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Chapter 1

Introduction

Since its beginning, the aim of theoretical physics has been to provide mod-
els and theories to describe the Nature within a consistent framework. The
intellectual effort of the most brilliant physicist has been devoted to the for-
mulation of theories incorporating as much phenomena as possible starting
from the smallest set of assumptions and rules, thus unifying seemingly un-
related observations and facts. The spirit is the same of Maxwell, who gave a
unified treatment to different aspects of electricity and magnetism, culminat-
ing in the set of equations that now bring its name: the Maxwell’s equations.
Phenomenological observations have not been the only guiding principle to
build up a given theory, but elegance and beauty of the model itself, sometimes
identified with the mathematical formulation underlying physical concepts,
have played prominent role.

Nowadays, the real challenges theoretical physics have to tackle may be
identified with the following points: get a quantitative access to the strong
coupling regime of quantum field theory, QCD being the most relevant ex-
ample for the description of fundamental interactions, and find a consistent
quantum theory for gravitational interactions, hence a theory of quantum
gravity, essential in order to understand black holes or the first moments of
our Universe. In both respects, string theory is the most exciting framework
theoretical physicist have at their disposal at the moment, even though it is
fair to admit that still a lot of work have to be done in order to accomplish
the aforementioned goals.

One of the most spectacular features that string theory revealed follow-
ing its first formulations is the existence of dualities relating different frames
or regimes of the theory. The most prominent example is S-duality, a strong-
weak duality, which has its historical origin in the of Olive-Montonen duality
[2] in the context of non-supersymmetric field theory. Based on the work of
Goddard, Nuyts and Olive [3] an electric-magnetic duality has been conjec-
tured, under which a given gauge theory is dual to a different theory whose
gauge coupling constant is the inverse with respect to the original theory and
with the electric gauge group exchanged with a dual, magnetic group. This es-
sentially generalises the electro-magnetic symmetry of Maxwell’s equations
once magnetic monopoles are introduced into the game. In fact, what Monto-
nen and Olive conjectured is that each gauge theory in which “electrons” are
the basic quantised particles and magnetic monopoles are topological defects
has a dual frame in which the role of fundamental particle and soliton are ex-
changed: magnetic monopoles are the fundamental particles and electrons



2 Chapter 1. Introduction

are the solitonic objects.

Despite its original formulation, such a duality has a natural realisation
in the context of supersymmetric quantum field theory, the first example be-
ing the maximally supersymmetric Yang-Mills theory in four space-time di-
mensions, a.k.a N' = 4 SYM [4], and later extended to less supersymmetric
set-ups, for instance [5]. The original Montonen-Olive duality for the case
of N = 4 SYM is based on the group of fractional linear transformations,
SL(2,Z), which reveals in its full glory once the action on the gauge coupling
is extended to include the theta angle. Looking at the holomorphic coupling
defined as T = % + 4g—7§i, the action of the S-duality group can be described

as follows

T —

a+bt a b
c+dt’ c d

) €SL(2,2) (1.0.1)

The basic transformations, namely the generators of the SL(2,Z) duality
group, are the the S and T transformations. The former acts as an inversion
on the holomorphic coupling

5. 11 (1.0.2)
T

while the latter acts as a constant shift
T: 7T—=1+41, (1.0.3)

and their matrix realisation in terms of elements of SL(2, Z) are the following

0 -1 11
5:(1 0), T:(O 1), (1.0.4)

satisfying the relations
$2=-1, (ST)®=1. (1.0.5)

S-duality was shown to play a crucial role in string theory [6], being one
of the major advances that made the second superstring revolution to take
place. Up to that moment there were five different versions of seemingly
unrelated string theories: Type IIA, Type 1IB, Type I and the two heterotic
SO(32) and Eg x Eg. Through his work Sen showed that Type IIB string the-
ory with a given coupling constant is mapped to itself once the coupling is
inverted and, in the same fashion, Type I is connected to the SO(32) theory.
Interconnections among the various string theories like the ones just men-
tioned then led Witten, in a joint work with Horava [7], to conjecture the
existence of M-theory, from which all string theories descend in various lim-
its.

S-duality of N' = 4 super-Yang-Mills and its relation to three-dimensional
physics via the realisation of the aformentioned duality in Type IIB string the-
ory play a crucial role for the topics analysed in this thesis. The starting point
of the discussion is the existence of half-BPS codimension one interfaces in
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the four dimensional N' = 4 SYM theory, called “Janus interface” or “Janus
domain wall” [8, 9]. From a holographic perspective, Janus solutions of Type
IIB supergravity are deformations of the celebrated AdSs x S5 in which the
dilation is allowed to depend on a spatial coordinate and the F(?) form flux
vanishes. Janus interfaces, say localised at y = 0, where y is a spatial coor-
dinate, cut space-time into two pieces. In each region one has N' = 4 SYM
with a constant value of the coupling constant, the value being different on
the two sides and changing abruptly across the interface. A special case for
the spatial dependence of the gauge coupling constant is depicted in the fol-
lowing

—

g>1

>y

gx1 /
(1.0.6)

meaning that on the left and on the right of the wall a weakly and a strongly
coupled N/ = 4 SYM theory with G gauge group lives respectively. Recall
that S-duality is a strong-weak duality, so it possible to locally apply it on
the strongly coupled side of the interface and get an equivalent, but weakly
coupled, theory based on the dual gauge group GV, called Langland or GNO
dual. Relevant examples of Langland groups are as follows

G | GV
U(N) U(N)
SU(N) SU(N)/Zx
SO(2N) SO(2N)

SO@N +1) | USp(2N) (L0.7)

Spin(2N) SO(2N)/Z;,
Spin(2N +1) | USp(2N)/Z;
G G

Gaiotto and Witten analysed the consequences of applying S-duality in the
strongly coupled side of space-time in great detail [8] and found that this
operation has a “cost”: after performing an S-duality transformation the
interface supports a non-trivial three-dimensional N' = 4 superconformal
field theory dubbed as T(G), with G x G global symmetry that couples the
two SYM theories on the left and right side of the interface. For definite-
ness, given SU(N) N = 4 SYM theory, the theory on the S-duality wall is
T(SU(N)) whose global symmetry group is SU(N) x SU(N)/Zy. The final
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situation can be summarised in the following picture

T(G)

G GV
N =4 SYM N =4 SYM

(1.0.8)

where the wiggle line denotes the interface and the boundary theory living
on it.

The construction just described makes it evident how S-duality furnishes
anatural bridge between the world on four and three dimensional supersym-
metric gauge theories, hence it is worth to discuss the latter and spend some
words on their properties. In particular, we restrict our attention to a large
class of three-dimensional N' = 4 theories that can be engineered in Type
IIB string theory via Hanany-Witten brane systems involving D3, D5 and NS5
branes preserving eight supercharges [10]. The R-symmetry group of three
dimensional N' = 4 theories is SO(3)c x SO(3)y ~ SU(2)c x SU(2)y, re-
alised on the brane system as rotation group acting on the directions x>*°
and x”87. With such a set-up it is possible to construct quiver gauge theories,
based on product gauge groups such as U(Nj) x U(Nz) x - - - x U(Ng), with
matter multiplets transforming in the bifundamental representation of the
gauge groups and possibly in various representations of the flavour group.
The x° direction in the brane system can be either taken to be non-compact,
in which case linear quiver theory are realised, or also compact, giving rise
to circular quivers.

A crucial feature in the study of three dimensional N = 4 theories is the
so-called mirror symmetry [11], a duality relating pair of theories with non-
trivial fixed point. Given a gauge theory, mirror symmetry acts by exchang-
ing two branches of its moduli space of vacua called Higgs and Coulomb
branch. The former branch is parametrised by non-trivial vacuum expecta-
tion values, vev, of the complex scalar in the hypermultiplets, while the latter
is parametrised by vevs of the real scalar in the vector multiplets. Due to
N = 4 supersymmetry both branches of the moduli space enjoy an hyper-
Kéhler structure, the complex structure being acted on by the SU(2)¢ and
SU(2)y R-symmetry factors. Quantum mechanical effects, generally hard to
handle, that arise on the Coulomb branch appear as classical effects on the
Higgs branch of the moduli space of vacua of the mirror dual theory. The
relevance of mirror symmetry lies on this fact: it allows to “trade” quan-
tum effects for classical ones that are usually computable. Interestingly, this
symmetry is realised in string theory [12, 13, 10]. In particular, its Type IIB
embedding [10], involves S-duality on Hanany-Witten brane configurations.
Such stringy realisation easily allows to construct mirror pairs: starting with
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a gauge theory realised via an Hanany-Witten system, its mirror dual is ob-
tained via the S-dual of the original brane configuration.

The T(U(N)) theory, close cousin of T(SU(N)), has the special property
of being invariant under mirror symmetry. It enjoys a U(N) x U(N) global
symmetry, one factor acting on the Coulomb and one on the Higgs branch.
The nature of the two U(N) symmetry factors is different: the one on the
Higgs branch is manifest at the Lagrangian level, while the Coulomb branch
one only arises in the deep infrared, thus we refer to it as an enhanced sym-
metry. Despite the different origin of the two U(N) symmetry factors in the
global symmetry of the theory, one may consider T(U(N)) as a building block
with U(N) x U(N) symmetry for constructing quiver theories. In this way
one has at hand a sort of generalised matter at hand to construct new quiver
theories in addition to usual hypermultiplets. The idea is to gauge the global
symmetry and to couple it to matter systems. The realisation of this construc-
tion leads to the so-called S-fold theories; the analysis of various properties of
this class of superconformal field theories is the main goal of the present the-
sis.

One important motivation to study quiver theories with T(U(N)) links
(with or without non-trivial Chern-Simons levels for the U(N) gauge groups)
is because they have interesting holographic duals [14]. The construction
involves AdS; x K¢ Type IIB string solutions with monodromies! in Ky in
the S-duality group SL(2,Z). These solutions were obtained by quotienting
the solutions corresponding to the holographic dual of Janus interfaces in 4d
N =4 SYM [19, 20]. The former type of solutions is referred to as the S-fold
in [14]. The S-fold solutions can be divided into two classes, known as the
J-fold and the S-flip.

The J-fold solutions are those associated with a monodromy given by an
element | € SL(2,Z) with tr | > 2. The corresponding geometry can be con-
structed by using AdS, x 52 x §%2 x ¥, where ¥ is a non-compact Riemann
surface with the topology of a strip. The ends of the strip are then identified
with a J-twisted boundary condition. It was shown in [14] that this type of
solutions preserve OSp(4]4) symmetry and thus are dual to 3d N = 4 su-
perconformal field theories. The J-fold solutions can, in fact, be obtained as a
quotient of a Janus interface solution. As a result, the quiver field theory dual
of such a solution contains a component corresponding to such an interface,
namely the T(U(N)) theory. From the brane perspective, one can introduce
a five-dimensional surface implementing the monodromy under the action
of J into the brane system. Among the possible choices of the SL(2,Z) ele-
ments, we may take the monodromy to be associated with [, = —STk in this
case, the corresponding J-fold gives rise to a Chern-Simons level k to one of
the U(N) gauge groups.

The S-flip solutions can be discussed in a similar way as for the J-folds.
In this case, the SL(2,Z) element implementing the monodromy is taken to
be S. Geometrically, we need to perform an exchange of coordinates cor-
responding to the two S? in AdS; x S? x §? x ¥, together with a flip at

11t should be mentioned that a similar solution in AdSs was considered in [15, 16], and
those in AdS3 were considered in [17, 18].
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the S-interface such that ¥, becomes a Mobius strip topologically. Similarly
to the J-fold, the insertion of the S-flip into a brane system gives rise to a
T(U(N)) link between two U(N) gauge groups, where the Chern-Simons
levels of those are zero. It was shown in [14] that the S-fold solutions pre-
serve OSp(3]4) and the dual superconformal field theory is expected to have
N = 3 supersymmetry.

Hanany-Witten brane systems realising three dimensional ' = 4 theo-
ries can be enriched including additional objects string theory provides: ori-
entifold planes [21]. Orientifold p-planes, denoted as Op, are non-dynamical
(at least at weak string coupling) extended objects that can be thought of as
the fixed plane of the Z, symmetry including both an action on the world-
sheet and on spacetime: on the former it acts via par1ty, while on the latter
it reverses the spatial coordinates x' — —x' withi = p+1,...,9, and for
p = 2,3mod 4 one has to include (—1)', where F; is the left-moving fermion
number, to make the combined operation to square to one. Op planes pre-
serve the same supersymmetry as a parallel Dp-brane. A classic review on
various aspects of orientifold planes may be found in [22].

Let us discuss in more detail aspects of O-planes that will be needed for a
new class of S-fold gauge theories we will introduce momentarily. Op planes

come in four variants, at least for p > 5: Op™, 5)79+, Op~, Op . Bach of them
allows to realise gauge theories based on real groups on the world-volume of
a stack of D3 brane on top of the corresponding O3 plane. The four variants
of O3 planes are distinguished by two discrete Z, charges, (b, ¢), defined as

b= Bys, c= Cc> P, (1.0.9)
RIP? RIP>~7
It is useful to summarise the charges of the various O3 planes, the gauge
group the realises and, crucial to our applications, their behaviour under the
action of S-duality

(b,c) | Op | Charge | Gauge group | S-dual (p = 3)

(0,0) | Op~ | —2r7 SO(2N) (0,0) Op~

(0,1) |Op | 3 —2r5| SO2N+1) | (1,0) Op (1.0.10)
(1,0) | Op* | 2P USp(2N) (0,1) O

(1L,1)|Op" | 2v° | usp2N) | (1,1)Of

Observe that the O3~ and the O3 are self-dual under S-duality. A comment
on the USp’(2N) theory is needed. As a Lie algebra, there is no difference
between USp’(2N) and the most familiar USp(2N), the difference is in a
global factor when considered as gauge theories: in four dimensions the first
has a non-trivial 6-angle set to 7r, while for the second the 6-angle is vanishing
[23].

After this brief discussion on orientifold planes let us come back to S-fold
theories. The natural question is whether it is possible to construct such class
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of superconfomal field theories in the presence of Op planes. The first com-
ment on such a possibility is that, at the moment, there is no class of super-
gravity solution supporting the construction, differently to the case of original
S-folds. Nonetheless, from a field theoretical point of view it is still an inter-
esting question to pose. The string theory realisation now involves Hanany-
Witten brane set-up in the presence of orientifold planes and S-duality walls.
In the absence of O-planes, we discussed the role of the T(U(N)) theory as
a link corresponding to the S-duality wall inserted in the brane system. In
the set-up with O3 on top of D3s the T(U(N)) link is replaced by T(G) with
G = SO(2N), SO(2N + 1), USp(2N), USp'(2N) depending on the type of
orientifold. In order for T(G) to be invariant under the S-action, G has to be
invariant under S-duality.

For G being SO(2N) and USp'(2N), we propose that the corresponding
theory can be realised from a brane construction that contains an intersection
between an S-duality wall with the D3 brane segment on top of the orien-

tifold threeplane of types O3~ and 03" respectively. In other words, the
S-fold CFTs of this class can be obtained by inserting an S-duality wall into
an appropriate D3 brane segment of the brane systems described in [21]. The
mirror theory can be derived by first obtaining the S-dual configuration as
discussed in [21], and then insert an S-fold in the position corresponding to
the original set-up.

A different extension to this class of theories is realised through a brane
system that contains an orientifold fiveplane or its S-dual, which is also known
as an ON plane. In which case, the corresponding quiver may contain a hy-
permultiplet in the antisymmetric (or symmetric) representation, along with
fundamental hypermultiplets, under the unitary gauge group, and the mir-
ror quiver may contain a bifurcation [24, 25].

It is interesting that the whole construction, may be extended, in prin-
ciple, to exceptional self-dual gauge groups. Among these, the G, case pro-
vides an interesting example leading to a completely new class of theories.
To the best of our knowledge, the Type IIB brane construction for such theo-
ries is not available and mirror theories of this class of models have not been
discussed in the literature. In particular, the realised family of quivers con-
tain alternating G, and USp’(4) gauge groups, possibly with fundamental
flavours under USp’(4). It is then possible to”“insert an S-fold” into the G
and/or USp’(4) gauge groups in the aforementioned quivers. The mirror
theory is also a quiver containing the G, USp’(4) and possibly SO(5) gauge
groups if the original theory contains fundamental matter under USp’(4).

As it has been discussed when the supergravity realisation of S-fold theo-
ries was introduced, the amount of supersymmetry preserved by the super-
conformal field theory depends on the SL(2,Z) element used to implement
the monodromy, and it can be either N' = 4 for J-fold solutions or N' = 3
for S-flips, in the language of [14]. The techniques employed in that work
to unveil the amount of preserved supersymmetry of a given theory are holo-
graphic, meaning either looking at the supergravity solution itself or studying
the large-N partition function. In both cases, the results may be trusted only
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at large-N, so it is interesting to address a systematic analysis of the IR su-
persymmetry for S-fold theories at finite N. The main technical tool that will
be employed to study the supersymmetry possessed in the IR by S-fold the-
ories is the supersymmetric index, or index for brevity. This allows, in general,
to have detailed access to both the global symmetry and supersymmetry of
a given theory. The underlying reason is that, for 3d SCFTs, it is possible to
put various short multiplets into equivalence classes according to how they
contribute to the index [26] (see also [27, 28]). It also allows one to identify
the current of the enhanced symmetry. For theories with at least NV = 3
supersymmetry, including S-fold SCFTs, the index serves as a rather simple
tool to diagnose the presence of the extra-supersymmetry current multiplet,
which gives rise to the enhancement of supersymmetry (see e.g. [29]). Su-
persymmetric gauge theories provides plenty of examples of enhancement
phenomena, regarding either global symmetries or supersymmetry. The lit-
erature on the subject is so vast that it is an hard task to properly cite all the
results. Let us however mention the most prominent case of supersymmetry
enhancement for three dimensional supersymmetric gauge theories, namely
the ABJM theory [30].

Up to now we have only discussed implications for three dimensional su-
persymmetric gauge theories of the existence of S-duality walls in V' = 4
SYM. Nonetheless, the action of S-duality in four dimension has been dis-
cussed for less supersymmetric set-up, thus it is conceivable to imagine S-
walls for theories other than A/ = 4 SYM. Specifically, the case of four di-
mensional N/ = 2 gauge theories based on SU(N) gauge group with 2N
massless fundamental hypermultiplets is particularly interesting since it has
an exactly marginal gauge coupling with an interesting S-duality group be-
ing SL(2,Z) for N = 2 [31] and T°(2) C SL(2,Z) for N > 3 [32, 33]. This
theory can also be realised as a twisted compactification of 6d (2,0) theory of
type Any—1 on a punctured Riemann surface [34]. The 3d theory associated
with the duality wall in this 4d theory can be determined by utilising the AGT
correspondence [35, 36], which relates the partition function of the 4d theory
on the squashed four-sphere to an observable in the Liouville or Toda theory
on the Riemann surface [37, 38]. As pointed out in [39], the partition function
of the 3d theory associated with S-duality wall placed along the squashed
three-sphere, which is the equator of the aformentioned four-sphere, corre-
sponds to a collection of the duality transformation coefficients of conformal
blocks of the Liouville or Toda theory. From such a partition function, one
may extract the gauge group and matter content of the 3d theory in question
[40, 41, 42]. In fact, this technique has been successfully applied to determine
the 3d theory associated with the S-duality wall in the 4d N/ = 2* gauge
theory [40]. For the 4d /' = 2 SU(N) gauge theory with 2N flavours, this
method was applied by the authors of [41, 42] (see also [43] for the supercon-
formal index). In [42], the theory associated with the duality wall was then
identified as the 3d N/ = 2 U(N — 1) gauge theory with 2N flavours, with
the R-charges of the chiral fields fixed to certain values. Such a theory will be
denoted as Top. Later, it was pointed out by the authors of [44] that the super-
potential of such a theory should be W = V, 4 V_, where V. are the basic
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monopole operators of the U(N — 1) gauge group. It should be remarked
that this approach that is used to identify the 3d theory is different from that
used by Gaiotto and Witten [8], mentioned in the previous paragraph. Al-
though the Type IIA brane configuration of the 4d theory [5] and the Type
IIB brane configuration of the 3d theory with the monopole superpotential
[45, 46,47, 48, 49] are known, to the best of our knowledge, it is not clear how
to identify the latter as the theory associated with the duality wall in the for-
mer. Once the theory on the S-duality domain wall has been identified, one
may play the same game as with the S-folds and construct various gauge
theories where Tyy is used as component via suitable gaugings of its global
symmetry. Thus, the idea is to consider various combinations of a number
of duality walls and analyse the properties of the three-dimensional theories
obtained in such a way.
The material presented in the thesis is organised as follows:

¢ Chapter 2: We start with a brief summary of basic material on three-
dimensional supersymmetric gauge theories. After the supersymme-
try algebra and multiplets for N = 4 theories have been introduces, we
move and introduce monopole operators, playing a fundamental role
in the dynamics of three-dimensional gauge theories. Then, the con-
cepts of chiral ring and moduli space of vacua are discussed. A crucial
feature of most of the topics we will discuss in the main part of the the-
sis is mirror symmetry, that is discussed first from a purely field theo-
retical point of view. Finally, we briefly describe Hanany-Witten brane
systems in Type IIB string theory and show how mirror symmetry is
embedded in such a context.

