/\6 S(I)S§2)

P3 (S§2)) = _/82 A% A% S(Q) _ S(l)

(3.39)

ORI

for s = 1,2. Here Py is as in (3.35) with U and U, given in (A.5) and (A.6). Solving these
equations by means of the ansatz (3.26), we obtain

6
W _ Ly, qm VA 5 |V AA; A 10
and
1
ol = 2 ( log 5" + log SE,Q%)
3.41
:a1+a2—5m1\2+6m AS " ( )
A23 2 A13 A%A% e
In terms of the classical vev’s a; these solutions become, respectively,
AS
I i - + (3.42)

+ ey,
2sinh (galg) "7 2sinh (galg) AFA3

and

6
b 5 b AL (3.43)

Trol® =ay +ay — Az +
* 2sinh (gagg) " 2sinh (§a13) ATA3

In the limit 8 — 0 these expressions reproduce the first few terms of the 2d/4d solu-
tions (2.57) and (2.58) and, as we will see in the next section, they perfectly agree with
the gr-logarithmic derivatives of the twisted superpotential calculated using localization,
confirming (3.27).

We have also computed and checked higher order terms in these SU(3) examples, as
well as in theories with gauge groups of higher rank (up to SU(6)).

4 Ramified instantons in 4d and 5d

In this section we treat the surface operators as monodromy defects D. We begin by
considering the four-dimensional case and later we will discuss the extension to a five-
dimensional theory compactified on a circle of length S.
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4.1 Localization in 4d

We parametrize R* ~ C? by two complex variables (21, 22) and place D at z = 0, filling
the z; plane. The presence of the surface operator induces a singular behavior in the gauge
connection A, which acquires the following generic form [4, 26]:

A:AudIE’u = _dlag(/yla VL V25 Y2, VM ”YM> do (41)

ni n2 U

as r — 0. Here (r,0) denote the polar coordinates in the zy-plane orthogonal to D, and
~r are constant parameters that label the surface operator. The M integers n; are a
partition of N and identify a vector 7 associated to the symmetry breaking pattern of the
Levi decomposition (2.1) of SU(NN). This vector also determines the split of the vev’s a;
according to (2.47).

A detailed derivation of the localization results for a generic surface operator has been
given in [4-6], following earlier mathematical work in [27-29]. Here, we follow the discussion
in [6] to which we refer for details, and present merely those results that are relevant for
the pure gauge theory. The instanton partition function for a surface operator described
by i is given by’

M dr dr
dXI,U
Zinslii) = Y Zyap ) with  Zya,y[7] H{ / 1= ] Hay (42

{dr} I=1 o=1
where
M dr drs1 A
9(X1,0 — X17+5m 9(X1,0 — X141,p + €1+ &)
Z{d : - (4.3)
i = [HMUI porevis vl 1§19 S s
M dr ng nri41

<TIIIII 1 1

g (ars = xro + 3l + &) tl;[l 9 (Xro —ariis+ 3(a1+é2))

Let us now explain the notation. The M positive integers d; count the numbers of ramified
instantons in the various sectors, with the convention that dp;11 = d,.8 When these
numbers are all zero, we understand that Z;4,_gy = 1. The M variables ¢y are the ramified
instanton weights, which will be later identified with the quantities q; used in the previous
sections (see in particular (2.42) and (2.43)). The parameters €; and é2 = e2/M specify
the Q-background [23, 24] which is introduced to localize the integrals over the instanton
moduli space; the rescaling by a factor of M in €3 is due to the Z,s-orbifold that is used
in the ramified instanton case [4]. Finally, the function g is simply

gx) == . (4.4)

This seems an unnecessary redundancy but we have preferred to introduce it because, as
we will see later, in the five-dimensional theory the integrand of the ramified instanton

"Here, differently from [6], we have introduced a minus sign in front of ¢; in order to be consistent with
the conventions chosen in the twisted chiral ring.
8 Also in nr, X1 and ay, the index I is taken modulo M.
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partition function will have exactly the same form as in (4.3), with simply a different
function g.

The integrations over x7 in (4.2) have to be suitably defined and regularized, and we
will describe this in detail. But first we discuss a few consequences of the integral expression
itself and show how to extract the twisted chiral superpotential from Zjgt.

An immediate feature of (4.3) is that, unlike the case of the N' = 2* theory studied
in [6], the counting parameters gy have a mass dimension. In order to fix it, let us consider
the contribution to the partition function coming from the one-instanton sector. This is a
sum over M terms, each of which has d; =1 for I =1,..., M. Explicitly, we have

dx ar 1 i 1

I 1

o3 [ | -

ins Z ori 61 =% (ars — x1 + 3(e1 + é2)) £[1 (X1 — ar41,e + 3(e1 + €2))
(4.5)

Since the partition function is dimensionless and x; carries the dimension of a mass, we

deduce that mass dimension of gy is
lar] =nr +nr1 = by (4.6)

where the last step follows from combining (2.2) and (2.28). Another important dimensional
constraint follows once we extract the non-perturbative contributions to the prepotential
F and to the twisted effective superpotential W from Zi,s. This is done by taking the
limit in which the Q-deformation parameters ¢; are set to zero according to [4, 26, 30]

lqnst + LVinst

log;ZZnst = - N
€1€2 €1

+... (4.7)
where the ellipses refer to regular terms. The key point is that the prepotential extracted
this way depends only on the product of all the ¢g;. On the other hand, it is well-known that
the instanton contributions to the prepotential are organized at weak coupling as a power
series expansion in A2 where A is the dynamically generated scale of the four-dimensional
theory and 2N is the one-loop coefficient of the gauge coupling g-function. Thus, we are
naturally led to write”

M
H VAN (4.8)

=1
Notice that the mass-dimensions (4.6) attributed to each of the ¢ are perfectly consistent
with this relation, since the integers n; form a partition of N. We therefore find that
we can use exactly the same parametrization used in the effective field theory and given
n (2.42) and (2.43), which we rewrite here for convenience

gr = (~D)F-v AY for T=1,...,M -1,

(- AZN(NﬁI qf)_
I=1

9The sign in this formula is the one that, given our conventions, is consistent with the standard field

(4.9)

theory results.
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Weight Poles Y Zy

o | xi=ati(@+éa) | (O T

@ | xe1=—a+g(a+é) | (o0) TCEtaTs)

X171:a+%(61+€2) )
0142 ) ) (0,0 ~e-a)
X2,1 = —a+ 3 (61 + 62)

X1,1 =a+ % (e1+ €2)
q192 (D:‘7 .)
X2,1 = X1,1 + €2

1
2e162(2a+¢€2)(2a+e1+é2)

Xo1 = —a+ 3 (€1 + é)
192 (CHER)
X1,1 = X2,1 + €2

1
2e1é2(€2—2a)(—2a+e1+é2)

Xi1=a+3 (e +é)

2 1
q <H> ') 23 (2ate1162)(2a+ 261 142)
X1,2 = X1,1 + €1

X210 = —a+ 3 (€1 + é)

2 1
4 ('v H) 262 (—2a+e1+é2)(—2a+2€1 +é2)
X2,2 = X2,1 + €1

Table 1. We list the weight factors, the locations of the poles, the corresponding Young diagrams,
and the contribution to the partition function in all cases up to two boxes for the SU(2) theory.
Here we have set a; = —a2 = a.

Residues and contour prescriptions. The last ingredient we have to specify is how to
evaluate the integrals over xy in (4.2). The standard prescription [6, 31-33] is to consider
ar,s to be real and then close the integration contours in the upper-half x; ,-planes with
the choice

Iméy >Ime; >0. (4.10)

It is by now well-established that with this prescription the multi-dimensional integrals
receive contributions from a subset of poles of z(4,}, which are in one-to-one correspondence
with a set of Young diagrams Y = {Y;,}, with I =1,--- ,M and s = 1,---ny. This fact
can be exploited to organize the result in a systematic way (see for example [6] for details).

Let us briefly illustrate this for SU(2), for which there is only one allowed partition,
namely [1,1], and hence one single surface operator to consider [34]. In table 1 we list the
explicit results for this case, including the location of the poles and the contribution due
to all the relevant Young tableaux configurations up to two boxes.

Combining these results, we find that the instanton partition function takes the fol-
lowing form

q1 q2
Zinst|1,1] =1+ — + -
inst[L, 1 €1 (2a+ €1+ é) €1 (—2a+ € + é)
N i N %
26% (2a + €1 + €2) (2a + 2€1 + €é2) 26% (—2a 4+ €1 + €2) (—2a + 2¢;1 + €é2)
€1+ €
+ q192 24 ! & (411)

= — +
€1€2 (—2a + €+ 62) (2& + €+ 62)
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The prepotential and the twisted effective superpotential are extracted according to (4.7)
and using the map (4.9). Let us focus on the twisted superpotential Wiy, or better on its
q1-derivative. We find

dVVinst 1 2 A4 1 4 AS
=— (A +—= | —=—=(AT+— e 4.12
E 2a< L A2 gs\ M1t Af N (4.12)

This precisely matches, up to two instantons, the non-perturbative part of the result (2.18)
obtained by solving the twisted chiral ring equations for the quiver theory representing the
surface defect in SU(2). We have also checked the agreement at higher instanton orders
(up to six boxes), which we have not reported here for brevity.