¢ Chapter 3 [50]: Starting from this point, the thesis contains original re-
sults. In this chapter we address the study of the moduli space of S-fold
theories. In section 3.3, we give a brief summary on the S-fold solutions
and (p, q) fivebranes, bound states of N5S and D5 branes. In section 3.4,
quiver theories corresponding to the brane systems with S-flips are ex-
amined. The Higgs and the Coulomb branches of the moduli space are
studied using the Hilbert series. We also provide a consistency check
of our results against mirror symmetry. In section 3.5, we then con-
sider abelian theories arise from the brane systems with J-folds, along
with NS5 and D5 branes. We systematically analyse various branches
of the moduli space. In section 3.6, we examine an example of non-
abelian theory with T(U(N)) links that can be realised on M2-branes
on a Calabi-Yau four fold singularity. In this example, we compute the
Hilbert series of the moduli space and analyse the contribution from
each configuration of magnetic fluxes.

¢ Chapter 4 [51]: In this second chapter we address the study of S-fold
theories in the presence of T(G) links different from the T(U(N)). In
section 4.2, we study the hyperKéahler spaces that arise from coupling a
nilpotent cone associated with a group G to matter in the fundamen-
tal representation of G. Such spaces have some interesting features
and this notion turns out to be useful in the later sections because the
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nilpotent cone arises from the Higgs or Coulomb branch of the T(G)
theory. In section 4.3, we investigate quiver theories that arise from
brane configuration with an S-fold in the background of the O5™ or the
ON™ plane. We provide the consistency conditions for the relative posi-
tions between the S-fold and the orientifold plane such that the moduli
spaces of theories in question obey the freezing rule and mirror sym-
metry. In section 4.4 we study various models involving S-folds in the

background of the O3~ or the 03" planes. The corresponding quiv-
ers contain a T(SO(2N)) link or a T(USp’(2N)) link between gauge
nodes. In section 4.5, we propose a new class of mirror pairs involving
G, gauge nodes, as well as those with T(G) link. Finally, in section 4.6,
we investigate the quivers that arise from the brane systems with O5*
or its S-dual ON™*. One of the features of the latter is that the quiver
contains a “double lace”, in the same way as that of the Dynkin dia-
gram of the C algebra. Although this part of the quiver does not have
a known Lagrangian description, one can still compute the Coulomb
branch Hilbert series using the prescription given in [52]. We find that
such a Coulomb branch agrees with the Higgs branch with the original
theory, and for the theory with an S-fold the former also respects the
freezing rule.

Chapter 5 [53]: The main goal of this chapter is to study the supersym-
metric index of S-fold theories in order to understand possible global
symmetry and supersymmetry enhancement phenomena. In section
5.1.1 the contributions of various superconformal multiplets to the in-
dex are discussed. These are the technical tools that are needed for the
subsequent analysis. In section 5.2, we discuss S-fold theories with a
single gauge group, both in the absence and in the presence of hyper-
multiplet matters. We also study duality for a theory with two gauge
groups and use index to understand the operator map between such
theories. In section 5.3, we investigate theories corresponding to two
duality walls and with two gauge groups. The addition of fundamen-
tal hypermultiplet matter to such theories is discussed in subsection
5.3.1. Finally, in section 5.4, we consider theories with SU(2)/Z, gauge
group with various Chern-Simons level and use the index to study the
discrete Z, global symmetry of such theories.

Chapter 6 [54]: In this final chapter we exploit a similar construction of
S-fold theories, but with the 3d 7Ton theory arising on the S-duality wall
of the 4d SU(N) theory with 2N flavours. The chapter is organised as
follows. In section 6.1, we introduce the 7y, theory as the basic build-
ing block that will be used to construct the other theories. We discuss
first how to couple the 4d fields to 7, as well as examine various dual-
ity frames. In section 6.2, we present the prescription for gluing many
copies of the basic building blocks together as well as propose the pre-
scription for self-gluing. The concept of the “skeleton diagram”, which
is the analog of the Riemann surface with punctures (used extensively
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in [1] to construct a large class of theories) and gives rise to a geomet-
ric interpretation of the gluing, is introduced in sections 6.1 and 6.2. In
section 6.3, we discuss two classes of theories associated with a single
wall, whose skeleton diagram contains (1) two external legs and genus
one and (2) zero external leg and genus two. The quadralities between
such theories are discussed. In sections 6.4 and 6.5, theories associated
with two duality walls, using two different types of the basic building
block, are constructed and discussed.

¢ Chapter 7 : We conclude the thesis with a summary of the topics dis-
cussed and with a list of questions that have been left open, that are
worth to be addressed in the future.
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Chapter 2

3d supersymmetric gauge theories

The topics discussed in this thesis !, despite their four dimensional original,
are based on three-dimensional supersymmetric gauge theories. It is there-
fore useful to collect some known results that will be used in the rest of the
discussion.

The starting point is the superconformal algebra for three dimensional
theories with eight supercharges and the structure of matter multiplets. We
then move to discuss the Lagrangian for this class of theories. Having the
Lagrangian at hand, one may discuss on of the crucial aspects for super-
symmetric gauge theories in general, namely the moduli space of vacua and
its branches, including in particular the Higgs and the Coulomb one. Along
the way, the key role of monopole operators, one of the main characters for
the dynamics of three dimensional gauge theories, will be discussed. As we
have already mentioned in the introduction, mirror symmetry is an infrared
duality which identifies two or more theories that flow to a superconformal
tixed points and acts non-trivially on the moduli space of vacua. We will
thus discuss the basics of mirror symmetry. Among the three dimensional
theories with N' = 4 supersymmetry, we will pay particular attention to the
ones having a realisation in Type IIB string theory via the Hanany-Witten
brane systems. After introducing such set-ups, we will discuss how mirror
symmetry descends from the action of S-duality on the aformentioned brane
construction.

2.1 Basics of 3d N = 4 gauge theories

The supersymmetry algebra for (2+1)-dimensional N' = 4 supersymmetric
theories is generated by four real supercharges 04 with A = 1,...,4, satis-
tying

{Qd, Of} = 202364, + 26,5147, 2.1.1)

where 1 = 0,1,2 are Lorentz indices, &, B are spinor indices, ¢ generates
the Clifford algebra and Z[45! is the antisymmetric matrix of central charges.
The supercharges Q4 transforms in the vector representation 4, of SO(4) ~
SU(2)y x SU(2)c, the R-symmetry group, which acts as an automorphism of
the supersymmetry algebra. In the case of a superconformal theory one has

ISee also the PhD thesis [55] in which most of the material presented here have already
been discussed.
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to take the extend the aforementioned algebra to the superconformal one,
namely OSp(4|4), whose bosonic subgroup is three-dimensional conformal
group SO(2,3) and the R-symmetry group. In the most general case of a
theory with N supersymmetries (namely when the indices A,B = 1,...N),
the superalgebra is OSp(N|4), and the R-symmetry group corresponds to
SO(N).

The multiplets needed to construct a three-dimensional N' = 4 gauge
theory are vector and hypermultiplets, which can be decomposed in terms of
N = 2 multiplets. In the latter case, the basic multiplets are the vector and
the chiral one, whose component fields are as follows

@ = {¢, o, F}, (2.1.2)
V=2 = {Ay, A, 0,D}, (2.1.3)

chiral multiplet:
vector multiplet:

where the scalars ¢ and F in the chiral multiplet are both complex, the fermions
Pa, Ay respectively in the chiral and vector multiplet have two-components,
and the vector multiplet scalars ¢ and D are real. Observe that F and D are
auxiliary scalars, and we will see later that their equation of motions are re-
lated to the concept of moduli space of vacua. The chiral multiplet transform
in a given representation R of the gauge group, while the vector multiplet
transform in the adjoint representation.

The N’ = 4 multiplets, in terms of chiral and N/ = 2 vector, can be decom-
posed as follows

V=g = iAy,Aa,a, D}J@ i(p, Cu Fpl, (2.1.4)
V=2 Xde
H={¢, ¥, F} © {9, $a F}, (2.1.5)
xR ke

meaning that the N = 4 vector multiplet decomposes as the sum of an N = 2
vector and a chiral in the adjoint representation, while the hyper contains a
chiral in a representation R and one in the complex conjugate representation
R*. Tt is interesting to observe how the various component fields combine to
give representations of the SU(2)y x SU(2)¢c R-symmetry group:

Multiplet | Fields | SU(2)y x SU(2)¢
Vector {o,Re¢p, Im ¢} (0,1)
{Aa,Ca} (3,3)
(D, Re Fp, Im Fy} (1,0) (2.16)
Hyper {o", ¢} (5,0)
{lpﬂél lPlX} (O’ %)

Having introduced the various multiplets, basics ingredients to construct
three-dimensional supersymmetric gauge theories, we now turn to the con-
struction of the action, containing several components. As we did for the
multiplets, we will discuss the action in terms of N' = 2 supersymmetry
which allows for superspace formulation. First of all, the Yang-Mills term for
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each gauge node contributes with
1 _
Su= / dx 40 d%9 Tr (W2 — @2V @) + cec. 2.17)

In the previous expression W, is the field strength superfield constructed us-
ing the NV = 2 vector multiplet Vr—,, and @ is the adjoint chiral multiplet
in the N/ = 4 vector. From now on we usually write greek capital letters to
denote adjoint chirals in the vector multplets. In writing the various pieced
of the action we omit the N’ = 2 for the vector multiplet, avoiding to clutter
the notation. Observe that the gauge gauge coupling for three-dimensional
gauge theories have positive dimension, [¢] = %, implying a strong coupling
behaviour in the deep infrared, even for abelian theories. This is one of the
key aspects of three-dimensional gauge theories: it is possible to find very
simple models with an interesting infrared behaviour. In three-dimensions it
is possible to construct another type of action for the vector multiplet other
than the usual Yang-Mills one, namely the Chern-Simons term. The CS action
is known for being topological, i.e. with no propagating degrees of freedom.
In the setting of N/ = 4 gauge theories it is responsible for breaking super-
symmetry down to A/ = 3. The action is parametrised in term of an integer
k € Z called level and reads:

k 2. -
Scs = ppe /d3x Tr [e“”p(AP,BVAP + ngP,AUAp) —AA+2Do | +
’ (2.1.8)
- —/ d®x d6 Tr(®? + c.c.)
87

where the first line is the A/ = 2 CS term. In particular, observe that the term
responsible for breaking the supersymmetry from N' = 4 down to N' = 3 is
the presence of the ®? term in the superpotential breaks the R-symmetry, be-
ing charged under the SU(2)¢ factor. The R-symmetry group is thus broken
down to its diagonal subgroup SU(2)y x SU(2)c — SU(2)giag- The hyper-
multiplet kinetic term and its coupling to the vector multiplet are encoded in
the action term

Shyper = - / d3x dze d2§ ((P+ €2V(P -+ $+€72V$). (2.1.9)
The N = 4 superpotential is highly constrained and takes the following form
Ssuperpot - _Z\/i/ d3x d29 dzg Q @Q + C.C., (2.1.10)

where the hypers involved are only those charged under the gauge group.
Let us conclude with two additional terms that may be added to the action
to deform a gauge theory. However, before doing that, it is necessary to in-
troduce a special feature of three-dimensional theories, namely the existence
of a rather special global symmetry: the topological symmetry. To introduce
it, let us consider for simplicity a U(1) gauge theory. It is possible to con-
struct a current [, = Z%Tew,pl-wp , where F'? is the U(1) field strength, which is
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automatically conserved due to the Bianchi identity. The topological symme-
try acts by shifting the dual photon, a periodic scalar? a defined as the Hodge
dual of the field strength d,,a = €,,,,F"P. We will discuss more the topological
symmetry in the next section when monopole operators will be introduced.
It is a general feature of quantum field theory that global symmetries may
be described introducing background vector multiplets. Such a concept is es-
pecially useful to describe the deformation terms we mentioned previously,
namely mass terms for the hypermultiplets and Fayet-Iliopoulos (FI) terms. The
former is associated to global non-R symmetries while the latter to the topo-
logical symmetry. In detail, mass deformations contain a real mass, coming
from the N/ = 2 vector contained in the N/ = 4 one, and a complex mass
from the adjoint scalar. Together they form a triplet transforming in the ad-
joint representation of the SU(2) factor of the R-symmetry group. We will
not write the action for the mass deformation since it takes the same form of
(2.1.9) and (2.1.10). In the case of FI term the three real scalars combine to
transform in the adjoint of SU(2)¢. The action reads

Sp1 = / &x 420 428 Tr(S Vi) + / Bxd?0 Te(®@ gy +cc),  (2.1.11)

where Vg and ®gp are the N/ = 2 components of the background vector
multiplet associated to the topological symmetry and . is the linear multiplet,
whose lowest component is the real scalar in the vector multiplet. Observe
that the trace Tr selects the U(1) factor of the gauge group.

2.2 Monopole operators

In the previous section we introduced the basic ingredients to construct a
N =4, also N' = 3 in the presence of non-trivial CS terms, gauge theories,
namely vector and hypermultiples. However, this is not the end the story. In
fact, it is common in quantum field theory that local operators do not have to
be described as polynomials in the fundamental fields [56], but they may also
include disorder or defect operators, which are instead introduced to the game
by performing the path integral with suitable singular boundary conditions.
"t Hooft Monopole operators fall in this class of operators. For the upcoming
discussion we will closely follow the very nice review [57]. Let us take for
the moment a U(1) gauge group. To introduce a monopole operator at a
point x in space one has to integrate over the gauge fields developing a Dirac
monopole singularity [58]:

AT ~ %(11 — cos 0)do, (2.2.1)
where the expression is given in terms of spherical coordinates centred at the

point x where the monopole is inserted, and m is the magnetic charge. The
plus and minus signs distinguish between the gauge field behaviour in the

2The periodicity condition comes from the quantisation condition on the field strength
| F e2nz.
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North and South hemispheres of the 52 surrounding the insertion point. The
result is that there is a non-trivial magnetic flux through S2. In the context
of supersymmetric gauge theories the singularity (2.2.1) for the gauge field
does not preserve any supersymmetry. In order to have a BPS operator, one
has to assign similar singular behaviour to the matter fields. For instance, in
the case of N/ = 2 supersymmetry, the real scalar in the vector multiplet o

needs to behave, asr — 0:

m
~ — 222
o~ S ( )

and, together with (2.2.1), they preserve the same amount of supersymmetry
of an N' = 2 chiral multiplet [59]. Given a non-abelian gauge group G with
rank r, i.e. the dimension of its maximal torus, the Dirac singularity is given
via the embedding U(1) — G, which allows to define the magnetic charge
m = (my,...,my), m; € Z, as an element of the Cartan subalgebra modulo
the action of the Weyl group. Concretely, for the case of G = SU(N), mod-
ding out the action of the Weyl group Wy (n) = SN, implies that one takes

the magnetic charges my > mp > --- > m;, > —oo, thus m € ZN /SN . The
magnetic charge has to satisfy the Dirac quantisation condition [60, 61]

el =1, (2.2.3)

implying that the magnetic charge belongs to the weight lattice of the GNO
dual group modulo the action of the Weyl group I'gv / Wg.

A monopole operator with a magnetic charge m breaks the gauge group
G down to a residual gauge group H,,, defined as the commutant of m in
G. Physically, the breaking of the gauge group is due to an adjoint Higgs
mechanism.

The presentation we gave to introduce monopole operators as disorder
operators is based on a modern perspective, however this is not the interpre-
tation that was given when three-dimensional supersymmetric gauge theo-
ries was a developing area [62]. Initially, monopole operators were described
as follows. Let us consider a U(1) gauge theory. We have already mentioned
that it is possible to define a periodic scalar, call it a, the dual photon, and
one can combine it with the real scalar in the vector multiplet ¢ into a holo-
morphic quantity ® = ¢/g? + ia. One then consider the operator

V, ~em® (2.2.4)

to be the monopole operator. Observe that such a relation is only valid in
a semilclassical picture, namely for large values of the scalar ¢. Moreover,
such description of a monopole operator does not take into account quantum
corrections. Another remark is that the process of dualisation defining the
periodic scalar a is only known for free abelian vector multiplets.

In the previous section we introduced the concept of topological symme-
try for three-dimensional gauge theories. Given a theory based on the gauge
group G its topological symmetry is given by the centre Z(G). Monopole
operators are the objects that are charged under this symmetry. Take for def-
initeness G = U(N): its centre, hence its topological symmetry group, is
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U(1), and the topological charge of a monopole operator V,,, with magnetic
charge m = (mq,...,m,) is

J(Vi) =Y m;. (2.2.5)

i=1

Monopole operators are not only charged under the topological symmetry,
but also under other symmetries, that may either be gauge or global. The
charges under discussion receives two type of contribution, one at the classi-
cal level and one at the quantum level. The classical pieces come from mixed
Chern-Simons couplings, when these are present. The underlying principle
is that in the presence of Chern-Simons terms, a non-trivial magnetic charge
induces an electric charge (in this case we refer to the electric charge to indi-
cate either a gauge or a global charge). Denoting with full generality M4 a
magnetic flux, that can be for either for the gauge symmetry or other global
non-R symmetries, the charge of a monopole operator reads

Q;}assical — ZkABMB/ (2.2.6)
B

where k 4p is the Chern-Simons level that enters the coupling between the
symmetries labelled by A and B. At the quantum level, this expression gets
a correction due to integration of fermionic matter, which again, generates
new Chern-Simons couplings. The quantum part of the charge is encoded in
the following expression

Q™™ = —3 L aalvil| Lealyaims | @227)

—_—
effective mass mSff (M)

the sum including all fermionic fields, both in chiral and vector multiplets.
Combining the classical and the quantum contributions it is possible to get
the formula for the charge of a monopole operator, which may be written in
a compact way

Qa(M) = — Y_ kL (M) M, (2.2.8)
B

with the effective Chern-Simons level is defined as follows
1 .
quffB(M) =kap + 5 Z Q. Qplwp] mgn(mﬁff(M)). (2.2.9)
Pa

The effective Chern-Simons level cannot take any possible value being con-
strained by gauge invariance to be integer. This fact implies that the matter
content which determines the quantum correction to the effective level puts
non-trivial restrictions on the possible bare levels k 4.
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2.3 Chiral ring

Let us discuss one concept that will be useful and complementary in the up-
coming discussion on the moduli space of supersymmetric vacua. Recall
that supersymmetric quantum field theories admit a special class of opera-
tors which are protected against quantum corrections called chiral operators,
that we denote as O;, which are nothing but a set of gauge invariant opera-
tors annihilated by half of the supercharges O:

Q0;=0. (2.3.1)

This class of operators enjoys a rather special property
(O1(x1) ... On(xn)) = [ T(O0), (23.2)

namely their correlation functions factorises into products of one-point func-
tions. Such a property immediately descends from the definition of chiral
ring operators, namely that their spacetime derivatives vanish in cohomol-
ogy (in order for this property to hold supersymmetry must be unbroken).
Chiral operators combine to give the structure of a commutative ring, the
chiral ring R [63]:
0,0, = ci-‘]-Ok + exact terms, (2.3.3)

where the exact terms have to be intended in a cohomological sense with
respect to the supercharges Q. Expectation values (O;) of gauge invariant
combinations of chiral operators will play a key role in the next section when
the moduli space of supersymmetric vacua will be introduced and discussed.