The specific prescription (4.10) we have chosen to compute the instanton partition
function is particularly nice due to the correspondence of the residues with Young tableaux.
However, there are many other possible choices of contours that one can make. One way to
classify these distinct contours is using the Jeffrey-Kirwan (JK) prescription [35]. In this
terminology, the set of poles chosen to compute the residues is described by a JK parameter
7, which is a particular linear combination of the x7s; the prescription chooses a set of
factors D from the denominator of zg4,} such that, if we only consider the x; s-dependent
terms of these chosen factors, then, 1 can be written as a positive linear combination of
these. For instance, our prescription in (4.10) corresponds to choosing'’

M
n=-_xr (4.13)
I=1

For a detailed discussion of this method in the context of ramified instantons we refer to [7]
where it is also shown that different JK prescriptions can be mapped to different quiver
realizations of the surface operator.

Let us consider for example the prescription corresponding to a JK parameter of

the form
M—1

n=—Y_ xr+S{xu (4.14)
I=1
where ( is a large positive number. In our notation this corresponds to closing the inte-
gration contours in the upper half-plane as before for the first (M — 1) variables, and in
the lower half plane for ys. Applying this new prescription to the SU(2) theory, we find
a different set of poles that contribute. They are explicitly listed in table 2.

Comparing with table 1, we see that, although the location of residues has changed,
for most cases the residues are unchanged. The only set of residues that give an apparently
different answer is the one with d; = do = 1 with weight g1qo. As opposed to the earlier
case, where there were three contributions, now there are only two terms proportional
to qi1q2- However, it is easy to see that if we sum these contributions, we find an exact
match between the two prescriptions. This fact should not come as surprise since it is
a simple consequence of the residue theorem applied to the xo integral. Therefore, all

10We understand the extra index s running from 1 to nj.
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weight poles Ly

1 A 1
q1 X1,1 = a+ 5 (1 + é2) e1(2ate1+é2)

I | 2 -1
q2 X2,1 =0~ 3 (61 + 62) €1(—2a+e1+€2)

X1,1 = X2,1 + €2
1

9192 . R T 2e162(2até2)(2ater1é2)
X271 = —a — 5(61 + 362)

X1,1 = X2,1 + €2
€1+2é

q1q92 1( L) 2e3é2(2a+é2)(—2a+e1+éz)
X2,1 = a — 5(€1 T €2

X1,1 = a1 + % (61 + €2) 1

2
q1 26%(2a+€1+€2)(2a+261+€2)
X1,2 = X1,1 T €1

1 ~
X2,1 = a — 5 (€1 + €2)
2 1
72 2e2(—2a+e1162)(—2a+2e1+82)
X222 = X2,1 — €1

Table 2. We list the weight factors, the pole structure and the contribution to the partition function
in all cases up to two boxes for the SU(2) theory using the contour prescription corresponding to
the JK parameter (4.14).

results that follow from the instanton partition function (and in particular the twisted
superpotential) are the same in the two cases. Of course what we have just seen in the
simple SU(2) case at the two instanton level, occurs also at higher instanton numbers and
with higher rank gauge groups. The price one pays in changing the contour prescription
or equivalently in changing the JK parameter from (4.13) to (4.14) is the loss of a simple
one-to-one correspondence with the Young tableaux, but the gain is that, as shown in [7],
the second prescription produces at each instanton order an instanton partition that is
already organized in a factorized form in which the various factors account for the 2d, the
4d and the mixed 2d/4d contributions. This is a feature that will play a fundamental role
in the 3d/5d extension.