2.4 Moduli space of supersymmetric vacua

One of the most prominent aspects of supersymmetric gauge theories in var-
ious dimensions is the possibility to have vacuum solutions to the equations
of motion that allows the vacuum expectation values of various scalar fields
to form non-trivial spaces, called moduli space of vacua [64], of both physical
and mathematical interest, especially in the context of algebraic and differen-
tial geometry. The relevance from the physical point of view of the concept of
moduli space of supersymmetric vacua comes from the fact that it describes
the infrared dynamics of a given gauge theory.

For a general supersymmetric theory, a space of vacuum field configu-
rations appears whenever it is possible to find non-trivial configuration of
scalar fields that make the scalar potential V' to be zero. The expression for V
is as follows

2
v=YIRP+E (D)2, (2.4.1)

a
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where F; are the so-called F-terms and are expressed in terms of the deriva-
tives of the superpotential with respect to the various chiral fields in the the-
ory

oW

o¢;’
and D, are the D-terms, coming from the integration of the auxiliary D fields
in the vector multiplets, and their form depends on the space-time dimension
and on the amount of supersymmetry. Since the scalar potential is the sum of
squares of F and D-terms, the moduli space of vacua is obtained by putting
these two set of expressions to zero giving rise, respectively, to F and D-term
equations. Before going on, let us connect this general brief introduction
on the moduli space of vacua to the chiral ring. The relation comes from
the expectation values of the chiral ring operators (O;) being holomorphic
function on the moduli space of vacua. But there is a bit more: in fact, when
the relations coming from the equations of motion for the F and D fields are
taken into account, the relation between the chiral ring and the moduli space
of vacua is one to one.

Our concern for this discussion is on the structure of the moduli space of
vacua for three-dimensional gauge theories with ' = 3 and N = 4 super-
symmetry, so we will specialise what we have said to such a set-up.

It turns out that the moduli space is made up of two components, or
branches, called Higgs and Coulomb branch, depending on which scalar is tak-
ing vacuum expectation value (vev). Instead of giving a completely general
and abstract presentation we will consider first a simple example, namely the
U(1) gauge theory with F hypermultiplets (Q;, Q') of charge 1, whose N/ = 2
quiver description is as follows

C ¢
(1)

o QG W=Y0¢Q (24.3)

where we specified the N' = 2 superpotential of the theory. The fields in the
theory have the following charges

F = (2.4.2)

Field | R | U(1)gauge | SU(F)
o | 1 0 0,...,0]
o |1/2] 1 |00 244
Q |1/2 —1 [1,0,...,0]

where to specify the SU(F) global symmetry we use the Dynkin label associ-
ated to the representation. In order to analyse the moduli space of this theory
we have to write down the set of F and D-term equations. For the first we
take the derivatives of the superpotential with respect to the various chiral
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fields Q;, ¢, Q', giving the equations

Q¢=0, ¢Q'=0, QQ =0 (24.5)
The set of D-term equations instead read
cQi=0, o¢Q' =0, QQY-QQf=0 (24.6)

where o is the real scalar in the vector multiplet. Now we will try to solve
these two sets of equations and, as mentioned before, Higgs and Coulomb
branch will arise as possible, and only, solutions.

* Higgs branch:

Consider first the situation in which the scalars that belong to the vector
multiplet, ¢, o, are set to zero on the vacuum. It is immediate from both
F and D-term equations that non-trivial vevs for Q;, Q' are allowed.
Nonetheless, the aformentioned VEVs are constrained to satisfy the F
and D term equations that are not trivially realised putting ¢ = o =0
(we use interchangeably the same letter to denote a scalar field and its
vev where it does not cause any confusion), namely

QQ'=0, QQY-QQf=0. (247)

Since we want to find gauge invariant combinations of the scalar fields
with zero vacuum energy, it turns out that a convenient way to recast in
a more clear form such constraints, and hence to parametrise the Higgs
branch, is to define a meson matrix as follows

M = Q; @, (2.4.8)

a gauge invariant operator, since it is made out of the product of two
chiral fields with opposite charge with respect to the U (1) gauge group.
Thus, the idea is to describe the Higgs branch via a N x N complex ma-
trix. Nonetheless, such meson operator has to satisfy some conditions,
as we are going to describe. First, since M is constructed taking the
product of two vectors Q; and @7 , it has at most rank one

rank(M) < 1. (2.4.9)
Furthermore, (2.4.7) implies
Tr(M)=0, M?>=0. (2.4.10)

Finally, we have found that the Higgs branch of (2.4.3) is parametrised
by the set of matrices

My = {M € GL(N,C) | rank(M) < 1, Tr(M) = 0, M> = 0}, (2.4.11)
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such space of matrices is known in the mathematical literature as the
minimal nilpotent orbit of SU(F). Another realisation of such a space is
obtained exploiting the ADHM construction for the moduli space of in-
stantons. In particular, (2.4.11) describes the moduli space of 1 SU(F)
instanton on C2. Observe that the VEVs for the hypermultiplets have
the effect of completely breaking the gauge symmetry on the vacuum.
In general, the Higgsing of the gauge group depends on the matter con-
tent of the theory. There can be situations in which the hypermultiplets
are “not enough” to completely Higgs the gauge group, thus one still
has a residual gauge symmetry on the vacuum, in particular one has
free vector multiplets [8]. For instance, if we take a U(N) gauge theory
with F fundamental hypermultiplets, the group is completely higgsed
if F > 2N. Examples in which there is no complete higgsing have been
discussed in [65], where in the case of four dimensional A = 2 theories
the SU(2) gauge symmetry is Higgsed down to U(1). The branch of
the moduli space of vacua has beed dubbed the Kibble branch.

Due to N' = 4 supersymmetry, the Higgs branch has the structure
of an hyperkiler singular space. The presence of singularities on the
Higgs branch, has physical meaning of crucial relevance: the singular-
ity represents the point where all the VEVs are set to zero and coincides
with the superconformal point. Physically, the action of the SU(2)y R-
symmetry factor arises in the notion of hyperkiler space as the SU(2)
symmetry group acting on the variety itself by rotating the three com-
plex structures. A simple, nonetheless non-trivial example, of an hy-
perkiler singular space is given by the orbifold C?>/Z2. Denote the
complex coordinates on C? as (z1, z), and consider all the polynomials
in such variables, representing the holomorphic ring of C>. However,
we need to take into account the action of the Z, orbifold. On the C2
coordinates there is an action of the non-trivial Z, element

(z1, 22) SN (—z1, —22). (2.4.12)

The holomorphic functions on C?/Z? are the ones of C? which are in-
variant under the Z; action. It is an easy task to recognise that such
polynomials are the ones constructed with even products of the coordi-
nates (z1, zp). It turns out that one may take the combinations

X=2, Y=23 Z=z12, (2.4.13)

and generate all the Z, invariant polynomials. Observe that the three
generators X, Y, Z are not independent quantities but satisty the rela-
tion

XY =272 (2.4.14)
In the end of this example we may summarise in a rather elegant way

that the singular hyperkéler space C?/Z? is described in terms of three
generators X, Y, Z such that XY = 7Z2. An immediate generalisation
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of this result is for the orbifold space C2/Z", whose description in-
volves the same set of generators as before but with a different relation:
XY = Z". We will see how this space appears in the discussion of the
Coulomb branch for (2.4.3). The construction we have just described
may be given a clear physical interpretation: the generators X, Y, Z
represents the gauge invariant combinations of VEVs of scalar fields
parametrising the moduli space of vacua, and the relation is reminis-
cent of the ones coming from F and D term equations, similar to (2.4.10).
Another property of the Higgs branch is its exactness at the classical
level [66]. This property makes the Higgs branch a robust quantity to
study and to characterise the infrared dynamics of a supersymmetric
gauge theory.

A quantity characterising the Higgs branch of the moduli space is its
dimension. Because of the hyperkiler structure the appropriate units
to count the dimension are the quaternionic ones. To count the dimen-
sion of the Higgs branch M+, one makes use of the Higgs mechanism,
namely take into account all the scalars in the hypermultiplet that re-
mains massless. The components that become massive because of the
Higgsing procedure have to be subtracted from the total number of
scalars. In detail, for a theory with gauge group G with F hypermulti-
plets in the representation R of the gauge group, one finds

dimpy(My) = dim(R) x F — dim(G). (2.4.15)
In the specific case of (2.4.3) one has
dimIH(M’H(Mg)) =F—1. (2.4.16)

The singularity at the origin of the Higgs branch may be resolved by
turning on non-vanishing mass terms for the hypermultiplets.

¢ Coulomb branch: Opposite to what we have seen for the Higgs branch,
let us consider the case in which ¢ and ¢ have non trivial VEVs while
Q; and O/ vanish on the vacuum. This vacuum field configuration au-
tomatically satisfies the constraints put by F (2.4.5) and D-terms, (2.4.6).
In the case of the Coulomb branch it not immediate to find the appro-
priate gauge invariant operators conveniently parametrising the mod-
uli space. The name Coulomb branch is reminiscent of the fact that on
the vacuum the gauge symmetry is not completely broken but there
are still U(1) vector multiplets. To better understand this point let us
consider the term in the potential that contains the scalars in the vector
multiplets. Schematically, it takes the form

vV~ Y @, (2.4.17)

i<j

with i, j = 1,2,3, and where we denoted ® = (0,Re $,Im¢). To



24

Chapter 2. 3d supersymmetric gauge theories

achieve the vanishing of the potential V it suffices to have a set of mu-
tually communting scalars, meaning that they are actually valued in the
maximal torus U (1)4™(G) of the gauge group. Adjoint Higgs mecha-
nism is the physical process that takes place when going on the Coulomb
branch. Thus, starting from a theory with G gauge group, a generic
point of its Coulomb branch will have rank(G) massless vector multi-
plets. Now recall that monopole operators for abelian gauge theories
may be construct dualising the gauge field into a periodic scalar and
holomorphically combining it with the real scalar in the vector multi-
plet. On a generic point of the Coulomb branch we are exactly in the
situation in which such operators may be constructed. This is just a hint
on the fact that monopoles may be the main characters of the Coulomb
branch description. It turns out to be exactly the case. We have al-
ready introduced this class of operators in section 2.2 and discussed
their charges under gauge and global symmetry. In general, given a
monopole operator V;,;, with magnetic charge m, it can be written the
m-th power of a basic monopole with unit magnetic charge V;,, = (V7).
This property is related to the fact that a given magnetic lattice hosts
only one operator on each site, thus the lattice site corresponding to V;,
cannot contain two independent operators, V;, and (V;)™. For this rea-
son we will consider only basic monopole operators V., V_, the ones
with minimal magnetic charge. For the present discussion it is useful
to specialise the various charges to the case of theory (2.4.3) in the fol-
lowing table
Field | R |U(1)r| SU(F)
¢ 0,...,0] (2.4.18)
Vin 0,...,0]

When we discussed the Higgs branch in the previous paragraph we
dealt with a set of classical relations satisfied by the meson matrix com-
ing from F and D terms. For the Coulomb branch the situation is dra-
matically different: there is no relation appearing at the classical level
and one has to look at quantum effects. It is conceivable that the gener-
ators of the Coulomb branch will be the scalar ¢ in the vector multiplet
and the basic monopole operators V., V_. Looking at the table of their
charges (2.4.18) it is possible to guess a relation among ¢, V., V_ of the
form

1 0
slml | m

VoV = ¢t (2.4.19)

As a singular space this is nothing but C2/Zr, as anticipated above.
Since it does not follow from any classical computation, such as the F-
term equations, this relation is dubbed as a quantum relation. As it has
become clear from the discussion, the Coulomb branch Mg is not pro-
tected against quantum corrections as the Higgs branch. A property
the Coulomb branch shares with the Higgs branch is the presence of
an hyperkiler structure acting on it, this time the SU(2) isometry be-
ing identified with the SU(2)¢ factor of the R-symmetry group in the
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quantum field theory realisation. Again, quaternionic units are appro-
priate to count the dimension of the Coulomb branch, simply given by
the number of abelian vector mutiplets

dimpy (M¢) = dim(G). (2.4.20)

Similarly to the Higgs branch, the singularity at the origin can be re-
solved by the presence (when they are admitted) of FI terms.

Before ending the section let us mention that the Lagrangian of a three di-
mensional N = 4 theory does not contain mixing terms among the scalars in
the hypermultiplet and the ones in the vector multiplet, thus the whole mod-
uli space is the product My, x M. There may be situations in which also
mixed branches appear, in which, as suggested by the name, both monopoles
and mesons may acquire non trivial VEVs. However, because of the previous
argument, one always end up with product of spaces separately parametrised
by monopoles and mesons. An example of a discussion of mixed branches
for three-dimensional N/ = 4 theories can be found in [67].

2.4.1 Mirror symmetry

The previous analysis of the moduli space of vacua of three-dimensional
N = 4 theories shed light on an interesting fact: one branch is “easy” to
study, the Higgs branch, while the other is entirely dictated by quantum cor-
rections, the Coulomb branch. Thus it seems that one may only access the
Higgs branch, since in more complicated situation than the one depicted in
(2.4.3) it may be harder to find the quantum relations among monopoles and
adjoint scalars. This is the point in which mirror symmetry comes at rescue.
Originally discovered by Intriligator and Seiberg [11], mirror symmetry is an
infrared duality which relates two or more theories that flow to a supercon-
formal fixed point. In more detail, given a gauge theory with an Higgs My
and Coulomb branch Mg, the duality conjectures the existence of a mirror
dual theory whose Higgs and Coulomb branch are exchanged:

Mrﬁirror dual _ Me, Mg\irror dual _ My. (2.4.21)

As a consequence, mirror symmetry also exchanges the role of the two SU(2)
factors of the R-symmetry group and of mass terms, transforming in the ad-
joint representation of SU(2)y and trivially under SU(2)¢, and FI terms,
which instead are in the adjoint of SU(2)¢ and in the singlet of SU(2)g.
This means that what appears as a classical effect on one duality frame man-
ifest itself as a quantum effect on the other frame, and viceversa. In [11]
the authors conjectures several mirror dual pairs starting from gauge theo-
ries constructed by Kronheimer [69], whose quiver description corresponds

3Note that we refer to the Higgs branch as being easy to analyse only because it requires a
classical analysis and does not require any quantum corrections. Despite that, it has become
clear in recent years, that the Higgs branch of various supersymmetric theories in diverse
dimensions display interesting infinite coupling phenomena. An example is the so-called
small Eg instanton transition, originally discovered in [68].
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to the (affine) Dynkin diagram of ADE Lie algebras. However, in the frame-
work of pure quantum field theory it is hard to construct new mirror dual
theories. This may be achieved via a Type IIB string theory realisation of
three-dimensional gauge theories which automatically incorporates mirror
symmetry as an incarnation of S-duality.

2.5 Hanany-Witten brane systems

A large class of three-dimensional ' = 4 gauge theories can be realised in
Type IIB string theory with systems of D3, D5 and NS5 branes [10] spanning
the following space-time directions

o 1 2 3 4 5|6|7 8 9
D3 X X X X
NS5 || x X X X X X (25.1)
D5 X X X X X X

where x° direction can be taken to be compact or non-compact. The Lorentz
group SO(1,9) is broken by the brane configuration to SO(1,2) rotating x*'2,
SO(3)c ~ SU(2)¢ acting on x**° and SO(3)y ~ SU(2)y acting on x5, To

simplify the notation let us define two vectors m = (x3,x4, x° )and w =

(x7,x8,x%). The two SU(2) factors introduced as the isometries along the di-
rections m and w combine to give the R-symmetry group of the quantum
tield theory. In this set-up the three-dimensional gauge theory lives on the
worldvolume of D3 branes. Despite being four dimensional extended ob-
jects, the D3 branes in the set-up we are discussing, called of Hanany-Witten,
extends in a finite size direction, x®. As a consequence the modes in x° have
to be though as the Kaluza-Klein mode in a circle dimensional reduction,
meaning that the effective quantum field theory is three-dimensional.

To identify the quiver theory starting from the brane system we need to
know what is the matter content arising from the spectrum of open strings
stretching across the various D3 and D5 branes. A single D3 brane suspended
between two NS5 brane hosts a U(1) vector multiplet. If one has N D3s, the
gauge symmetry is U (1)N and becomes to U(N) when the D3 branes are co-
incident. This “classical enhancement” becomes clear when looking at the
Chan-Paton factors of the spectrum of open strings stretching among the D3
branes. In a similar fashion, a string that stretches between N coincident D3
and a D5 brane gives rise to an hypermultiplet in the fundamental represen-
tation of U(N). The last piece of information we need arises when there are
multiple stacks of D3 branes separated by various NS5 branes: in this case
string having their ends on two sets of D3 branes and crossing the NS5 sep-
arating them gives rise to hypermultiplets in the bi-fundamental representa-
tion. For definiteness, if one has N; and N, D3 branes to the left and to the
right of an NS5 the hypermultiplet will transform in the (Nj, N;), where for
simplicity we denoted the representation via its dimension. The gauge cou-
pling of the various vector multiplets can be read from the brane realisation
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and is given in terms of the distance in the x® direction of the NS5 branes:

1
7= It — to], (2.5.2)

where t; and t, denotes the position in x® of the NS5 branes. This suggests
that as the NS5 branes gets closer and closer, the gauge theory approaches a
strong coupling phase, that become infinite coupling in the case of coincident
branes. From the general brane set-up it is possible to see that D3 branes have
the freedom to move along the x3*° directions, spanned by the NS5 branes,
and along x/ 89, spanned by D5 branes. These parameters, or moduli, encodes
the structure of the moduli space of the gauge theory as we will see shortly.
Let us try to summarise the rules for constructing a quiver theory from the
brane system in a particularly simple set-up

(2.5.3)

that gives rise, with the previous rules, to the following quiver theory

Let us now consider how the Coulomb branch of a given gauge theory arises
from the brane system perspective. As we said before, a stack of N coincident
D3 branes suspended between two NS5 branes give rise to a U(N) vector
multiplet. Suppose now we take one of the D3 branes and pull it out from
the N — 1 remaining along the directions m. What does it happen to the mass-
less vector multiplet? Denoting as m; the position of the N — 1 coincident D3
branes and with m, the position of the D3 that has been “separated” from the
rest, the open string connecting the two sets of branes gais a non-vanishing
tension proportional to the displacement m; — m,. In terms of the low en-
ergy degrees of freedom one gets a massive W-boson. As a consequence, the
gauge group that originally was U(N) is broken down to U(N — 1) x U(1).
In the most general case where the D3 branes are all separated the gauge
group is maximally broken down to the Cartan torus U(1)N. Recall that we
have already discussed such a situation when the Coulomb branch of the
moduli space was introduces, and it is not a coincidence. What we have seen

(2.5.4)
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is in fact the description of the Coulomb branch in terms of the brane set-up
realising the gauge theory: the origin of the Coulomb branch corresponds
to the case in which the D3 branes are all coincident, while separating them
apart in the m direction amounts to go on a generic point of the aforemen-
tioned branch where all the scalars in the vector multiplets have non-trivial
VEVs. The discussion may be repeated in the same fashion replacing the role
of NS5 branes with D5 branes and the directions m with w: what we find in
this case is the description of the Higgs branch, where massless hypermulti-
plets in the case of coincident D5 branes gain VEV and allow to explore such
branch of the moduli space.

At the end of section 2.4.1 we introduced mirror symmetry and explained
that its action on mirror dual theories is to swap their Higgs and Coulomb
branches. The Hanany-Witten realisation of three-dimensional ' = 4 gauge
theories comes equipped with the tools to engineer mirror symmetry directly
at the level of the brane set-up. The fundamental ingredient one has to recall
is that S-duality acts on Type IIB string theory via the S element of SL(2,Z):

0 -1
S = (1 0 ) (2.5.5)

and acts non-trivially on the five-branes by exchanging them, while the ac-
tion on the D3 brane is trivial. However, the S-transformation alone does not
correspond to mirror symmetry since one also has to take case of the spatial
directions the branes span. Thus, one supplements the action of S-duality
with the following rotation R of the spatial coordinates

m— w, w — —m, (2.5.6)

and trivially acts on the remaining coordinates. The lesson is now the follow-
ing: starting with a given brane set-up describing a gauge theory, it is pos-
sible to construct its mirror dual theory by performing a combined action of
S-duality and the rotation R on the brane system. Even though it may sound
a simple operation to find the mirror dual configuration, there are some rules
one to be respected and non-trivial effect to take into account. The most
prominent example being what nowadays goes under the name of Hanany-
Witten transition. Let us try to explain such effect with an example. Suppose
we start with a system of a D3 brane suspended between two NS5 branes
and a D5 brane. Denoting the x° position of the two NS5 branes respectively
with x?\,s51, x?\,552, and x8 for the D5 such that x?\,551 <xb < x?\,552, we ask

ourselves what happens if we move the D5 brane along x° such that in the
end x9 > x5 . Naively one could say that nothing happens and the brane
move does not have any “cost”. In picture (2.5.7) we depicted the original
configuration and called it A, and the naive one after the brane move with
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Bnaive

A phaive peorrect

D3 creation

(2.5.7)

However one has to take into account the following fact. In the situation A,
when the D5 brane is moved on top of the D3, the mass of the corresponding
hypermultiplet proportional to |wps — wp3| goes to zero, providing a sin-
gularity corresponding to the appearance of a massless state. In the naive
set-up B"@V¢ there is no reason why a singularity should appear. Despite for
the class of three-dimensional A" = 4 theories the spectrum of BPS particles is
allowed to jump, in this specific example there is no reason why the massless
hypermultiplet should decay. The problem is resolved conjecturing that the
right configuration is B!, where a D3 brane has been created and it con-
nects the D5 and an NS5 brane. Immediately observe that such a D3 brane
has not brought any new moduli to the theory. In fact, being the D3 stretched
between an N5S and a D5 it does not possess any moduli: both its wp3 and
mpg are fixed. The paradox of the missing singularity is now resolved noting
that a massless hypermultiplets appear in B! once the original D3 and
the new one are aligned along the m directions. It is worth to mention that
the transition also holds in the reverse way: if we start with Bt config-
uration and move the D5 brane “inside” the D3 brane with no moduli gets
annihilated.

The a priori reason why the Hanany-Witten brane creation/annihilation
should take place is related to the conservation of magnetic charge. One can
assign a magnetic charge to each type of five brane, either the NS5 of the D5
brane. For definiteness, let us consider an NS5 brane and denote with Lps
the number of D5 to its left and with Rps the D5 on the right. In a similar
fashion, Lp3 and Rpsz denotes the number of D3 branes ending on the NS5
from respectively from the left and from the right. The linking number of the
NS5 under consideration reads

1
Lnss = E(RDB — Lps) + (Lps — Rps), (2.5.8)

and a completely analogue formula holds for the linking number of a given
D5. The linking number computes the total magnetic charge of a given five-
brane. Such magnetic charge for each five brane is conserved after every
brane move, a particular case being represented by the phase transition dis-
cussed above. The linking number also constraints a given brane system,
which has to satisfy the requirement that the sum of the linking numbers for
all the branes involved has to be zero. Other constraints come from unbroken
supersymmetry, such as the S-rule: given an NS5 brane and a D5 brane, there
can be one and only one D3 brane connecting them. In the end have the tools
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to analyse a given Hanany-Witten brane system, read the associated gauge
theory, and finally take the S-dual of the original set-up to read the mirror
dual theory. It is pedagogical to end the section with an example. Let us take
again the case of a U(1) gauge theory with F flavours. In the following we
depict the various steps that have to be performed in order to get the S-dual
of the original configuration

S-dual
configuration
after HW move

i

F NS5

Original Brane S-dual
configuration alignment configuration

(2.5.9)
Using the rules to read the gauge theory from the brane configuration we
find that the mirror pair arising from the S-dual configuration reads

(2.5.10)

F 1

where the gauge group is U(1 . As a final check, we can compute the
dimension of Higgs and Coulomb branch of the mirror pair and see that the
match under mirror symmetry. The original SQED theory with F flavours
has Higgs and Coulomb branch of dimensions:

dimH”HSQED w/E = F—1, dim]HCSQED w/E = 1. (2.5.11)

For the mirror theory, the dimension of Higgs branch can be counted tak-
ing into account the F — 2 bifundamental hypers plus the 2 coming from the
flavour nodes, minus the contribution of the F — 1 vector mutiplets

dimp Hmirror = (F—2)+2—(F—1) =1, (2.5.12)
while for the Coulomb branch it suffices to take the rank of the gauge group:
dimlHCmirror =F-—1. (2513)

Thus, we find, as expected, that the dimension of the Higgs and Coulomb
branch across the mirror pairs match

dimp HsQep w/ F = dimMpCrirror, dimpCsQEp w/ F = dimpg Hmirror-
(2.5.14)
Obviously, matching the dimensions of Higgs and Coulomb branch does not
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imply that the branches, as singular spaces, they coincide across mirror dual-
ity, and usually a more detailed analysis is needed, nonetheless it represents
a first good check that the mirror pair has beed correctly identified. We will
not go into the detail more in this section as we will see plenty of examples of
matching Higgs and Coulomb branch of various mirror dual theories in the
main part of the thesis.
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Chapter 3

The moduli spaces of S-fold SCFTs

3.1 Linear quivers: T7(SU(N)) and its variants

A notable class of linear quivers, realised when the x° direction in HW set-up
is non-compact, is as follows

Ml MZ Mg/_z ME’—l

(3.1.1)

where a circular node with a label N denotes a U(N) gauge group and a
square node with a label M denotes a U(M) flavour symmetry. This class
of linear quivers was studied in [8] and each of the theories in this class is
represented by T7 (SU(N)) for some N, with o and p partitions of N.

From the brane perspective, if we move the D5-branes to one side and
the NS5-branes to the other side, N is the total number of D3-branes in the
middle, o contains the differences between the number of D3-branes on the
left and on the right of each D5-brane, and p contains the differences between
the number of D3-branes on the left and on the right of each NS5-brane. Let
us provide an example for N = 6, ¢ = (3,2,1) and p = (22,1?):

D3

(3.1.2)
D5 NS5
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To read off the quiver gauge theory, it is convenient to move the D5-branes
inside the NS5-brane intervals as follows:

09

1 1 1

(3.1.3)

Since three dimensional mirror symmetry [70] exchanges D5-brane and NS5-
branes [10], it also exchanges o and p. A quiver description of T7 (SU(N))
for a general ¢ and p can be found in, for example, [71, sec. 2] or [72, sec 2.1].

The T(SU(N)) theory. A theory that plays an important role in our analysis
is that with ¢ = p = [1V] 1. Such a theory is denoted by T(SU(N)) and its
quiver description is

o—o—---— o —[. (3.1.4)
1 2 N-1 N

As an explicit example, the brane configurations for T(SU(3)) are as follows:

D3

(3.1.5)
D5 NS5

In general T(SU(N)) is invariant under mirror symmetry. The Higgs and
the Coulomb branches of this theory are both isomorphic to the closure of
the maximal nilpotent orbit of SU(N) [8], which is denoted by N (). We
can conveniently define N, su(n) as a set of N X N complex matrices M such
that tr(MP) = 0, for p = 1,..., N; the quaternionic dimension of this space is
therefore %N (N —1). For quiver (3.1.4), the symmetries of the Higgs and
Coulomb branch are thus both SU(N); the former is manifest in the La-
grangian (or quiver) description as a flavour symmetry, whereas the latter
is not manifest but gets enhanced from the topological symmetry U(1)N~1
in the infrared. There is a situation in which it is possible to have manifest
Coulomb branch symmetry, namely for the T(SU(2)) theory. In fact, there
exists an IR duality [41, 74, 75] that relates T(SU(2)) to an SU(2); gauge
theory with four fundamental chiral multiplets, SU(2) x SU(2) flavour sym-
metry, which only has N = 2 supersymmetry and no time-reversal symme-
try. Thus, it is possible to find a duality frame in which both the Higgs and
Coulomb symmetries are manifest, but ' = 4 supersymmetry is not.

11t has been recently observed that theories specified by non-trivial partitions play a role
in understanding the three-dimensional mirror dual of the class Ayp of class S theories [73].
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The T(U(N)) theory. An important variant of the T(SU(N)) theory is the
T(U(N)) theory [8, sec 4.4]. The latter is defined as a product between the
T(SU(N)) theory and an “almost trivial” T(U(1)) theory, where the lat-
ter can be characterised as follows. The Coulomb and Higgs branches of
T(U(1)) are trivial; each of them consists of only one point. Nevertheless,
T(U(1)) comes with a U(1) x U(1) background vector multiplet, along with
an N = 4 background mixed Chern-Simons term with level 1 between such
U (1) vector multiplets. Explicitly, the action for the following quiver

@ rua)) @ (3.1.6)

in the N = 2 notation is given by (see e.g. [76, (4.4)])

k k 1 1
/d3xd49 (4—121 Vit 2% Vo — 34 Vp — zzvl)

in in in 617)
/d3 42 <fq>%+fq> 21 CI>1<I>2+CC) .

where ¥;, V; (with i = 1,2) are, respectively, the N’ = 2 linear multiplet and
vector multiplet of the i-th gauge node, and ®; are the N/ = 2 chiral multi-
plets of the N' = 4 vector multiplets of the i-th gauge group. In the above
equation, we highlight the contribution from the mixed Chern-Simons terms
due to T(U(1)) in blue. We emphasise that the mixed Chern-Simons terms
come with the level —1 in our convention for T(U(1)). Thus, one may view
the T(U(N)) theory as having a global symmetry U(N) x U(N), such that
the two U(1) subgroups of each U(N) acts trivially on the theory, and that
an N = 4 background mixed Chern-Simons term with level —N is added
for the two corresponding U (1) background vector multiplets.

It should be mentioned that there is a close cousin of the T(U(1)) theory.
This theory is called T(U(1)) in [77]. This theory can be defined almost in the
same way as above, except that the minus signs in the blue terms of (3.1.7) are
changed to plus signs. In other words, the level of the mixed Chern-Simons
terms is +1. One can then define T(U(N)) theory as a product between
T(SU(N))and T(U(1)). As a consequence, T(U(N)) has a global symmetry
U(N) x U(N), such that the two U(1) subgroups of each U(N) acts trivially
on the theory, and that an N/ = 4 background mixed Chern-Simons term
with level N is added for the two corresponding U(1) background vector
multiplets.

3.2 Compact models

As it has already mentioned before, HW brane set-up allows to realise com-
pact models when the x® direction is taken to circular. An example of this is
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as follows:

(3.2.1)

n Dbs

where the loop around the node denotes a hypermultiplet in the adjoint rep-
resentation of the U(N) gauge group. The mirror theory can be obtained
simply by applying S-duality to the above brane system in the usual way:

— OO
@g (322)
v
1 NSSs

3.3 S-fold solutions and their SCFT duals

3.3.1 The holographic duals of linear quivers and compact
models

Both linear quivers and compact models have known holographic duals in
sting theory. Type IIB supergravity solutions have been found in [71, 78].
Historically, these solutions descend from the seminal work [19, 20], where
AdSy x S% x S22 x Xy backgrounds have been found, with ¥, a non-compact
Riemann surface with the topology of infinite strip R x I with coordinates
(y,x), where I is an interval. The dual field theory is supposed to be four-
dimensional SYM with space-dependent coupling constant, since the ten-
dimensional metric is actually asymptotically AdSs x S° in the limity — oco.
The metric, the dilaton and the fluxes are completely determined in terms of
two harmonic functions .4; on ;. These functions can admit suitable singu-
larities on the boundary of the strip. Those are interpreted as the singularities
coming from D5 and NS5 branes, like those presented in example (3.1.5). We
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illustrate this in figure (3.3.1).

AdS; x S° <— —> AdS; x S°

—e ® ®

(3.3.1)

Backgrounds dual to 3d N = 4 linear quiver theories can be obtained by

picking suitable harmonic functions on X: specifically, we can make a choice

of harmonic functions such that I shrinks to zero as y — =co. The resulting

topology is AdSy x Bg where Bs ~ S° x I is the six-dimensional ball. This
is illustrated in (3.3.2).

.
g3
-
3
.

AdS, x Bs & ® AdS; x Bg

.
. Q
o

(3.3.2)

Getting holographic duals of 3d N/ = 4 compact models is more sub-

tle and a quotient procedure is involved. Harmonic functions on X, can be

chosen to have an infinite number of singularities, but in such a way to be
periodic along the infinite direction with period T:

Ai(y+T) = Ai(y) -

The whole solution is invariant under this translation, being completely de-
termined by A;. At this stage, we can perform a quotient with respect to “T-
symmetry” ending with a configuration where points (x,y) and (x,y + T) of
the Riemann surface are identified; we end up with a surface with the topol-
ogy of the annulus; see figure (3.3.3).

(3.3.3)

3.3.2 J-folds

A more general quotient procedure can, in fact, be implemented. In par-
ticular, one may introduce an SL(2,Z) duality-twisted boundary condition
[79, 14] upon identifying the two ends of the aforementioned Riemann sur-
face. This can be done as follows. As before, the starting point is a choice
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of harmonic functions 4;, that completely fixes the physical fields of the so-
lution. For instance, let us focus on the axio-dilaton T = Cy + i e 2? where
Cp is the potential of the one-form flux F; and ¢ is the dilaton. As it is well-
known, Type IIB supergravity admits a non-trivial action of SL(2,Z), gen-
erating orbits of equivalent solutions; the axio-dilaton is not invariant under
this SL(2,Z) action. We can imagine to pick harmonic functions A; such:

T(y+T) = M1(y) (3.3.4)

where M represents the action of SL(2,Z) on the axio-dilaton and we require
that similar relations hold for all other fluxes, with an appropriate element of
SL(2,Z) acting on them. If such a choice can be performed, we can imag-
ine to quotient with respect to the joint action of SL(2,Z) and translation by
T along the non-compact direction y. Points (x,y + T) and (x,y) are again
identified; the Riemann surface has a cut along (x, T), passing through the
fields undergo an SL(2,Z) transformation. We end up with a Riemann sur-
face with the topology of the annulus and a non-trivial monodromy under
SL(2,Z). This is illustrated in (3.3.5).

y=0 a y=0 T (33.5)

It turns out that such a quotient is related to a particular choice of SL(2,Z)

element. Let
0 —1 10
s= (0 r=(1Y), 635

satisfying S> = —1 and (ST)? = 1, be the generators of SL(2,Z). Then the
aforementioned quotient can be performed for every element of SL(2,Z) of
the form:

Jo = —STF = (_kl é) , T = —Jk. (3.3.7)

This kind of solutions was studied in the context of abelian theories in [79]
and is referred to as the J-fold in [14]. These are often regarded as non-
geometrical, in the sense that we performed a quotient with respect to some
symmetry of the theory not descending from isometries of the metric.

The quotient also admits a realisation at the level of brane configura-
tions: it corresponds to a five-dimensional surface implementing the afore-
mentioned monodromy under SL(2,Z) action. As we have seen, X has the
topology of the annulus, thus corresponding to circular brane configuration



3.3. S-fold solutions and their SCFT duals 39

with an insertion of J-folds. An example of a brane configuration with a J-

fold is as follows:
Jk

D5 @ ° (3.3.8)

NS5

The insertion of the Ji-fold in such a brane system can be viewed as intro-
ducing a 3d interface, with a non-trivial SL(2,Z) action Jj, to the 4d N = 4
super-Yang-Mills theory living on the D3-branes on the circle. The theory on
such a 3d interface was studied in [8, sec. 8]. This is, in fact, the T(U(N))
theory with a Chern-Simons level k for one of the flavour U(N) symme-
try, whereas the other U(N) flavour symmetry has Chern-Simons level zero.
One can then couple this 3d theory to the theory on the D3-brane on a cir-
cle. The U(N); and the U(N)y flavour symmetries® are then coupled to the
U(N)r and U(N)g gauge fields on the left and on the right of the interface,
respectively®. For instance, the three dimensional quiver theory associated
to the brane system (3.3.8) is

@@ (3.3.9)

where Ny and Nj denotes gauge groups U(N) with Chern-Simons levels k
and 0 respectively. We emphasise that there is a mixed CS term with level - N
between the two gauge groups. Due to the presence of the T(U(N)) theory as
a link, this is not a conventional Lagrangian theory, because only one U(N)
symmetry is manifest in the Lagrangian description of the T(U(N)) theory,
whereas the other U(N) symmetry emerges in the infrared*.

3.3.3 S-flips

Another type of quotients that is similar to the J-fold is possible. In this
case we select the SL(2,Z) element implementing the monodromy to be S.

2Unless specified otherwise, we denote the Chern-Simons level as the subscript.

3As pointed out in [77, 14], there are two possibilities for coupling the U(N) flavour
symmetry to the U(N) gauge field on each side, namely U(N) = diag(U(N) x U(N)) or
U(N)_ = diag(U(N) x U(N)"). For T(U(N)), the gauging is chosen to be U(N) on both
sides, whereas for T(U(N)), the gauging is chosen to be U(N) on one side and U(N)_ on
the other side.

4t should be mentioned that similar quiver theories, with special unitary gauge groups
and T(SU(N)) links, were studied in [80, sec. 4.1] and [81, sec. 5.2] in the context of 3d-
3d correspondence and the twisted compactification of the 6d A/ = (2,0) theory on a torus
bundle over S.
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However, in order to have a desired symmetry of the supergravity solution,
we have to perform an exchange of coordinates corresponding to the two S?
in AdS; x S% x S? x XY, and a reflection of x coordinate, being identified at
the S-interface in an antipodal way, as depicted in (3.3.10).

R e ——

-0
y=0 y=T

(3.3.10)

The Riemann surface now has the topology of the Mobius strip. This type of
solutions is referred to as an S-flip in [14]. Similarly to the J-fold, the S-flip
has an avatar at the level of circular brane configuration, as five-dimensional
surface passing through the configuration undergoes an SL(2,Z) transfor-
mation and a rotation of coordinates such that (x34°, x”89) — (x789, — x349),
When an S-flip is inserted into a brane system, the corresponding quiver dia-
gram can be obtained in the same way as that with the J-fold, except that the
Chern-Simons level is set to zero. An example for this type of configurations

is depicted in (3.4.1).

3.34 (p,q) fivebranes

Let us now consider (p,q) fivebranes [82, 83], where (1,0) denotes an NS5
brane and (0, 1) denotes a D5 brane. For a given ordered pair (p,q), we can
write this as

(pa) = Ty Ty -+ Ji, (1,0) (3.3.11)

for some kq,ky, ... k. Thus, any (p, q) brane is related to an NS5 brane by an
SL(2,Z) transformation. Using this realisation, we can convert a (p, ) brane
to an equivalent configuration involving J-folds as follows:

§ ........ § ‘ § ........ § - 63.12)

7}:11 71;1 é ‘ NS5 é]k,, Tiy

From the perspective of the quiver diagram, each [ gives rise to a T(U(N))
link with a Chern-Simons level k for the U(N) group on the left, whereas

each 7:,1( gives rise to a T(U(N)) link with a Chern-Simons level k for the
U(N) group on the right. In particular, the corresponding quiver theory for
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the following SL(2, Z)-equivalent brane systems

S I s
N D3 N D3
NS5 NS5 NS5 ‘ T % I % ‘ NS5 %ik, %Th ‘ NS5

(p.9)

is as follows:

O D D R R OO0

(3.3.14)
This agrees with the description provided in [8, fig. 75] and [77, fig. 6].