Let us now list our findings obtained by using the second residue prescription for the
SU(3) theory, limiting ourselves to the one-instanton terms for brevity. In the case of the
surface operator corresponding to the partition [1,2] we get

q1 q2
Zinst[1,2] =1 + . —+ - N T
mSt[ ] €1 (CL12 + €1+ 62) (a13 + e+ 62) €1 (CL21 + €1+ 62) (a31 + e+ 62)
(4.15)
while for the surface operator described by the partition [1,1,1] we obtain
q1 q2 q3
Zmst[1,1,1] =1+ — — .
ust| ] e1(az+e1+é) e (am+e+é) € (as +e +é) ( )
4.16
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Applying (4.7) to extract Wipg, we find that the gr-logarithmic derivatives of the twisted
superpotential for the two partitions perfectly match the non-perturbative pieces of the
solutions (2.57) and (2.58) of the twisted chiral ring equations. We have checked that
this agreement persists at the two-instanton level. We have also thoroughly explored all
surface operators in the SU(4) theory and many cases in higher rank theories up to two
instantons, always finding a perfect match between the g;-logarithmic derivatives of W and
the solutions of the corresponding twisted chiral ring equations.

4.2 Localization in 5d

We now turn to discuss the results for a gauge theory on R?* x 5/13 in the presence of a
surface operator also wrapping the compactification circle. This case has been discussed
by a number of recent works (see for instance [36, 37]).

Here we observe that the ramified instanton partition function is given by the same
expressions (4.2) and (4.3) in which the function g(z) is [23, 24, 38|

Bx

g(x) = 2sinh — (4.17)

Another difference with respect to the 2d/4d case is that the counting parameters ¢; are
now dimensionless and are given by

gr = (=11 (BAN)" for T=1,...,M—1,
M—1 —1

ar = (~1)" (5A)2N< 11 ql) ’
I=1

The final result is obtained by summing the residues of zy4,) over the same set of poles
selected by the JK prescription (4.14).
Let us illustrate these ideas by calculating the twisted effective superpotential that

(4.18)

governs the infrared behavior of the [1,1] operator in SU(2). Up to two instantons, the
partition function using these rules is

q1 q2
Zinst. 17 =1+
(L 1] 4 sinh ( 61) sinh (§(2(1+61 —f—@)) 4 sinh ( ) sinh ( (—2a+€; —l—ég))
+ CI1
16 sinh ( 61) sinh ([361) sinh (g(Qa + € + 62)) sinh (§(2a + 2¢; + ég))
2
q3

+
16 sinh ( 61) sinh (561) sinh ( (—2a + €1 + 62)) sinh (g(—Qa + 2€1 + 62))
q1g2 sinh ( (1 + 2é2))
16 smh2( 61) sinh (662) sinh ( (—2a+ € + 62)) sinh (g(Qa + ég))

4192
+
16 sinh ( €1) sinh (Bé3) sinh ( (2a + €1 + €)) sinh (g(Za + €2))

... (4.19)
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where a1 = —ao = a. From this instanton partition function we can extract the twisted
chiral superpotential in the usual manner according to (4.7). The result is

AWinst _ g A? 3% cosh(Ba) A8
i T 2 sinh(Ba) <A1 + A2) 8sinh3(ﬁa)<A A4> +... (4.20)

It is very easy to check that in the limit 5 — 0 this expression reduces to the 2d/4d result
n (4.12). Most importantly it agrees with the non-perturbative part of the solution (3.32)
of the chiral ring equation of the 3d/5d SU(2) theory, thus confirming the validity of (3.27).

Similar calculations can be performed for the higher rank cases without much difficulty,
and indeed we have done these calculations for all surface operators of SU(4) and for many
cases up to SU(6). Here, for brevity, we simply report the results at the one-instanton level
for the surface operators in the SU(3) theory. In the case of the defect of type [1,2] the
instanton partition function is

q1

Zinst[1,2] =1+ (4.21)
8 sinh ( ) sinh (g(alz + € + 62)) sinh (g(alg + €1+ €2))
+ & +
8 sinh (gel) sinh (g(—am + € + ég)) sinh (g(—&lg + € + ég)) ’
while for the defect of type [1,1,1] we find
q1 q2
Zinst|1,1,1] =1+
| ] 4 sinh ( 61) sinh (g(a12+€1+62)) 4Slnh ( ) sinh ( (ags + €1 + 62))
1 . (4.22)

+
4 sinh ( 1) sinh ( (az1+e1+é))

where a;; = a1 — aj. These expressions are clear generalizations of the 2d/4d instanton
partition functions (4.15) and (4.16). Moreover one can check that the twisted superpo-
tentials that can be derived from them perfectly match the ones obtained by solving the
chiral ring equations as we discussed in section 3.