3.4 Models with zero Chern-Simons levels

In this section, we consider theories with zero Chern—Simons (CS) levels and
with certain links between gauge nodes in the quiver being T(U(N)). From
the brane perspective, such a theory arises from the Hanany—Witten brane
configuration [10], namely a system of D3, NS5 and D5 branes that preserves
eight supercharges, with an insertion of S-flips [14]. The presence of an S-
flip gives rise to the aforementioned T(U(N)) link in the quiver. The moduli
space of such quiver theories is studied below. The main result can be sum-
marised as follows.

We find that these theories have two branches of the moduli space, namely
the Higgs and the Coulomb branches. Let us first discuss about the Higgs
branch. We propose that this is given by the hyperKéahler quotient of a prod-
uct of each component in the quiver by the gauge symmetry. By each compo-
nent, we mean a bi-fundamental hypermultiplet, a fundamental hypermulti-
pletand a T(U(N)) link that connects two U (N) groups together. The former
two can be treated in the usual way as in a Lagrangian theory. whereas each
T(U(N)) link contributes two copies of the closure of the maximal nilpotent
orbit of SU(N), denoted by Ng;(n)- The reason for latter is two-fold: (1) the
Higgs and the Coulomb branches of T(U(N)) are both isomorphic to Ng;(n,
and (2) in order to realise the two U(N) groups connected by T(U(N)), we
need two copies of SU(N) subgroups, one arises from the Higgs branch and
the other arises from the Coulomb branch of T(U(N)).

The Coulomb branch is similar to the usual 3d N' = 4 gauge theories,
but with the following important remark. We propose that the scalars in the
vector multiplets of any two gauge nodes that are connected by a T(U(N))
link are frozen and do not contribute to the Coulomb branch. The other gauge
nodes in the quivers still give rise to vector multiplets that contribute to the
Coulomb branch. From the brane perspective, this proposal implies that the
D3-brane segment between two NS5-branes that is stretched through the S-
flip cannot move along the NS5-brane directions (i.e. the Coulomb branch
directions).
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We check that the descriptions of the Higgs and the Coulomb branches
mentioned above are consistent with S-duality and mirror symmetry. Given
a brane system, say of theory A, we can obtain a brane system of the mirror
theory, say theory B, using S-duality. We find that the moduli space of theo-
ries A and B are related by mirror symmetry [11, 10]. in the following sense.
The Higgs branch (resp. Coulomb branch) of theory A computed by using
the above proposal is in an agreement with the Coulomb branch (resp. Higgs
branch) of theory B.

Below we provide examples to demonstrate the above discussion.

3.4.1 Example 1: A flavoured affine A; quiver

Let us consider the following brane set-up and the following theory.

S
b>e T(U(N))
@‘@ (3.4.1)
NS5

where, throughout this section, we denote a gauge group U(N) with zero CS
level by a circular node with the label N. The flavour symmetry U(Ny) is
denoted by a square node with the label Ny.

The mirror theory can be derived by applying the S-duality to the brane
system (3.4.1) which yields

S
NS5
(3.4.2)
[ J
D5
The Higgs branches

We claim that the Higgs branch of (3.4.1) is given by

H([U(2)] = [U(N)1]) x Nsuny, < Nsuny, X HU(N)1] = [U(N)2])

H - ’
(3.4.3)

where N () denotes the closure of the maximal nilpotent orbit of SU(N).

We shall use shorthand notations H and C to stand for the Higgs branch and
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the Coulomb branch respectively. The quaternionic dimension of (3.4.3) is
1
dimp H(3471) = 2N +2 [E(N — 1)N] +N2-N?2-N2=N. (344

Similarly, we claim that the Higgs branch of (3.4.2) is

Hza2) = [”H([U(N)l] — [U(N)3]) x H([U(N)2] = [U(N)s]) x H (U(1)] = [U(N)2])

x Nsu(ny, % NSU(N)Z] / (U(N)1 x U(N)2 x U(N)3) .
(3.4.5)

The dimension of this space is

1
dimp H(342) = N>+ N>+ N +2 [E(N — 1)N] —3N?=0. (34.6)

The Coulomb branches

Since mirror symmetry identifies the Coulomb branch C(34,) of (3.4.1) with
the Higgs branch H (3 4 5) of (3.4.2), it follows that

dlmH 6(3.4.1) = dlm]H H(3.4.2) =0, (34:7)

and hence C347) is trivial. We see that even though the theory (3.4.1) has
gauge group U(N) x U(N), its Coulomb branch is trivial. This is consistent
with our proposal: the scalars in the vector multiplets of U(N) x U(N) gauge
group in (3.4.1) are frozen to a particular value, because they are linked by
T(U(N)). From the brane perspective, this means that the D3-branes do not
move along the direction of the S-flip, but get stuck at a particular position
in the x3>*° directions. On the other hand, since the Higgs branch of (3.4.1)
is non-trivial, this means that the D3-branes that align along the direction of
the S-fold and NS5-branes can move along the x”% directions.
By the same token,

We see that even though (3.4.2) has gauge group U(N) x U(N) x U(N), its
Coulomb branch has dimension N, rather than 3N (which is the sum of the
ranks of the gauge groups). This is indeed again consistent with our pro-
posal: the scalars of the two U(N) gauge groups connected by T(U(N))
are frozen, but those of the remaining U(N) gauge group can acquire VEVs.
The latter gauge group has rank N and contributes N to dimy C(345). From
the brane perspective, the D3-brane segment between two NS5 branes that
stretch across the S-flip get stuck at a particular position along the x*>*° direc-
tions. On the other hand, the segment that does not stretch across the S-flip
can move along the latter.
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The Hilbert series

To confirm these statements, we compute the Hilbert series of the Higgs
branch of (3.4.1) using the description (3.4.3)

Hzan)l(t x)

/dﬂu /dﬂu

x PE —tz(ul—i—uQ)(ul —I—uzl)—tz(wl—f—wz)(wl_l%—wz_l)}

x PE |t(x 4+ x71) {%ulfl + iui}] (3.4.9)

i=1

) ) () ()

where the U(N) Haar measure is given by

dz; Z;
d 7{ L 1% 3.4.10

and the Hilbert series of the closure of the maximal orbit of SU(N) is (see [84, (3.4)]
and [85]):

N

HNgu)(t,2) = []‘[(1-#]‘)] x PE [tzxad]( )(z)} , (3.4.11)

j=2
with Xié;(N) (z) the character of the adjoint representation of SU(N):

Xﬁé{?(m (z) = (1 +22) (2 +2,") — 1. (3.4.12)

Let us now explain the contribution of each line in (3.4.9). The first two lines describe
the gauging of the symmetry U(N) x U(N). The second line is the contribution of
the fundamental hypermultiplets. The third line is contribution of two copies of
Nsu(ny; one is the Higgs branch and the other is the Coulomb branch of T(U(N)).
The last line is the contribution of the bi-fundamental hypermultiplets. Here x is a
fugacity for the SU(2) global symmetry.

The integrals in (3.4.9) can be evaluated in an exact manner and yield

N ) N )
H[H (341))(t,x) = PE xiﬁﬁ(z)(x) Yo =) N (3.4.13)
where
XiéIjQ) (x) =x*+14x77. (3.4.14)

The Higgs branch of (3.4.1) thus has an SU(2) isometry; this is manifest as a flavour
symmetry in the quiver. In fact, this Hilbert series is equal to that of the Coulomb

5The plethystic exponential (PE) of a multivariate function f(xq,x,...,X;) such that
£(0,0,...,0) = 0is defined as PE[f(x1,x2,...,Xn)] = exp (Zle %f(x’l(,x’g,...,x’;,)) .
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branch of U(N) gauge theory with 2N flavours (also known as the T[[Il\;l? } (SU(2N))

theory [8]) [86, (5.6)], where the U(1) topological symmetry gets enhanced to SU(2)
at strong coupling :

Hza1) = C (U(N) gauge theory with 2N flavours)

—C (T[[;fﬁj](su(z\r)))

= the intersection between the Slodowy slice (34.15)
transverse to the nilpotent orbit associated with [N, N]

and the nilpotent cone of SL(2N, C) [8],

Indeed, we can see an effective U(N) gauge theory with 2N flavours from (3.4.2)
as follows. Since the two U(N) gauge groups connected by the red line do not con-
tribute to the Coulomb branch, we can effectively think of them as flavour symme-
tries, and so the U(N) gauge group on the lower right hand corner has effectively
2N flavours transformed under it.

3.4.2 Example 3: Quivers with a T(U(N)) loop

We consider the following brane set-up and the following corresponding theory.

3y
()

S

(3.4.16)

n D5s

The mirror theory can be obtained by applying S-duality to the above system:

S
()W)
/[ N\
@ @ (3.4.17)
T(U(N))lL‘\@v@/ (n41) nodes
n NS5s

The Higgs branch of (5.2.1) is given by the following description

2y Nsuon X Nsupn) X H ([U(N)] = [U(m)])
(5.21) = LI(N) .

(3.4.18)
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The quaternionic dimension of which is equal to
1
dimgy H(501) = (2 % E(N —1)(N)| +nN -N?>=(n—1)N. (3.4.19)
Observe that for n = 1, the Higgs branch is trivial for any N. On the other hand, the

Higgs branch of (3.4.17) is given by the following description

N x N X H[U(N) — U(N)]"
Hiary) = H) U(UI(\II\;)”“/U(l)N , (3.4.20)

where we quotiented by U(N)"*!/U(1)N because at a generic point on the Higgs
branch, the gauge symmetry U(N)"*! is not completely broken but it is broken to
U(1)N (see e.g. [65]). The dimension of this space is actually zero:

1
dimu Hza17) = |2 % 5(N=1)(N)| + nN? —[(n+1)N*~N| =0. (3.4.21)

From mirror symmetry, C(5, ) is identified with H (3417, and so
dim]H C(5'2.1) = dil’mH 7‘[(3'4,17) =0. (3.4.22)

This is consistent with our proposal because (5.2.1) has a single circular node that is
connected by the T(U(N)) link and so it does not contribute to the Coulomb branch
dynamics.

On the other hand, it can be checked using the Hilbert series that the Higgs
branch H s 1) is in fact isomorphic to the Coulomb branch of the following quiver®

0o o—[]. (3.4.23)
N N N N
———
(n—1) nodes

This quiver can be derived from (3.4.17) using our proposal: since the vector multi-
plets two gauge nodes linked by T(U(N)) in (3.4.17) are frozen, we can take them to
be flavour nodes, and quiver (3.4.23) thus follows.

Amusingly, using brane and mirror symmetry (see [87, (2.5)]), we also know that

Uln
|
His21) =Cramy =M [o— ST T N —9—Of - (3.4.24)

In a special case of or n = 1, the quiver on right of the above equation is the star-
shaped quiver that is mirror [88] to the S! compactification of a clsss S theory of type
An-—1 associated with a sphere with two maximal and one minimal puncture. The
latter is actually a theory of free hypermultiplets. Thus, the spaces in (3.4.24) are zero
dimensional; this is in agreement with (3.4.19).

®For example, the Hilbert series of the Higgs branch H(521) for N = n = 2 is precisely
the Coulomb branch Hilbert series of 3d V' = 4 U(2) gauge theory with 4 flavours. These
can be computed similarly as in the preceding subsections.
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3.5 Abelian theories with non-zero Chern—-Simons
levels

In this section, we focus on field theories that arise from Hanany-Witten brane con-
figurations, with a single D3-brane on S! and with an inclusion of J-folds. These can
be represented as abelian quiver theories with non-zero Chern-Simons (CS) levels’,
and T(U(1)) connected between quiver nodes. The presence of a T(U(1)) link be-
tween two quiver nodes gives rise to a mixed CS level between them. In fact, the
systems consisting only a D3-brane on the circle and J-folds (but with no D5 and no
NS5 brane) were studied in [79]. Such systems give rise to pure CS theories. In order
to make the moduli space more interesting, we may also include NS5 and D5 branes
in the system. These introduce bi-fundamental and fundamental hypermultiplets
into the quiver theory. The moduli space of theories in this section is more sophisti-
cated to analyse than those in section 3.4. This is because the vacuum equations may
admit many sets of non-trivial solutions, in which case the moduli space has many
branches. Below we systematically analyse such branches, and provide necessary
conditions on the CS levels in order to have a non-trivial moduli space.

As a warm-up, we first analyse linear quivers without a T(U(1)) link in section
3.5.1. This also serves as a generalise of the analysis in [89] and a complement to the
analysis of [90], where here we provide direct analyses of the moduli space from the
vacuum equations and compute the Hilbert series. Subsequently in section 3.5.2, we
introduce a J-fold in to the brane system. Finally, in section (3.5.3), we add flavours
in to the quiver. In the latter, under some conditions, the fundamental hypermulti-
plets may contribute non-trivially to the moduli space. The analysis for theories with
more than one J-fold is more technical and we postpone the discussion to section 3.7.

3.5.1 Warm-up: Theories without a J-fold

Before adding a J-fold to the brane systems, it is instructive studying in a systematic
way the moduli space of linear quivers without fundamental matter.

This is made up of n U(1) gauge nodes with Chern-Simons levels k;, i = 1,... n.
The i-th node is connected to the (i — 1)-th one by an hyper-multiplet (A;, 4;). In
N = 2language, the quiver appears as:

Ay

(3.5.2)

1

7We denote the CS level by a subscript, for example U(N); denotes a group U(N) with
CSlevel k. In a quiver node, we abbreviate this as Nj.
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with the superpotential

[y

n—-1 _ _ 1M
W =Y (AigiAi — Aigin Aj) + 5 Y kig . (3.5.3)
i=1 i=1
Due to N = 3 supersymmetry of the theory, we are allowed to collect at the same
time both F-terms and D-terms, in such a way we really need to solve a unique set
of equations. Let us call ®; = (¢;, 0;), i = (A; Ai, |Ai]* — | Ai|*): the whole set of
F-terms and D-terms now read

Ai( @i —®) =0, A(Pi1—®) =0 i=1,...,n—1 (3.5.4)
ki @1 =
ki¢i:yi—yi,1 i:2,...,1’l—1 (355)
knq)n = —Hn-1

Moreover, the R-charge and gauge charges of the monopole operators with flux
(my,...,my,) read, respectively:

1
imivr —mil,  qi[Vig,,..my) = —kim; (3.5.6)

n

N| =

R[V(m1,.,.,m,,)] =

I
—

where m; is the magnetic flux of the i-th gauge group.

Cutting the quiver

It is convenient to study the solutions to the vacuum equations according to the van-
ishing of the VEVs of the bi-fundamental hypermultiplets. In particular, the vacuum
equations may admit the solutions in which

All:gll:Alzzglzz-”:Alm:Avlmzo,fOI'SOl’I‘Iell<lz<"‘<l

_ " (35.7)
and Ay, Ay #0forp & {li,l,...,lu},

In which case, the quiver diagram in question is naturally divided into sub-quivers,
and we shall henceforth say that the quiver is “cut” at the positions Iy, I, - - - , L. If
the vacuum equations do not admit such a solution, we say that the quiver cannot
be cut. As we shall see in explicit examples below, the vacuum equations of certain
quivers may admit more than one option of cuts, in which case, each option gives
rise to a branch of the moduli space.

In order to determine whether we need to cut the quiver, we can proceed as
follows. Suppose that the quiver cannot be cut, i.e. all A; and A; are non-zero. This
implies that ®; = ® # 0 for all i. If the system of equations (3.5.5) admits a solution
in which y; = 0 for some j, then our initial assumption that the quiver cannot be
cut is contradicted, and we need to cut a quiver somewhere. However, it should
be emphasised that if the aforementioned system of equations have a solution in
which p; # 0 for all j, what we can infer is that there is a branch of the moduli space
corresponding to no cut; however, there may exist another branch of the moduli
space corresponding to a cut in the quiver.

Let us now cut the quiver in question at two positions, namely / and m with m >
I. This divides the the orginal quiver into three sub-quivers that we will denote as:
“left”, collecting the nodes first I nodes, “central”, collecting the node I +1,..., [ +
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m, and finally “right” encoding the last n — I — m nodes, as depicted below.

(3.5.8)

Below we derive necessary conditions for each sub-quivers to contribute non-trivially
to the moduli space.

Let us consider the left sub-quiver. We fix A; = Al = 0 and assume that A;
and A; are non-vanishing for all i = 1,2,...,I. Then (3.5.85) implies that ®; =
® = (¢p,0)Vi=1,2,...,1. The sum of the first | equations in (3.5.5) provides the
following constraint

!
(Zki> 9 = AA = 0. (3.5.9)
i=1

Since ¢ # 0 (otherwise A;_1A;_1 would be zero, contradicting our assumption), we
see that a necessary condition for the left sub-quiver to contribute non-trivially to the
moduli space of vacua is

!
Y ki=0. (3.5.10)
i=1
A similar argument also applies for the right sub-quiver. We fix A}, ,, = Alpm =
0 and assume that A; and A; are non-vanishing foralli = [ +m +1,...,n. A nec-
essary condition for this sub-quiver to contribute non-trivially to the moduli space
is
Y., k=0, (3.5.11)
i=l+m+1
If the central sub-quiver contains a sub-quiver whose CS levels sum to zero, we
may cut the former further into smaller sub-quivers. Otherwise, a necessary condi-
tion for the central sub-quiver to contribute non-trivially to the moduli space is

I+m
Y ki=0. (3.5.12)
i=I+1

This again follows from the sum of the (I + 1)-th to the (I + m)-th equations in (3.5.5),
with i = pyym = 0.

Note that there can be many ways in cutting a given quiver into sub-quivers.
Consider the following gauge theory as an example

7R Q (3.5.13)
14 14 1y e
\_/
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There are two ways in cutting such a quiver in order to obtain a non-trivial moduli

space, namely
(3.5.14)
1y

—
_
L
_
+
i
_
L

=A;=0

=
I
=
I
o
S
w

In case I, both left and right sub-quivers contribute non-trivially to the moduli space,
whereas in case II, only the central sub-quiver contributes non-trivially. We shall
refer to the vacuum spaces corresponding to these two options as branches of the

moduli space for (3.5.13). We shall go over the detailed computation of the moduli
space later.

)

The Hilbert series

Let us consider quiver (3.5.8) and assume that the left, central and right sub-quivers
cannot be cut further. Using (3.5.85), wesee thatoy =0 = ... =07, 0141 = 0142 =

. = Oi4m, and 01441 = ... = 0y. In other words, the magnetic fluxes for the
monopole operators for all nodes in each sub-quiver are equal:

m =mpy=...=m =mg,
M1 =My = ... = My = M, (3.5.15)
Mypmt1 = Mipmy2 = ... = My =TMR .

The R-charge of the monopole operator with the flux (m;, ..., m,) is therefore

17l 1
R[Viyy,..mn)] = 5 Z; |m; —miq| = > (Jmp —mc| + |mc —mg|) . (3.5.16)
1=

The Hilbert series can be computed using the same procedure as presented in [89,
sec. 4-sec. 6]. The idea is to count the monopole operators dressed by appropriate
chiral fields in the theory such that the combination is gauge invariant. The appro-
priate combination of chiral fields that are used to dress the monopole operators are
counted by the baryonic generating function [91].