5 Superpotentials for dual quivers

The 2d/4d quiver theories considered in section 2 admit dual descriptions [7, 12, 13]. In
particular, with repeated applications of Seiberg-like dualities, one can prove that the linear
quiver of figure 1 is dual to the one represented in figure 5. Here the ranks of the U(ry)

gauge groups are given by
M

rr=N—k;= Z ng , (5.1)
K=I+1
where in the second step we have used (2.2) to express k; in terms of the entries of partition
[n1,...,np] labeling the surface defect. Notice the reversal of the arrows with respect to the
quiver in figure 1, and thus the different assignment of massive chiral fields to fundamental
or anti-fundamental representations.
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Figure 5. The quiver which is dual to the one in Fig- 1

The new quiver provides an alternative realization of the same surface operator [7].
Its corresponding twisted superpotential, which we denote by W is given by the obvious
modification of (2.22), and reads'!

M-—1 ry M—-1 r; Tr—1
~] 1) ~
=2 3 300 -3 55 )
=1 s=1 =2 s=1 t=1 (52)

; <Trw(<1> - 5§1>)> .

As in (2.22), the linear terms in 77(u) are the classical contributions, while the other terms
are the one-loop part. The dual FI couplings 77(x) renormalize like the orginal couplings
77(p) but with k; replaced by r7. In view of (5.1), this implies that the one-loop S-function
coefficient in the dual theory is opposite to that of the original theory, namely

g] =ri41 —1r7—1=—kit1 +kr—1=-br. (53)

In turn, this implies that the dynamically generated scale in the I-th node of the dual
theory is given by
AZ}I = e~ 2mT b1 (5.4)

to be compared with (2.27). As usual we can trade the couplings 77(u) for these scales
A 1, and thus rewrite the twisted superpotential (5.2) in a form that is the straightforward
modification of (2.29).

If we make the following classical ansatz

5(1) = diag(aﬂ1+...+ﬂ1+1’ Qny+..Angp+2y- - - ,CLN) ) (55)

which is dual to the one for o!) given in (2.41), then it is easy to check that

Tro) = —Trol) . (5.6)
This clearly implies -
iaWclass _ 1 aI/Vclass (5 7)
27 07 omi orr )

Thus, if the FI parameters in the two dual models are related to each other by

T = —717, (5.8)

HEor later convenience, we denote the twisted chiral scalars and the FI couplings of the dual gauge groups
by tilde variables.
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Figure 6. The dual quiver for the SU(3)[1, 2] defect.

one has Wdass = Welass- Notice that using (5.8) in (5.4) and comparing with (2.27), we have
Ar=A;p. (5.9)

The relation (5.6) remains true also at the quantum level. This statement can be
verified by expanding 1) as a power series in the various INXI’S around the classical vac-
uum (5.5), and iteratively solving the corresponding chiral ring equations in a semi-classical
approximation. Doing this and using (5.8) and (5.9), we have checked the validity of (5.6)
in several examples. Furthermore, we have obtained the same relations also using the
localization methods described in section 4. Therefore, we can conclude that the two
quiver theories in figure 1 and 5, indeed provide equivalent descriptions of the 2d/4d defect
SU(N)[nl, ce ,TLM].

This conclusion changes drastically once we consider the 3d/5d quiver theories com-
pactified on a circle. In this case, the dual superpotential corresponding to the quiver in
figure 5, is obtained by upgrading (5.2) to a form analogous to (3.8), namely

M-1 ry M-—1 r;y T1—1 r1
B ARE RIS 35 wh ol U IS W CH Y
=1 s=1 =2 s=1 t=1 s=1
(5.10)
Here we have used the loop-function ¢(x) defined in (3.3), and taken into account the

renormalization of the FI couplings to introduce the scales A;. Using for the original quiver
the ansatz (3.25), and for the dual theory the ansatz (5.5), which can be rewritten as

§(I) - diag(An1+...+nI+1 ) An1+...+n1+27 s 7AN) (511)

in terms of the exponential variables S = 85" and A; = €P% one can easily check that
the relation (5.6) still holds true.

However, in general, this is no longer valid for the full solutions of the chiral ring
equations. This happens whenever the ranks k; of the original quiver theory and the ranks
rr of the dual model are different from each other for some I, which is the generic situation.
Let us show this in a specific example, namely the defect of type [1,2] in the SU(3) theory.
The original quiver theory was discussed in detail in section 3 where we have shown that
the solution of the chiral ring equation is (see (3.36))

A1/2 1&6
2 3
oy =a1+ 0 AT+ 4+ 12

“ A12A13< ! Aif) (5.12)

The dual quiver for this defect is depicted in figure 6.
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From (5.10), it follows that the corresponding twisted superpotential is

W= [— 2% log(BA1)5, — <T&~£(<I> _ as)ﬂ | (5.13)

s=1

Using the function P defined in (3.35), we see that the twisted chiral ring equations are
.~ . A8
Py(Ss) = 6 (A? + ~3> (5.14)
Ay
for s = 1,2. Solving iteratively these equations around the classical vacuum (5.5), we find

. AS e 412
Tro, = ag +ag + 2<A3+~>< 3 — 2 )—i— 5.15
7 2+ as+ 57| Ay A3 ) \Ai3Azs  A1zAzs (5.15)

By comparing (5.12) and (5.15), we see that at the classical level Tr o, is equal to negative
of the solution o, in the original quiver; this simply follows from the SU(3) tracelessness
condition. However, the first semi-classical correction of order B2 spoils this relation,
even if we use the relation (5.9) between the dynamically generated scales. Therefore, as
anticipated, the two descriptions are not any more dual to each other.

It is interesting to observe that the twisted superpotential corresponding to the dual so-
lution (5.15) can also be obtained using localization. Indeed, if one evaluates the instanton
partition function Zins[1,2] for the compactified theory using the JK prescription with

n=+x1—&x2, (5.16)

where ¢ is positive and large, and then extracts from it the corresponding twisted su-
perpotential using (4.7), one obtains precisely the above result.'? Notice that the JK
parameter (5.16) is opposite in sign with respect to the one in (4.14) that we have adopted
in the original quiver realization. Actually, what we have seen in this particular example
can be generalized to other cases and for any M, we find that the JK parameter which
has to be used in the localization computations for the dual quiver theory to match the
solution of the chiral ring equations is

M-1

n= X1 —&§XM - (5.17)
=

This fact points towards the nice scenario in which the twisted superpotentials W and w
for a pair of quiver theories related by a chain of Seiberg-like dualities can be obtained
in localization using two different JK prescriptions associated to opposite 1 parameters.
While in the 2d/4d systems all different JK prescriptions are equivalent to each other and
lead to the same superpotentials, in general this is no longer true in the 3d/5d theories
because of the particular structure of the instanton partition functions.

12yWe have checked this up to the two-instanton level, namely up to order 3°.
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Figure 7. The quiver for the SU(3)[1,2] theory with a CS term with coupling %k on the U(1) node.

Figure 8. The quiver representing the dual realization of the SU(3)[1,2] with a CS term on the
U(2) node

5.1 Adding Chern-Simons terms

We now investigate the possibility of restoring the duality between the two 3d/5d descrip-
tions of the SU(3)[1,2] defect by considering the addition of Chern-Simons (CS) couplings.
These can be written as a term in the twisted chiral superpotential that is quadratic in
the twisted scalars and proportional to the compactification circle g [14, 39]. For the Ith
node, the CS term is of the form:

Wes = gﬁTr CAAER (5.18)

Let us start from the original theory and let us turn on a CS term on the U(1) node
with coupling k. The resulting quiver is represented in figure 7 and the corresponding
twisted superpotential is

W:?)log(ﬁAl)U—f—gﬁUz— <Tr€(0—<I))> : (5.19)

Repeating the same steps described in section 3, we easily obtain the modified twisted
chiral ring equation

~ A6
Py(S) = p3 (S"“A3 + ) (5.20)
bOSkAS

where, as before, 133 is given in (3.35) and S = €57, Solving this equation with the usual
ansatz leads to

=ay + 3 A A’“AL””JFA—6 + (5.21)

Of course, for k = 0 one recovers the solution (5.12) in the absence of the CS term.

Let us now consider the dual quiver with a CS interaction with coupling k turned on
in the U(2) node.

This is represented in figure 8 and the corresponding twisted superpotential is

w=> [— 3log(BA1) 5 + Eﬁ&f - <Tr€(<1> - 53)>} . (5.22)

s=1
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From this we can easily derive the twisted chiral ring equations, namely

K3 ~ch6
1 5 ) (5.23)

509y a3 M

for s = 1,2, which are a simple generalization of (5.14). Solving these equations with the

ansatz (5.5) we find
Aé/%'l% B A;/zi& T A§/2+E B A;/2+7£ A76
A3Aos  AppAsg |1 AgAas AipAsg /NX?