Let g1.(t, B), gc(t, B) and gr(t, B) be baryonic generating functions for the left,
central and right sub-quivers, respectively. Then, the Hilbert series for the moduli
space for quiver (3.5.8) is given by

H(tzrzezr) = Y, Y. ), t\mﬁmCHImrmR\ZTLZ?cZgRx
mpeZ mceZ mreZ
8L(t/{klmL/---rklmL})gC(t/{kl-HmC/---/km—lmC})X
gR(t/ (kmmR/- . -/knmR}) ’

(3.5.17)

where z; c g are fugacities for the topological symmetries. The first line is the con-
tribution from the monopole operators and the second and third lines are the con-
tribution from an appropriate combination of chiral fields in the quiver that will be
used to dress the monopole operators.
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Example 1: Quiver (3.5.13)

The two non-trivial cuts depicted in (3.5.14) corresponds to two non-trivial branches
of the moduli space.

Branch 1. This corresponds to the top diagram in (3.5.14), where the VEVs of A;
and sz are zero, and the VEVs of other bifundamentals are non-zero. The cut splits
the quiver (3.5.13) into two sub-quivers, each of which can be identified as the half-
ABJM theory?® [89, sec. 4.1.3]. Let us denote the magnetic fluxes associated with the
four nodes of the quiver from left to right by (my, mr, mg, mg). The Hilbert series for
this branch of the moduli space is then given by

I _
H((3?5,13)(t;21,22) = Y Y thmemlg s mnn (tmy) gapmya (5 mR)
mpEZ mpeZ

‘mLm|t| me|  ¢lmg] .
=) Lt —p A A (35.18)

mpEZ mpeZ

— 2m
- Z mm] 21,22 t :

where gappm/2(t; B) is the baryonic generating function of the half-ABJM theory

dul duz 1 1 t‘B|
t; B :7{ 7?{ ——=—PE |(uqu;, +uy up)t| = ——,
gasm/2(t; B) =1 ZmuB“ a1 ZniugB“ [( 14y 1 u2) } 1-2
(3.5.19)
and the character of the adjoint representation [1,1] of SU(3) is
sU(3) _ 1 1 1
Xi) (z1,22) =24 z120 + - +z1+ - + 2z + - (3.5.20)

The last line indicates that this branch is isomorphic to the reduced moduli space of
one SU(3) instanton on C? [92], or equivalently the closure of the minimal nilpotent
orbit of SU(3). The eight generators can be written in terms of a traceless 3 x 3
matrix as
PL Vi1,1,00) Vi)
M= V1100 PR Vioo1,1) (3.5.21)
Vici,-1,-1-1) Voo0-1,-1) —¢L— ¢r

where ¢; = @1 = ¢2 and pr = @3 = @4. The Hilbert series indicates that the matrix
M satisfies the following conditions [93]:

rank M <1, M?=0. (3.5.22)

Branch II.  This corresponds to the bottom diagram in (3.5.14), where the VEVs of
Ay, ﬁl, Az and 113 are zero, and the VEVs of other bifundamentals are non-zero. In
this case, only the central sub-quiver contributes to the computation of the Hilbert
series. The magnetic fluxes associated with the four nodes of the quiver from left to
right can be written as (0,m,m,0), with m € Z, where the zeros follow from the D-
term equations. The Hilbert series for this branch of the moduli space is then given

8We define the half-ABJM theory by a theory with U (1), x U(1)_; gauge symmetry with
a single bi-fundamental hypermultiplet.
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by
Hg%.ls)(t;z) = Y om0l g ()2
Z.
" #m (3.5.23)
=Y #m-_—— =PE {ﬂ +(z+z7 P - tﬂ :
meZ 1—t

This indicates that this branch is isomorphic to C2/Zj3. The generators of this moduli
space are V(g 11,0), V(0,-1,-1,0) and ¢ = ¢2 = @3, satisfying the relation

Viop1,0V0,-1,-10 = 4’3 . (3.5.24)

Branches I and 1II of (3.5.13) are indeed the Higgs and Coulomb branches of 3d
N =4 U(1) gauge theory with 3 flavours, as pointed out in [94, sec. 4.2]. The brane
system of the former can be obtained by applying the SL(2, Z) action T” to the brane
system of the latter.

Example 2: No cut in the quiver (3.5.1)

We assume that A; and gi are non-vanishing foralli =1, ..., n, i.e. there is no cut in
the quiver. In this case, (3.5.85) implies that

D=0 =(¢,0) Vi=1,...,n (3.5.25)

As a consequence, the magnetic fluxes are constrained to be all equal m; = m; =
. = m. The equations (3.5.5), instead, simply constrain the bilinears y; in terms of
@. Summing over the n equations, we obtain the following condition

(k1 +ky +---+ kn)q):O (3.5.26)

Note that & = 0 would imply p; =1 V i contradicting the initial assumption that all
Aj, A; # 0. Thus, as we discuss before, the moduli space is non-trivial if

M-

I
—_

ki =0 (3.5.27)

1

Let us assume (3.5.27) in the subsequent discussion.
The bare monopoles V,, . ), with flux (m,...,m), have R-charge R[V(,, .| =
0. They need to be dressed in order to make them gauge invariant, because of their

gauge charge under the i-th gauge group is q;[V(,,,. )] = —kim. Let us define for
convenience ‘
1
Ki = )k (3.5.28)
j=1

If K; > 0foralli =1,...,n—1, we can form the following gauge invariant dressed
monopole operator:

. K K K, _
Ve = V(l,..‘,l) All Az2 s An—ll Y (3.5.29)
Vo=V, AN AR LA -

n—1

Note that if K; < 0 for some j, we replace A]I.<j in the first equation by K;Kj , and
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<K . . -K
A "in the second equation by A ; !

monopole operators are

. In any case, the R-charges of the above dressed

R[Vy] = 5 Y IKi| = 5K (3.5.30)
i=1
with
n—1
K=Y |Ki. (3.5.31)
i=1

The chiral ring is generated by the three operators {¢, vV, V_}, statisfying the fol-
lowing relation:
V. V. = ¢f. (3.5.32)

Thus, the variety associated to this branch is:

C%/Zx . (3.5.33)

We can obtain the same result using the Hilbert series. Letus call {q1,42,..., gn}
the fugacities associated to the n gauge nodes and ¢ the fugacity associated to the R-
symmetry. The ingredients entering the Hilbert series are:

® The n — 1 bifundamental hypermultiplets contribute as:

PE[t(q1q; " + g7 '92)| PE[t(q295" + 45 '93)] ... PE[t(qn—10," + 4, 14n)]
(3.5.34)

e There is also a contribution from ¢ which gives PE[#?].

* The F-terms (3.5.5) impose further (n — 1) constraints on the former, after tak-
ing into account the condition (3.5.26), which is the overall sum of (3.5.5).
These contribute PE[—(n — 1)#?] to the Hilbert series.

The baryonic generating function is thus:

d d . n—1 B B
g(t;B) = PE[—(n =)@ PEF] § T ST TT PE[(qia Y+, '9is0)
i=1

27tiq, 27igy
(3.5.35)
and can perform a change of variable:
ooy} = Amat a5 - g’ aa) (3.5.36)
Thus, the baryonic function becomes:
n—1 Ay 3 d
PE[—(n —2)2) T] § — L PRty +y;1)] § — 2 (35.37)
i=17 2miy; 27y "
where we defined B; = 2;21 B;. The previous integrals are known:
dy; 1 ¢lBi| adyn
foo ATty = i f R = G539

27tiy; 27y,

1



54 Chapter 3. The moduli spaces of S-fold SCFTs

and then the baryonic generating function simplifies to

! |Bil ~ i
g(t,'B) = ﬁégnlo , with B; = Zl B] . (3.5.39)
j=
Recall that the charge of the monopole operator under the U(1); gauge symmetry is
qi[V(m,_“/m)] = —k;m. As a consequence, the Hilbert series reads:
H(tz) = Y g(t; {kam, ... kym})z"
me.
= _1 ) gl £ | Kyl
) mez (3.5.40)
— K
— 1_t2 2 t ‘m‘zm
meZ

= PE [tz + (z+z Dtk =K,

where B, in (3.5.39) is m Y""_; k; = 0 and hence the Kronecker delta gives 1. Here z

is the fugacity for the topological symmetry. We obtained exactly the Hilbert series
of CZ / Z. K-

Example. Let us consider the following quiver.

() Q (3.5.41)
14 14 11 e
N

This quiver has two non-trivial branches. One corresponds to no cut at all and the
other corresponds to the cuts in the first and the third position. As we discussed
above, the former branch is isomorphic to C2?/Z4. The second branch is the same as
that discussed around (3.5.23) and (3.5.24); it is isomorphic to C2/Z3.

3.5.2 Theories with one [-fold

In this section we want to present the analysis of moduli space of a class of theories
dual to a brane configurations with one J-fold and a collection of (1, k) branes. The
associated quiver is

(3.5.42)
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In the 3d A = 2 notation, this can be rewritten as

(3.5.43)
with the superpotential
n—1 - " n 1 )
W =Y (—AigiAi + Aigin Ai) + | ) ki) | =10 - (3.5.44)
i=1 j=1

where we emphasise the contribution from the mixed CS term due to the T(U(1))
theory in blue. Let us write ®; = (¢;, 07), u; = (A; A;, |Ai|* — | Ai|*). The vacuum
equations are

Ai( @1 — D) =0, Aj(®iy—P;) =0 i=1,...,n—1 (3.5.45)
ki ®1—D, =
kiq)i:,ui_yi—l i:2,...,n—1 (3546)

ky ®,—P; = —HUn-1

The charges of the monopole operators V(,,, ) under the i-th U(1) gauge group
are

1 WVnom)] = —(kymy—my)
AV, ) = —kimi,  i=2,...,n-1 (3.5.47)
q”[v(‘rm ,,,,, mn)] = _(kn My ml)

The R-charges of V(;,, . ) is given by
1 n—1
RViym)] = 5 2 |mi = migal (3.5.48)
i=1

Cutting the quiver

The process of cutting the quiver works similarly as in the previous subsection.
However, since there are non-trivial contributions from the T(U(1)) theory, some
conditions must be modified.

Cutting at one point

Let us consider a case in which A; = A; = 0 and other bifundamental hypermulti-
plets are non-zero. In other words, we cut the quiver precisely at one point where
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A; and A are located. In this case equations (3.5.45) implies
= =P =P=(¢,0), Py ==0,=D=(§,0) (3549
The system (3.5.46) then becomes:

®—® = 1, ko® = p—p, v k@ = —pyg

3.5.50
kiga® =y, ki2® = g2 — i1, oo, kn®@ -0 = —py ( )

The sum of the first | equations and the sum of the remaining n — I ones provide two

constraints: 1
n
(Zkl)d)—d):o, (Z ki><I>—d>:O (3.5.51)
i=1

i=l41

Since ® and @ are non-zero (otherwise, this would violate the assumption that A]-

and A j are non-zero for j # I), we arrive at the following necessary condition for the
existence of a non-trivial solution of the vacuum equation:

1 n
(Z ki> ( ) ki> =1 (3.5.52)
i=1 i=1+1

Since all Chern-Simons levels are integers, the above equation is equivalent to
l n
ki= Y, k= =+1 (3.5.53)
i=1 i=l+1
The system of equations (6.5.2) is now simply solved by ® = +®. Let us analyse
separately the two cases:
e & = ®: In this case we choose
!
ki = ki=1. (3.5.54)
i=1 i=l+1

This moduli space is parametrised by ¢ and the two basic dressed monopole
operators. Let us define for convenience

7{} e (kl—l,k2,---/kn71/k7’l_1)/
o (35.55)

If Ki >0foralli =1,...,1-1,14+1,...,n —1, the basic dressed monopole
operators are

_ K K1 gKin K1
Vi = a1,., 1)A1 "'Al—l A LA

v % AR R R (3.5.56)
Ve = Voaa. A AL ALY A

If IZ]- < 0 for some j, we replace A]I-<j in the first equation by A;Kj , and g]l.(/ in

]

the second equation by A;K . In any case, the R-charge of the above dressed
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monopole operators are

_ 1 ~ 1-
R[Vy] == |Ki| = =K (3.5.57)
2 1<i<n-1 2
i#l
where the bare monopole operators have R-charge R[V, (15, 1)] = 0, and we
define N N
K= ) |K. (3.5.58)
1<i<n—-1
iZl
Thus, V. satisfy .
V.V =g, (3.5.59)
This branch of the moduli space is therefore
C*/Z; . (3.5.60)

Let g1.(t, B) and gr(t, B) be baryonic generating functions for the left sub-
quiver (containing nodes 1, .. .,[) and the right sub-quivers (containing nodes
I4+1,...,n), respectively. Then, the Hilbert series for this case is given by

H(tz) = ) 2"gu(t,{(ki — 1)m, kom, ... km})x
meZ (3561)
gr(t, {kiam, ... ky_am, (k—1)m})(1—t2),

where z is a fugacity for the topological symmetry. Using the expressions for
g1 and gr given by (3.5.39). we obtain

#lm| izt 1Kl flml Tk (K]
) — m 2
H(t;z) = m;Zz T 0k X T k(1)

o (3.5.62)
B {PE [tz oz 4z K- tZK} Yl k=0 k=1

0 otherwise .

The Hilbert series in the first line in the second equality is indeed that of

C?*/Zy.
e & = —&®: In this case, we choose
[ n
Yoki= Y ki=-1. (3.5.63)
i=1 i=l+1
The basic monopole operators are Vi = V(g1 (_qye1y and Vo = V((_qy 101y,
whose R-symmetry are
R[Vi_]=R[V_4]=1. (3.5.64)

Let us define for convenience

7€; = (kl+1/ k2/---1k1’171/k7’l+1)’

~ . 3.5.65
K=Y 7 (3569
=1
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ForIZf >0fori=1,...,1—1and Iz]' < Oforj=1+1,...,n—1, the basic
dressed monopole operators can be written as

- K K -K!
Vi =V, A" .. AT AL ’“...A ot
E O T (3.5.66)
Vo, =V AN A A Z R
where it should be noted that in this case Y!_, k; = Y1 ki = —1. Similarly
as before, V. satisfy .
V+_V_+ = (PK/+2 ’ (3567)
where we define N N
K= Y K. (3.5.68)
1<i<n-1
i£l
This branch of the moduli space is therefore
C*/Zp ., (3.5.69)

The Hilbert series for this case is given by

=) tim=Cmlgmor (¢, { (ky + 1)m, kom, . .. km})x
ez (3.5.70)

er(t, {=kjp1m,...,—ky_ym,—(k+1)m})(1— tz),

where z is a fugacity for the topological symmetry. Using the expressions for
g1 and gr given by (3.5.39). we obtain

t‘ ml K flm| 225 IR
. _ 2 X
H(tzz) Z t ‘m‘z 2 525:1 ki1 X ﬁéﬂlmki,—l(l ¢ )
meZ
t|m|(2+2 K+ KD
- L 2 Oyt ki —1000 oy ki1
meZ. 1—t¢ i=1%is i=1+1%is
_ PE [tz + (z4z K2 — 2(K2)| 25:1 ki=Y", ki=-1
0 otherwise .

(3.5.71)

The Hilbert series in the first line in the third equality is indeed that of C*/Zj .

Cutting at two points

Let us consider a case in which A; = A; = A,, = A,, = 0 (with m > I) and other
bifundamental hypermultiplets are non-zero. In other words, we cut the quiver pre-
cisely at one point where A;, A; and A, A are located. This naturally divides the
quiver in question into 3 sub-quivers, which we shall refer to as left (L), central (C)
and right (R). The central sub-quiver is the same as that is considered in section 3.5.1.
In this case equations (3.5.45) implies

P = =0 =P, = (¢, 01),
Gy ==Qy 1 = Dc = (¢c,0c), (3.5.72)
Py == P, = Pgr = (@r, 0r) .
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The system (3.5.46) then becomes:

ki®p —Pr = 1, kP = po — 1, cry k®L = —pp
kig1®c = piy1,  kipo®c = 2 — i, oy km1®c = —pm—
kn1Pr = w1, kmi2®Pr = Pms2 — Pmr1, oo, kn®Pr—Pp = —py .

(3.5.73)
The sums of the equations in the first, the second and the third lines give

l m n
(Zkl)CDL—CDR:O, (Z k,‘)CDC:O, (Z ki>q>R—CDL:0.
i=1 i=l+1 i=m+1
(3.5.74)

Since &, O and~<I>R are non-vanishing (otherwise, this would violate the assump-
tion that A; and A; are non-zero for j # I), a necessary condition for the existence of
a non-trivial solution of the vacuum equation:

1 n m
ki= ) k=41, Y ki=0. (3.5.75)
i=1 i=m+1 i=l+1

Let g1.(t,B), gc(t, B) and gr(f, B) be baryonic generating functions for the left,
central and right sub-quivers, respectively. Then, the Hilbert series, corresponding
to + or — sign in (3.5.75), is

H(t;z1,zc,zR)

— Z Z Z t\mL—mc\Hmc—mR\Z’L”LZ?CZgRx
mpeZ mceZ mreZ (3576)
gt {kymp —mg, komy, ..., kgmp}) gc(t, {kiyame, ... k—imc})x

gr(t, (kmmg, ... ky_1mg, kymg — mp }) (1 — t2)Omp £m, ,

where z; ¢ g are fugacities for the topological symmetries.

Cutting at more than two points

The above discussion can be easily generalised to the case of cutting the quiver at
more than two points. For the moduli space to be non-trivial, the sum of the CS
levels in the two sub-quiver that are connected with T(U(1)) must be £1, and the
sum of the CS levels in the other sub-quiver must be zero.

No cutting at all

Assume that A; and Ai are non-zero for all i. In this case, a necessary condition for
the non-trivial moduli space is

n
ki=2. (3.5.77)
i=1
This again can be obtained from the sum of the equations in (3.5.46), with ®; = ® =

(¢,0) # 0 (otherwise we would have p; = 0 which contradicts our assumption).
The monopole operators V,, with fluxes m = £(1,...,1) are not gauge invariant;
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however, the following basic dressed monopole operators are gauge invariant

Vi = VoAl Ak oAl

n—1
_ Lo " (3.5.78)
Vo =V ) AF Ay LA,
for C; > Oforalli =1,...,n — 1, where we define
i
ki = k=1, ke, hnoa, ke =1}, Ki=) % (3.5.79)

If ; < 0 for some j, we replace A;Cj by Aj_’q in the first equation and A;C/ by Aj_lcj
in the second equation. B
Since the R-charges of V. (; 1) are zero, the R-charges of V ;. are % Z?:_ll |KC;|. The
moduli space is thus generate by the operators {V, V_, ¢} subject to the quantum
relation
n—1
ViV =¢", withK =Y |Ki; (3.5.80)
i=1
this is the algebraic definition of:
C?/Zx . (3.5.81)

Example. Let us consider the following quiver
T(U(1))

0‘@ (3.5.82)

It is not possible to introduce a cut to this quiver. As a result, from (3.5.77), it is
necessary that ky + ko = 2 for this theory to have a non-trivial moduli space. Let us
assume this. Hence x; = {k; — 1,ko — 1}, K; = {k1 — 1,k +k» —2 = 0}, and so
K = |ky — 1| = |k — 1]|. Therefore the moduli space of this theory is CZ/Z‘kl,l‘.

3.5.3 Adding flavours

Let us now add fundamental flavours to the previous discussion.

k‘/ (3.5.83)

fi1 fi fir1
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Suppose that there are n gauge groups in total. In the N/ = 2 notation, this quiver
can be written as

(3.5.84)
The vacuum equations read
A (®i—D; 1) =0, Ai(Pi1—D;) =0, (3.5.85)
also with A < A,
Qi-1®i1 =0, Q® =0, Q1Pit1 =0 (3.5.86)

also with Q < Q, and

kia®i1 = pi1 — pi—2 + Vi
ki®; = pi—pi1+v; (3.5.87)
kiy1Pip1 = piv1 — pi + Vig1 -
where we define
Hj = (Ajgj/ |Aj|2 - ’gﬂz) s Vi= (Qj@j, |Qj|2 - |Qj|2) (3.5.88)

The R-charge of the monopole operators V,,, with flux m = (my,...,my) is

1 n—1 n
R[Vm] = E <Z |mi+1 — mi\ —+ Z fl ]mJ) (3.5.89)
i=1 i=1
Equation (3.5.86) admits two non-trivial possibilities:
®; =0 or Qi =Q;,=0. (3.5.90)
If we set Q; = Q; = 0, the analysis is similar to the linear quiver without flavours.