Gal + Ox2 =as + az + B2

(5.24)
Of course for k = 0 we recover the solution (5.15) in the absence of the CS coupling.
Our main observation is that if we take

= — = — -2
k=—k=3 (5.25)

then, using the SU(3) tracelessness condition and the relations (5.8) and (5.9), we have

5*71 + 5*72 = —0x (526)
This implies that
~ dW dw
AN—=-A— 9.27
! dA1 1dAl ’ ( )

so that the duality between W and W is restored at the quantum level under the map (5.8)
and (5.9). We have checked that this match holds true at the next-order in the S-expansion
of the solutions of the chiral ring equations. Therefore, thanks to the CS terms also
in the 3d/5d case we can realize the same kind of relation which was manifest in the
2d/4d theories.

In appendix B, we discuss a slightly more complicated example in which a similar
phenomenon occurs. It is a surface operator of type [1,1,2] in the SU(4) gauge theory
compactified on Sé. In this case as well, the two dual quivers lead to the same twisted
chiral superpotential provided suitable CS couplings are turned on.

6 Conclusions and perspectives

In this paper we have studied surface operators in four- and five-dimensional SU(N) gauge
theories, focusing on the effective twisted chiral superpotential which governs their infrared
dynamics. Our results are a natural generalization and extension of those in [10].

We have illustrated our findings in the context of the simplest defects in SU(2) and
SU(3) theories, even though we have performed several checks in a number of theories
with higher rank gauge groups. Already in the simplest SU(3) case we could observe that
different realizations of the same surface operator in terms of dual quivers lead, in the
five-dimensional case, to different twisted superpotentials. We have found that this feature
is reproduced also in the localization approach where the different superpotentials arise
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from different choices of the Jeffrey-Kirwan residue prescription. In an interesting twist,
we have shown that the duality between the coupled 3d/5d quivers can be restored by the
addition of suitable three-dimensional Chern-Simons terms. Clearly, it would be desirable
to do a systematic analysis of this phenomenon and thoroughly explore the effects of the
Chern-Simons couplings, but we leave this to future work.

It would be very interesting to extend our results to surface operators in N' = 2*
theories. As shown in our earlier work [6], the non-perturbative S-duality group of the
four-dimensional theory constrains the twisted superpotential of the monodromy defect,
which can be written in terms of elliptic and modular forms in a semi-classical expansion.
Therefore, it would be worthwhile to understand if it is possible to obtain these exact
results directly from the chiral ring analysis of a coupled quiver gauge theories and also to
extend them to five dimensions.

Surface operators in four- and five-dimensional gauge theories have been studied also
by exploiting their connections to integrable systems and in particular the relation between
the twisted chiral ring equations and Bethe ansatz for integrable spin chains [14-16]. In this
context, the wave-functions of the quantum systems can be related to the instanton parti-
tion function in the presence of surface operators [40, 41]. For the 3d/5d theories studied
in this work, recently there has been interesting developments on the connection between
the instanton partition function and the wave functions of relativistic Toda theories [42].
It would be worthwhile to explore this direction using our methods. Another interesting
possibility is to use dualities between three-dimensional quiver gauge theories with flavor
to study bi-spectral dualities between quantum integrable systems [11]. It would be de-
sirable to investigate the possible implications of our results for these integrable systems,
especially in the presence of Chern-Simons couplings.
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A Chiral correlators in 5d

In this appendix we briefly review some well-known results about the way in which chiral
correlators are computed using localization [43-45] that are useful for the calculations
presented in the main text. For details we refer to [46] and references therein.

In a four-dimensional theory SU(NV) the generating function of all chiral correlators of
the form <Tr <I>£> is

d
Tre Zezal — stt Z X /H ﬂ 21(x1) O(2, x1) (A1)
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where zx(x) is the k-instanton partition function and O is the following observable

(z,x1) Zexm 1) (1 —e*?) . (A.2)

Rather interestingly, the same formula (A.1) can also be exploited to compute the quantum
corrected correlators in the five-dimensional SU(N) theory provided one uses the appro-
priate function g(x) as in (4.17) and sets z = ¢f for { € Z and ¢ < N.

With an explicit calculation, we find the following universal formula

AN 2+4

V, = <Tre"ﬂ‘1’> ZAZ + 2(BA) QNZ Mo ap*° ((BA)™N) (A.3)
J#

where A; = ¢f% . Once the V; are obtained, the U,’s which appear in the five-dimensional
Seiberg-Witten curve can be calculated by forming the symmetric polynomials in the usual
manner. In particular, we have U; = Vi and Uy_1 = V_;. The last relation follows
by utilizing the special unitary condition Zf\i 1 a; = 0 which implies Hf\i 1A4; = 1. For
example, for SU(2) we have

- s A1+ A 3
Ul - Al + A2 + (BA) (Al - A2)2 O((ﬂA) )7 (A4)
while for SU(3) we have
AZ
_ 6 1
Ur=A1 + As + Az + (BA) <(A1 —A9)2(A; — A3)2
; 43 ; 4 )o@
(Ay — A1)?(Ay — A3)2 (A3 — A1)? (A3 — Ag)? ’ '
1
_ 6
Uy = A1 Ay + Ar Az + A3 Ay + (BA) ((Al T A9)2 (AL — A3)?