We will instead focus on ®; = 0. The remaining constraints in (3.5.85) and (3.5.86)
are thus:
Ai 1P 1 =0, APy =0

(3.5.91)
Qi-1®Pi-1 =0, Q1P =0,
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also with A <+ A, Q < Q. Each column of previous set of equations admit two
solutions:

D1 =0 or {A1=0,Q-1=0

i—1 { i—1 Ql 1 } (3592)
Py =0 or {A; =0,Qi41 =0}
The case {A;—1 = 0, Q;—1 = 0} obviously induce a cut in the quiver and set to zero
the adjacent fundamental matter; the same for {A; = 0, Q;;1 = 0}. Let us focus
on ®;_; = ®;;; = 0. Now, we have the vacuum equations

Ai 2P 2 =0, Ain®Pi2=0

(3.5.93)
Qi2®i» =0, Q2P =0

Again, the solutions that do not induce a cut are ®;,, = ®;_», = 0 and so on.

The above procedure divides the initial quiver in “Higgs" and “Coulomb" sub-
quivers, defined as follows. In the Coulomb one, fundamental matter is set to zero
while in Higgs one, all the vector multiplet scalar are set to zero. For instance, we
divide the following quiver such that the the first / nodes constitute a Coulomb sub-
quiver, the (I 4 1)-th to the (I 4+ m)-th nodes constitute a Higgs sub-quiver, and the
(I +m + 1)-th to the (n)-th nodes constitute a Coulomb sub-quiver.

/// \\\ /// \\\
! !

------ kR kg -
\ / \ /

fl fl fl+1 fl+m fl+m+1

fu

(3.5.94)
where the purple nodes indicate that ®; = 0 (withi =1+1,...,] 4+ m), and the red
lines indicate that Q; = Qj =0(withj=1,...,,LI1+m+1,...,n)and A; = A =
Alim = gl+m = 0 (we shall discuss about this later). For the sake of readability, in
the above diagram, we indicate only the CS level in each circular node and omit the
rank, which is 1 for each U(1) gauge group.

Since in the Higgs sub-quiver, ®; = Oforalli = [+ 1,...,] + m; as a conse-
quence, the magnetic flux is set to zero for all gauge nodes in the sub-quiver. Thus,
introducing a cut within the Higgs sub-quiver does not produce anything new. For
simplicity, we also assume that there is no further cut in the Coulomb branch sub-
quiver.

Moreover, a Higgs sub-quiver cannot end with a node without flavours. This can
be seen as follows. Suppose, on the contrary, that we cut the quiver at the (I + m)-
th position, namely set A;;,, = KHM = 0, with f;;,, = 0. In this case, (3.5.87)
implies:

kl+m q)l+m = Al+mAvl+m - AlerflAvlerfl + Ql+m©l+m . (3‘5‘95)

Since we cut the quiver at the (I + m)-th position, A;,, = Ajym = 0. We also have
Qi+m = Qiym = 0Osince fj1,, = 0. Also, 4, = 0 since we are looking at the
Higgs sub-quiver. Thus the previous condition becomes:

Aim1Algm-1 = 0 (3.5.96)
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implying a cut at A ,,_1. This procedure must be continued until we have f; # 0.

Let us assume that f;1 and f;,, are non-zero. In transiting from the Coulomb
sub-quiver to Higgs sub-quiver and vice-versa, we need to introduce a cut at the
transition point; this is because from (3.5.85), we have, e.g., 0 = A;(®; — P, 1) =
A;®; which indeed implies A; = 0. Indeed we need to set

A=A =0, ALu=ALn=0. (3.5.97)
In the Higgs sub-quiver, we have the vacuum equation

Ar1Ar +Qi1Qi = 0
Alp2Ar0 — A1 Arp + Q142Qi42 = 0

(3.5.98)
_Al+mAvl+m + Ql+m©l+m =0 ’
whereas in the Coulomb sub-quiver, we have
A1A = koL
ArAy — AA = ko
(3.5.99)
—~AlA = kgL,
and
Alymi1Arimir = Kiimi1 @R
Alim2A1me2 — Algm1 Areme1r = Kipmi2 @R
(3.5.100)

—An 1A 1 = kagr

The sums of these two sets of equations tell us that necessary conditions for the
existence of non-trivial moduli spaces of the Coulomb sub-quivers are

l n
Y k=0, Y, ki=0. (3.5.101)
=1 j=l+m+1

The gauge charge of the monopole operator V,,, with flux

m= (mg,...,mg,0,...,0,mg,...,mg) = (m},0", m="=m), (3.5.102)
—— T &\l,_/
n—i—m

where 0 is the flux for each gauge group in the Higgs sub-quivers and m is the flux
for each gauge group in the Coulomb sub-quiver, is

ql[Vm] = —kimL fOI‘izl,...,l,
qp[Vin] = 0 forp=1+1,...,14+m (3.5.103)
q]-[Vm] = —kjmg forj=Il+m+1,...,n
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The R-charge of the monopole operator V,, is

j=l+m-+1

n 1
R[Viu] = *|mL—O|+ (mLIEer!mRI ) fj>+2|0—mR|
(3.5.104)

1
= S|my|(FL +1) Jr*|mR|(FR+1) ,
2 2

where we define Fy g as the total number of flavours in the left and right Coulomb
sub-quivers:

/ n
F=Yfi, F= )Y f- (3.5.105)
i=1 j=l+m+1
The Hilbert series for the Higgs sub-quiver can be written as
HHiggs(t; x(”l), e ,x(ler))
I+m d fi .
(1- ) 449 (x ()) 1y .‘1(x(]))
" L1 F 2ig T [ L 7)) (3.5.106)
I4-m—1 . )
[T PE[t(giq: +a; " gi)]
i=I+1

where the first PE is related to fundamental matter and the second one to bi-fundamental
matter; the overall (1 — t?)™ is due to the m F-term constraints. Observe that the
Hilbert series of this sub-quiver does not depend on the CS levels. It is also worth
noting that (3.5.106) takes the same form as the Higgs branch Hilbert series of 3d
N = 4 TJ(SU(N)) theory [8] for some o and p [95]; for example, for m = 3 and
fix1 = fiva = firs = 1, (3.5.106) is equal to the Higgs branch Hilbert series of

T2 (SU(6)).

Let us now focus on the Coulomb sub-quiver. The analysis is very similar to that
described in the case without flavours, discussed earlier. We emphasise that even if
all the fundamental matter is set to zero, it still contributes to the dimension of the
monopole operators. For example, if there is no cut in the left and right Coulomb
sub-quivers in (3.5.94), the baryonic generating function of each of these Coulomb

sub-quivers are similar to (3.5.40):
GLR  (m) = ﬁtlmim (3.5.107)

where
n

l i i
K=Y Y kl, Ke= ) | )Y K. (3.5.108)
i=1 j=1

i=l+m+1 j=l+m+1
The total Hilbert series of (3.5.94) is therefore

H(t;x):HHiggs(t;{x(i)}) Z Z t(FL+1)|mL|+(FR+1)‘mR|ZZ1Ler§R
mpEZ mreZ
L . R .
X GCoulomb (t, mL>GCoulomb (t' mR)

1 m
= HHiggS(t; {x(“)}) Z mt(FL+KL+1)‘mL|ZLL (L <~ R)

mpeZ

(3.5.109)

= Hytiggs (t; {x }) H[C?/ Z, 1k, 1) (£, 20) HIC?/ Z s k1) (£ 2R)
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where
H[C?/Zr, vk, 1) (t,21) = 12 + (zp + zp eftKetl _ 2(EAKAD) (3.5.110)
and the same for (L <+ R). The moduli space of quiver (3.5.94) is therefore
(C*/Zk, 1k, +1) X Muiggs X (C*/Zpikp11) , (3.5.111)

where Myjggs denotes the moduli space of the Higgs sub-quiver, which is isomor-
phic to the Higgs branch moduli space of Ty (SU(N)) for some appropriate N, ¢
and p.

3.5.4 Adding flavour with one J-fold

Now we want to study the branches of a theory with one J-fold and fundamental
matter:

(3.5.112)

fl f2 fn

If all ®; (withi = 1,...,n) are set to zero and the presence of the T(U(1)) link does
not affect the moduli space, the analysis is the same as that discussed in the previous
subsection. On the other hand, if all Q; and Qi are set to zero, the analysis is similar
to that discussed in section 3.5.2; one needs to take into account of the contribution
from the fundamental matter to the R-charge of the monopole operator.

Example. Letusconsider asimple example witha U(1), gauge group, one T(U(1))

link and 7 flavours.
3T

It is not possible to introduce a cut to this quiver. T(U(1)) is an almost empty theory;

it contributes the CS level —2 to the U(1) gauge group, so effectively the CS level is
k—2.

(3.5.113)

WZ@iQDQi‘F%(k—Z)q)Z, i=1,...,n. (3.5.114)

We have the F-term equations:

QQ' + (k—2)p=0, Qp=0, ¢Q =0. (3.5.115)
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The vacuum equations involving the real scalar field ¢ in the vector multiplet is
Qv =0Q;=0. (3.5.116)
The D-term equation reads
(QM:Q — Qi(Q") = (k—2)0 . (3.5.117)

If k = 2, the superpotential and the moduli space are the same as that of 3d
N = 4 U(1) gauge theory with n flavours. The F-term with respect to ¢ implies
that Q;Q" = 0. The Higgs branch is generating by the mesons M; = Q’Qj; this
meson matrix has rank at most 1 and subject to the matrix relation M? = 0, which
follows from the F-term. Thus, the Higgs branch is isomorphic to the closure of the
minimal nilpotent orbit of SU(n). On the other hand, the Coulomb branch of this
theory is C?/Z,; this is generated by the monopole operators V, and V_, carrying
the topological charges +1 and R-charges 37, subject to the relation V, V_ = ¢".
Note that for n = 1 and k = 2, this theory has no Higgs branch and its Coulomb
branch is isomorphic to C2.

Let us now suppose that k # 2. If (¢,0) is non-zero, (3.5.115) and (3.5.116)
implies Q' and Qi are zero, but this is in contradiction with the D-term. Hence
(¢,0) = 0 and the Coulomb branch is trivial in this case. However, there is still the
Higgs branch generated by M]l: = Qiéj. As before, this meson matrix has rank at

most 1 and subject to the matrix relation M? = 0 (since Q;Q' = 0). The Higgs branch
is therefore isomorphic to the closure of the minimal nilpotent orbit of SU(#n). Note
that for n = 1 and k # 2, this theory has a trivial moduli space.

The case with one cut

For simplicity, let us first focus on the case of precisely one cut. In this case we have
two sub-quivers, left and right, connected by the T(U(1)) link. We have three possi-
bilities:

¢ Both the sub-quivers are in the Coulomb sector: this require the usual analysis
as in section 3.5.2.

¢ Both the sub-quivers are in the Higgs sector: all ®; are set to zero and the
T-link does not affect the moduli space.

* One is a Higgs sub-quiver (say, the left one) and the other is a Coulomb sub-
quiver (say, the right one).

The last case is the interesting one.

(3.5.118)

fi fi fra fn




3.5. Abelian theories with non-zero Chern-Simons levels 67

where the dashed circles mean that their vector multiplet scalars are zero, and the
red lines mean that the hypermultiplets are set to zero:

P =P =... =9, =0, (3.5.119)
The first set of vacuum equations are
Af( @iy — @) = Aj(@j — @) =0, j=1,...,.n—1 (3.5.120)
Asa consequence, we see that

D1 =Ppp=... =Py =2 = (¢,0) (3.5.121)

The latter set of equations say that we need to introduce a cut in transiting from
the Higgs sub-quiver to the Coulomb sub-quiver and vice-versa. The other vacuum
equations are

AAL+Q1Q1 = —¢
AyAy — A1A1+ QQr = 0
AsAz — AyAr + Q303 = 0 (3.5.122)

— A1 AL+ QQ = 0
and

A1+1gl+l - = kg
Al+2Al+2 - Al-‘rlAl"rl = k1+2§0 (3 5 123)

_An—lgn—l = knq)

where the contribution from the T(U(1)) link is denoted in blue. We denote the
vanishing terms in grey in (3.5.122) and (3.5.123). The sum of (3.5.122) gives

l ~
g=-) QiQi- (3.5.124)
i=1

Moreover, a necessary condition for a non-trivial moduli space for the Coulomb sub-
quiver can be determined by summing (3.5.123) and requiring that ¢ # 0:

Y ki=0. (3.5.125)

m=(0,...,0,m,...,m) = (0, m""), (3.5.126)
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where 0 is the flux for each gauge group in the Higgs sub-quiver and m is the flux
for each gauge group in the Coulomb sub-quiver, is

71Vl = m, qj[Vm] =0 forj=2,...,1,

(3.5.127)
qp[Vi] = —kpm forp=1+1,...,n.
The R-charge of the monopole operator V,, is
1 1 & 1
R[Vi] = S|m =0+ Z|m| }_ fi=3|m|(Fc+1), (3.5.128)

i=I+1

where we define Fc as the total number of flavours in the Coulomb sub-quiver:

n
Fe=Y f. (3.5.129)
i=l+1

We can construct the dressed monopole operators that are gauge invariant as

follows.
V) = Vg o (@uAacrAaa - Ar) (AN ARG 450)
(3.5.130)

VE = Vg (A1ds . A1 Qu) (A AR A

wherea =1,...,l and
i
Ki= Y ky, fori=I1+1,...,n. (3.5.131)
p=I+1

Note that if K; < 0 for some j, we replace A]I.<j in the first equation by Aj_Kj ,and AVJI.(f

in the second equation by Aj_K’. The R-charges of Vj([“) are

1 n—1 1
R[Vi“)]=§ (Fe+1)+a+ Y [Kp|| =5 [(Fc+1)+a+K],  (35.132)

p=I+1 2

with

n—1
K= ) [Kl. (3.5.133)
p=Il+1

As in the preceding subsection, if f; = 0 (which means Q; = Ql = 0), then
the Higgs sub-quiver cannot end at the /-th position because from (3.5.122) we have
A 1A;_1 = 0, ie. we need to introduce a cut at the (I — 1)-th position. However,
if fi = 0 (which means Q; = Q; = 0), the Higgs sub-quiver still can end at the 1st
position because A1A] = —Q.
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The Hilbert series of quiver (3.5.118) can be obtained as follows. The baryonic
generating function for the Higgs sub-quiver is

GHiggs (£; D, xWm)

d A
= (- § S0 pE [t Y (nx +q;lx&“)] x

2miqy A=l

(3.5.134)

fi
H%qu] [ Z <ql( ()) +a; x,x )] HPE qlq1+1+ql ql-l-l)]

=1 =1

where we indicated m in blue to emphasise that this is due to the presence of the

T(U(1)) link. The baryonic generating for the Coulomb sub-quiver is similar to
(3.5.40):

1
Geoutomb (t5m) = 7— "% (3.5.135)

The total Hilbert series of (3.5.118) is therefore
H(t; {xD}, z;m)

= Z t(FC+1) il GHiggs (t; m)GCoulomb (t; m)zm

me#
= Z t(KJrFCH)‘mlzm(l—tz)l*lj{ a1 PE ti q +q71x(1)) X
mez 27tigit" =\ 1o
! qi ) -1
H%qu] PE [tz (q] ) *a; ! )] lzlpE (i g5 + 47 i) -
(3.5.136)
Example. Let us consider the following quiver
(3.5.137)

Assume that k > 0. In this case, we have K = k and F- = f + f’. The Hilbert series
is then

d d
(35137) (L mZE:Z "(1-t) 2eiqt | Zrigs

E [t (q2(®)7 + 455 | PE[t(qr 45" + 7 g2)] 35139
=PE [tZ + (x(z)z—l + (x(z))—12> 3kt _ t2(3+k+FC)] .
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Hence, the moduli space of this quiver is C>/Z3 ¢ .. It is generated by ¢ and ng ),

where _ o — _
VY = Vo1 QA145, V= Voo _1,1)A1Q:45, (3.5.139)

subject to the relation

VAT = pdtktFe (3.5.140)

The case with more than one cuts

In this case, the original quiver is divided into many sub-quivers. The parts that are
not connected to T(U(1)) can be analysed as in section 3.5.3, and the parts that are
connected to T(U(1)) can be analysed as in section 3.5.4.

3.5.5 More examples
One J; fold and one NS5 or D5-brane

Let us consider the following model:

Jk

a‘@ (3.5.141)

NS5

Upon applying S-duality to the above system, we obtain

-5
k 5 T(U(1))

(3.5.142)

[ J
D5

Both of these models are analysed in detail around (3.5.82) and (3.5.113), respec-
tively. The moduli spaces these model are non-trivial if and only if k = 2. In which
case, they are isomorphic to C2.
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One (p, q)-brane and one NS5-brane

The techniques that we introduced in the section 3.5 are particularly useful to study
in a systematic way the moduli space of quiver gauge theories associated to (p,q)-
brane systems. Let us consider for instance the following brane system

: (p.q)

(3.5.143)

NS5

For simplicity, let us take (p, q) to be the following value: (p,q) = Ji,Jx, Jx,(1,0), so
that
p = k1k2k3 — k] — k3 , q= k1k2 —1. (35144)

Performing a duality transformation, Tkglfks_l, we can study the following SL(2,Z)
equivalent problem:

(k1 1) NS5
7/:1] 7](1
(3.5.145)
(=1, —k2) (=1, —ky)
The associated quiver is
T(U(1)) T(U(1)) (3.5.146)
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In A/ = 2 language, this can be written as

T(U(1)) (3.5.147)
$3
The vacuum equations are
Algr —g2) = 0 = A(g1 — ¢2), B(¢s — ¢a) = 0 = B(¢3 — ¢4)
k1§91 — Q3 = AA, _ k2§03 — Q1 = BB B (3.5.148)
—kip2+ s = —AA, —ko¢s + ¢ = —BB.

where we emphasised the contributions due to the mixed CS levels in blue. We have
two branches as will be analysed as follow.

Branch I: AA # 0 and BB # 0

In this case the F-terms implies:

P =92 =9, P3 = @1 = ¢; (3.5.149)
moreover, two constraints are still present, fixing ¢, ¢ in terms of the mesons:
kip—¢ = AA, kp—¢ = BB. (3.5.150)

An analogous analysis of the D-terms can be performed. The flux m for the monopole
operator V,, takes the form
m = (m,m,m,m) . (3.5.151)

The gauge charges and the R-charges of V,,, are

91[Vim] = _QZ[Vm] = —(kym —m),

35.152
03 [Vin] = —qa[Vin] = — (ol —m) . (3:5.152)

and
R[Vm] =0. (3.5.153)
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Let us now determine the moduli space and compute the Hilbert series of this
theory. The baryonic generating function is given by

~ 4 dql 1 _ _ _ _
G(t;B,B) = (Hfzmqi 5 PE[H(q10;" + 9207 D) PE[H(g50, " + 9ag5 )]
i=1 9192 4394

= gappm/2(t B) gapmya(t; B) .

(3.5.154)
where
¢IBI
gasm/2(t B) = 12" (3.5.155)
The Hilbert series of (3.5.147) is thus:
Hisa(bz) = Y Y 2" gagmya (b kim — fit)gappuy2 (£ kafit — m)
meZ meZ
_ fllsm—iii| ¢ |koiii—m| (3.5.156)
— Z Z Zm+m 5 -
meZ neZ L—t 1t

This turns out to be equal to

1 Rkl 1 1
H(3‘5~147)(t’z) - kik, —1 ]Z (1- tuj)(l — twj) (1- t/uj)(l —t/wj) (3.5.157)

=1
= H[C4/F(k1,k1k2 — 1)](t,Z) ,

where
K+l 2miky ko+1

u; =zt JhkT wj = zhkT e]‘ikli’gb ) (3.5.158)
This is the Molien formula for the Hilbert series of C*/T(p,q) [96], with p = k1 and
q = K1kp — 1, where 1 (p, q) 1s a discrete group acting on the four complex coordinate
kik, —1, where T is a di group acting on the f pl di
of C* as:

2mip 27ti _ 2mip 27ti

T'(p,q): (z1,22,23,24) = (z16 9 ,zpe 9 , 236 9 ,z4e 9 ). (3.5.159)

This is in agreement with [97, 90].