1 1
+ +
(A — A1)2(Ag — A3)2 (A3 — A1)?(A3 — Ap)?

> +0((BM)'?) . (A.6)

B Chern-Simons terms in an SU(4) example

In this section, we provide more evidence towards the duality that was discussed in sec-
tion 5. We consider the gauge group SU(4) and the surface operator described by the
partition [1,1,2]. There are two dual descriptions for this defect in terms of quiver dia-
grams: one is represented in figure 9, and the other is represented in figure 10. In both
cases we have added CS interactions. In particular, following [47-50], we have turned on
a CS terms in those gauge nodes where the effective number of fermions is odd, which for
both quivers of our example are the U(2) nodes. One way to justify this is to start from a
parity invariant theory and generate these non-integer CS terms by integrating out an odd
number of fermions.

~ 34—



Figure 9. The quiver diagram representing the defect SU(4)[1,1,2] with a CS term on the U(2) node.

()

Figure 10. The dual quiver diagram representing the defect SU(4)[1,1,2] with a CS term on the
U(2) node.

Let us first consider the quiver of figure 9. The corresponding twisted effective super-
potential with a CS coupling k is

2
W = 2log(BA1) o) + 3log(BA2) Y o?)
s=1
, ) (B.1)

BN (0)2 =3tV — o 22:<Tre )>.

t=1 t=1 t=1

_|_

|

The twisted chiral ring relation at the first node is

Qa2(cM) — (BA1)? =0, (B.2)

while at the second node we have

Bu(o® 303 Sk BN B.3
4(03 ) B Ql( )( ) +A3Q1( (2)) (Ség))k ( : )

for s = 1,2. Solving these equations order by order in § by using the standard ansatz and
the chiral correlators of the SU(4) theory, we obtain

! 2 1 2 Kk A1/2 41/2
Aqg ! AizAy AAS ’ (B.4)
1/2 ,1/2 ko A1/2 41/2 '
Tr 0£2) =a1+ag — 52 —A;JrkA?’/ A4/ A% — A% kA?’/ A4/ A® +
Aoz Aoy AizAiy AIAS

We now consider the dual quiver represented in figure 10. In this case the twisted
superpotential with a CS coupling k is

3 2 7 2
— ~ - ~ ~2) kK ~(2
W= —2log(8h1) Y 5" ~ 3log(8R2) Y57 + 5 8Y_(5;")
s=1 t=1 t=1
5 5 5 (B.5)
Y -5 - Yl - o) - - (e )
s=1 s=1 s=1
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The corresponding chiral ring equations are

~ Y - A8
Py(5V) = <ﬁ2 Qa(GV) A2 + M> (B.6)
Q") A3
for s =1,2,3, and
~ A3
01G7) = -2~ (B.7)
t CRIE
for t = 1,2. Solving these equations with the usual ansatz, we find
1/2 41/2
Tr?i,gl) =as+az+as—pf 7141 Ay A%
Aqo
1/2 % .1/2 —k—1/2 _F1 g—k—1/2
N 52 <A1/ Aé+kA4/ N Al / A2 k 1A3 / > NAi 3 (B.8)
Az Az Ay Ay A2A3 ’
AL/2 g1k 41/2 A%_1A—1/2+%A—1/2+’/5 B
Tr~i2)—a+a—2<2 3 44 2 3 >A3
7 3tas—p AzpAszy Ay Ay 2
+ﬁ2<A1/2A§+kAL11/2 . A11/2kA2k1A31/2k) ~Ai N
Az1Aszy A4 Az AZA3

These expressions look very different from the solution (B.4) of the chiral ring equations
of the original quiver. However, if we impose the SU(4) tracelessness constraint ), a; = 0
and use the following map

~ 1 ~
k= _k:§ and Ar=Ar, (B.9)
we find the following relations
Trol) = —olV,

(B.10)
Tr 59) =-Tr 0,@ .

This proves that, to leading order in the instanton expansion, the superpotentials of the
dual pair match as expected. We have checked that this match continues to hold up to two
instantons as well.
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