Branch II: AA = Oor BB = 0
The second branch appears when we set one of the bi-fundamental hypers to zero,
say AA = 0. In this case, (3.5.148) implies again that:

P1 = Q2= ¢, P3 = @1 = . (3.5.160)

Moreover, we have’: N
k1qo = QB, k2§5 - @ = BB. (35161)

Because of NV = 3 supersymmetry of the problem, the real scalar in the vector
multiplet satisfies the same equation as the complex scalar in the vector multiplet.
As a consequence, the flux m = (m,m,m,m) of the monopole operator V;, has to

9A special case is k; = ky = 41. In this case BB = 0 and we are left with ¢ and the
basic monopole operators. The corresponding moduli space is thus simply C2.
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satisfy
kim = m (3.5.162)
The gauge charges of V,,, are
Vil = —q2[Viu) = —(kym —m) =0,
NlVinl = =alVin] = = (kym —71) (3.5.163)
3V = —q4[Vin] = —(kom —m) = —(kikp — 1)m .

The R-charge of V,,, is R[V},] = 0. The gauge invariant dressed monopole operators
are
Vi = Vaug B, Vo =V 4 g k)BT, (3.5.164)

for kiko —1 > 0. If kikp — 1 < 0, we replace Bfik2—1 by B~ (kike=1) and Bkika—1 by

““%7_1'. Since

B~(kk2=1) in the above equations. They carry R-charges R[V+] =
(kikz — 1)@ = BB, we see that these dressed monopole operators satisfy the quantum
relation

V,V_ = glak-1l, (3.5.165)

Hence the moduli space is CZ/Z‘klkz_l‘.

Note that (3.5.162) implies that the magnetic lattice given by m jumps by a mul-
tiple of kq, since m € Z. If we further require that the magnetic lattice do not jump,
we can impose a further condition that k; = £1. In this case, the brane system con-
tains a (+1,1)-brane and a (—1, —ky)-brane. Applying T to this system, (+1,1)
becomes (£1,0), and (—1, k) becomes (—1, —k» F 1). This gives rise to the ABJ]M
theory with CSlevel k; — 1 and —k; + 1. Indeed, Branch I (which is C*/ Z| kz—l\) and
Branch II (which is C2/ Zk,-1)) are the geometric branch of the ABJM theory and the
moduli space of the half-ABJM theory, respectively.

Multiple (p,q) and NS5-branes

An interesting generalisation of the example we presented in the previous subsec-
tion is the following brane configuration:

o (pg)

(3.5.166)

I, NS5
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As before, let us take for simplicity (p,q) = J,J, Jx,(1,0). Performing a transfor-
mation, 7,;17,{;1, we can study the following SL(2, Z) equivalent systems:
1 ll (klrl) 11 NS5
Ty Tk
(3.5.167)

12 (_1/ _k2) 12 (_1/ _k2)

The quiver associated with the brane system on the right is

T(u()) T(u(1))  (3.5.168)

where the numbers of gauge nodes are I; + 1 and I + 1 on the upper and the lower
sides of the quiver, respectively. In the A/ = 2 notation, this can be written as

(3.5.169)
The vacuum equations are
A(gDi—QiJrl) = 0~Z = 1,...,11, B(ai_aﬂrl) = 9 i= 1,...,12
kipr — g1 = A1 Ay, k2¢1 — ¢1 = B1 B
0= AiAi_ AiflAifl 122, ,Zl, 0= BiBi_ Bileifl 122, ,12,
k1o 1+ Q1 = — A Ay, —ka@, 11+ ¢1,41 = — B, By, ,
(3.5.170)

where we highlighted in blue the contributions from the mixed CS terms due to

T(U(1)) and T(U(1)). We focus on the geometric branch, corresponding to the case
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i = @foralli=1...1+1and ¢; = ¢ foralli =1 ...+ 1. Imposing these
conditions, we are left with the following constraints of the mesons:

kip— ¢ = A1A1, AinAia—AA =0, —kip+¢ = —A, A,

5 - - . B - (3.5.171)
ko¢p —¢ = B1B1, Bi+1Biy1—BiBi =0, —ki¢9+¢ = —Bj, By,
Let us consider the monopole operator V,,, with flux
m=(m,...,mi,...m)= (m+! ;). (3.5.172)
N s i, pree”’
L+1 h+1
The R-charge of V,, is zero:
R[Vim] =0. (3.5.173)
and the gauge charges are
DVl = ~(km =), @[Vl =0, ooy gu[VI =0, gV = (kam — ),
GilVm] = —(kati =) q3[Vi] = 0, ..., q;[Vi] = 0, §7[Viu] = (ko — m).
(3.5.174)

Now we have all the ingredients in order to compute the baryonic generic function:

dgidga . ..dq; 41
(7)1 Pga gl h

g(t;B,B) = PE[_t2]11—1PE[_t2]lz—1f

dqdd. . G,y B o
?{ (271G, 1‘71 qll_g HPE[t(%qifl +4; 'qi11))
e 1 1+1 1=

! (3.5.175)
2
PE[H(q;q;y +4; ' qj41)]
j=1
ABJM/2 ABJM/2 ~ ¢h|B|+12|B|
= ¢AM2(4;1, B) gAPIM2(1 1, B) =
(1-#)
The Hilbert series of the geometric branch of (3.5.168) is then
Hzsa68)(t2) = gt kam — m, kot — m)
1 T eyl o (3.5.176)

Note that for I; = [, = 1 we recover (3.5.156) as expected.
In some cases, the geometric branch of (3.5.168) turns out to be isomorphic to
(CZ/le X CZ/ZZZ)/F[kl , k1 ko — 1], where the action of I'[k1, k1ky — 1] being

Tlky, kiky — 1) = (21,22;21,22) — (wz1, w0 'zp; @21, @ '%), (3.5.177)

.k . 1
with w = P and @ = 2Rk ;and (z1,z2) and (27, 22) are the coordinates of
Cc2/ Z,;, and Cc2/ Z,, respectively. For example, when {ky =2,k = 3,1} = I, = 2}

we have
1 — 12+ 416 — 10 4412
Hpsie8)(tz=1) = (1= 2)3(1 — f0) (3.5.178)
= H[(C?/Z, x C*/Z,) /T2, 5]](t,z=1) .
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and when {ky =2,k; = 2,1 =5, = 1}, we have

H (t _1>_(1—t+t4—t7+t8)(1+t2+t3+t6+t7+t9)
atee) =5 = (1) (1-2)(1-#)(1-t5) (35.179)
= H[(C?*/Z5 x C*)/T[2,3]](t,z=1) .

Other cases can be more complicated. For example, for {ky = 2,ko = 3,1; =
1,1, = 3}, we find that

1

—1) — _ 2y(1 _ 2 n3
H(3.5.168)(t12_1)_(1_t>2(1_t5)(1_t15)x(1 tHE)(1—t 417 =2t

+ 2t* + #° 4 2% — 318 4 palindrome up to #1°)
= H[(C? x C?/Z3)/T|(t,z=1),
(3.5.180)

where the orbifold T acts as (3.5.177) but with w = 2% and @ = 273 = w1,

One (p, q)-brane and one D5-brane

Let us consider an example of one (p, q)-brane and one D5-brane. In particular, let
us assume that (p,q) = J, (1,0) = (ki,1):

1 (kll 1)

(3.5.181)

[
D5

One may apply SL(2,Z) action to this configuration and obtain the following con-
figurations:

(1,0) NS5

(3.5.182)

(Lkl) D5

where the first configuration is obtained by applying a 7,;1 duality transformation to

(3.5.181) and using the fact that 7,:11 (0,1) = (1,kq), and for the second configuration
we use the fact that J; (1,0) = (k1,1), so we recover the original set-up (3.5.181).
The brane configuration on the left in (3.5.182) is that of the ABJM theory with CS
level (k1, —kq). Thus, we expect that the moduli space of the field theories associated
with these brane configurations has two branches, namely (1) Cc?/ Zy,), which is the
geometric moduli space of the ABJM theory, and (2) C2/ Zi,, which is the moduli
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space of the half-ABJM theory, where a pair of bi-fundamental chiral multiplets of
the ABJM theory is set to zero.

Let us derive these moduli spaces for the theory associated with the configura-
tion on the right in (3.5.182). The quiver diagram is given by

(3.5.183)

(3.5.184)

The vacuum equations are

Algr—¢2) =0 = Algp1—¢92),  Qgs=0= Qg3
—kipr — 3 = AA, QO =0 (3.5.185)
kipo+ 93 = —AA,

where we indicate the contributions from the mixed CS terms due to T(U(1)) and
T(U(1)) in blue. Let us assume that A and A are non-zero. Therefore ¢; = @, = ¢
(and the corresponding magnetic fluxes are set equal: m;,= my = m). Thus, we
have two branches: (1) Q = Q = 0, and (2) p3 = 0.

Branch I: Q = Q =0

The moduli space is parametrised by AA, ¢, @3 and the monopole operators, with
the following constraint from the vacuum equations:

—kip—¢p3 = AA. (3.5.186)

The monopole operator V,,, with flux m = (m, m, m3), carries gauge and R charges:

1
I]1[Vm] = _QZ[Vm] = k1m — ms3, q3[Vm] =0 P R[Vm] = E |1’}’l3’ (35187)
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where we stress that q3[V,,] = 0 since T(U(1)) and T(U(1)) contribute m and —m
respectively, and the non-trivial contribution to the R-charge is due to the presence
of the flavour. The baryonic generating function is given by

1 dq dqo dqs
t;B 7{ -
s(t:B) = 1—12) 2migi™P2miqy B 2miqs

¢1Bl
(1—12)2

PE[t(q; g2 + 45 ")] =
(3.5.188)

1
T1- tngBJM/Z(sz) =

where the overall (1 — #2) 7! is due to the the fact that only one among ¢ and ¢3 gets
fixed. The Hilbert series is thus given by

—+o0 —+o0
Hi(tz) = Y. Y z"tmeimle(t;, —kim — ms) =
m =00 13 = o0
Ji" Zoo t\m3|+\k1m+m3| (3.5.189)
= Z"
M = 00 1Mz = 00 1 tz)
This turns out to be equal to the following Hilbert series of C*/ Zy,:
‘kl 1 2mi
Hi(t,z) . w = zehl,
]kll Z (1—tw)2(1—t/wi)? (3.5.190)

= H[C /Z|k1|](t,z) .

This is in agreement with the geometric branch of the ABJM theory.

Branch II: g3 = 0

In this case, the Vacugm equations imply that QQ = 0. The moduli space is gen-
erated by ¢ = —;AA and the dressed monopole operators V; = V(l 1 O)A 1 and
Vo =V, 10)A 1if k; > 0. If ky < 0, we simply change A¥ to A% and Ak
to A7 in these equations. These dressed monopole operators satisfy the quantum

relation
V.V_ =gl (3.5.191)

Hence, this branch is isomorphic to Cc?/ Z,), which is the moduli space of the half-
ABJM theory.

3.5.6 Comments on abelian theories with zero Chern—-Simons
levels

Let us now revisit abelian theories with zero CS levels, namely those studied in
section 3.4 with N = 1, from the point of view of this section.

One can start by taking simple examples: comparing (5.2.1) to (3.5.113). We set
N = 1 and n = 1 in the former and set k = 0 In the latter. Indeed, as we discussed
below (3.5.113), such theory has a trivial Coulomb branch, because the scalar in the
vector multiplets are set to zero by the vacuum equations. This is perfectly consistent
with the proposal in section 3.4, namely the scalar fields in the vector multiplet of the
gauge nodes that are connected by T(U(N)) are frozen. Moreover, from (3.4.19), we
see that when n = 1 the Higgs branch is also trivial; this is also in accordance with
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the analysis below (3.5.113), where the meson vanishes. Hence the two approaches,
one presented in section 3.4 and the other presented in this section, yield the same
results. The same result can be derived easily for the mirror theory (3.4.17), with
N=1andn =1, and (3.5.82) withk; =k, = 0.

This analysis can be generalised to other models discussed in this section. When
we set all CS levels to zero, the vacuum equations set the scalars in the vector mul-
tiplets corresponding to the gauge groups that are connected by T(U(1)) to zero.
Other parts of the quiver may still contribute non-trivially to the moduli space.

3.6 Non-abelian theories with non-zero Chern—-Simons
levels

In this section, we focus on non-abelian quiver theories that contain T(U(N)) and/or
T(U(N)) theories as edges of the quiver. In terms of a brane system, these theo-
ries involve multiple D3-branes, along with J-folds and possibly with other types
of branes. In contrast to the abelian case, we do not have a general prescription of
computing the Hilbert series of the geometric branch of non-abelian theories. Nev-
ertheless, for theories that arise from N M2-branes probing Calabi-Yau 4-fold sin-
gularities, we expect that the geometric branch is the N-fold symmetric product of
such a Calabi-Yau 4-fold. In such cases, we can analyse the Hilbert series for each
configuration of magnetic fluxes. Let us demonstrate this in the following example.

One (k,1) and one (1,k’) brane

Let us consider the generalisation of (3.5.146) for non-abelian gauge groups.

T(U(N)) T(U(N)) (3.6.1)

In section 3.5.5, we see that the geometric branch of the moduli space for the abelian
theory (N = 1) is a Calabi-Yau 4-fold (this is referred to as Branch I in that section);
the latter is identified to be C*/T (k1,k1ky — 1). For a general N, we expect that the
geometric branch of (3.6.1) is the N-th fold symmetric product of C*/T (ky, k1ka — 1),
namely Sym" (C*/T(ky, k1ky — 1)).
Let us focus on N = 2 in the following discussion. The Hilbert series of Sym2 (C4 /T (k,kik, — 1 ))
is given by

1
Hpey,N=2(t2) = 5 [H(3.5.147)(tr2)2 + H5.147) (£, Zz)] , (3.6.2)

where H35147)(t,2) is given by (3.5.156). This computation can be split into five
different cases depending on the fluxes and the residual gauge symmetries.
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1. The magnetic fluxes for the two nodes on the upper edge are both (m, m), and
the magnetic flux for the two nodes on the lower edge are both (1,7). In this
case, the residual gauge symmetry is U(2) x U(2) x U(2) x U(2). The Hilbert
series in this case can be computed as a second rank symmetric product of the
abelian case (which is a product of two half-ABJM theories). The result is

Hz(\}):z(trz) _1 Z [gABJM/Z(t;klm_n)ngB]M/Z(t;kzn_m)z
2 mneZ (363)

4 gAB]M/2<t2; klmin)gAB]M/Z(tZ; kzn—m)} S2(m-+n) )

where the terms indicated in blue are due to the mixed CS terms due to the

presence of T(U(2)) and T(U(2)) and
#|B|
1—#"

AB]M/Z(t B) —

g ; (3.6.4)

Let us report the unrefined Hilbert series, for k1 = 1 and k» = 2, for this case
up to order t'2:

(1) o o 2 4 6 8
HN:Z,k:(l,Z)(t’Z =1) =1+6t"+ 22" + 621" + 1471 (3.6.5)
+308t10 458812 + ... .

In fact, we can also compute (3.6.5) using the Molien integration [91] as fol-
lows:

(1) _
Hy o k=12 (tz=1)

- dz; f dzy f dq; j{ dgo »
=1 270zt Jjzg|=1 27Tizg Jlgy|=1 270iq1 Jlga|=1 27Tiq2

(ﬁ H[C?/ Z](t, Zj)) PE[(z +z )2+ )@ a ) (00
j=1

+(z3+z3 ) (za+257) (2 + 4y )t
—(BH1+27)P — (B + 1+ )P+t — ts} :

We have checked that (3.6.6) agrees with (3.6.5) up to order t?°. Here z1, ..., z4
are fugacities for the gauge groups SU(2)1,34 that are subgroups of U(2)12,34
gauge groups corresponding to top left, top right, bottom left and bottom right
nodes in (3.6.1) respectively. The fugacities q; and g, corresponds to the two
diagonal U(1) gauge groups that are subgroups of diag(U(2); x U(2)2) and
diag(U(2)3 x U(2)4) of (3.6.1) respectively. H[C?/Z5](t,z) denotes the Hilbert
series of the space C?/Z;, which is the Higgs and the Coulomb branches of

T(U(2)) and T(U(2)), and its expression is given by
H[C?/2Z,](t,z) = PE [(z2 F14z )R tﬂ . (3.6.7)

The first and the second terms in the PE denote the contributions from the bi-
fundamental hypermultiplets under U(2) x U(2). The last line of (3.6.6) de-
serves some comments. For a theory with Lagrangian, these terms would rep-
resent the contribution from the F-terms. In this case, however, T(U(2)) and
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T(U(2)) do not have a manifest Lagrangian description in the quiver. Never-
theless, such terms can still be interpreted as “effective F-terms”, where at 12
there are relations that transform in the adjoint representations of diag(SU(2); x
SU(2)2) and diag(SU(2)3 x SU(2)4). There is also a relation at order t* and a
syzygy (relation among the relations) at order 5.1

2. The magnetic fluxes for the two nodes on the upper edge are both (my,m;y),
with my > mjy, and the magnetic flux for the two nodes on the lower edge are
both (1, 7). In this case, each of the U(2) gauge groups on the upper edge is
broken to U(1)?. Each of the U(2) gauge groups on the lower edge remains
unbroken. In this case, T(U(2)) is expected to become T(U(1))? (and similarly

T(U(2)) becomes T(U(l))z). The Hilbert series in this case is given by

Hﬁiz(t,z) = Z Z gABJM/z(t;klml - n)gAB]M/Z(t;klmz —n)
my>my n€Z (368)
gAB]M/2(t; kz?l _ ml)gAB]M/Z(t; kzi’l o ml)zm1+m2+2n )

As an example, for k; = 1 and k; = 2, the unrefined Hilbert series up to 12 is

5@

Neog—(1z)(EZ = 1) = 417 + 33 + 1481° + 4831° + 128840 + 29821 + ... .

(3.6.9)

3. The magnetic fluxes for the two nodes on the upper edge are both (m, m) and
the magnetic flux for the two nodes on the lower edge are both (11, 17), with
ny > ny. In this case, each of the U(2) gauge groups on the lower edge is
broken to U(1)?. Each of the U(2) gauge groups on the upper edge remains
unbroken. T(U(2)) is expected to become T(U(1))?, and similarly T(U(2))

becomes T(U(1) )2. The Hilbert series in this case is given by
Hﬁ)zz(t,z) = Z Z gABM2 (4 keym — 1) gABM2 (1 kym — o)

niShs me (3.6.10)
gAB]M/Z(t,' kyny — m)gAB]M/Z(t; Koty — m)22m+n1+n2 .

107t is instructive to compare this to the following example. Let us consider a 3d N = 4
gauge theory with U(2) x U(2) gauge group with two bi-fundamental hypermultiplets. This
quiver is an A; affine Dynkin diagram, so it arises from two M2-branes probing C?/Z,
singularity. We expect the geometric branch of this theory to be Sym?(C2/Z,). The Hilbert
series of which can be computed from the Molien integral:

H(tx) = ?{ dzy (1-23 7{ dzy (1-—23 7{ dq
! |z1]=1 27Tiz1 Z1 |z2|=1 27Tizp Zn lg|=1 27Tiq

x PE {(21 +z N(z+z2) g+ Dx+xh) = (2B + 14272+ 1) - tﬂ .

This is indeed equal to H[Sym?(C?/Z,)|(t,x) = 1 [H[C?/Z,)(t,x)? + H[C?/Z,](?,x?)].
The first term in the PE is the contribution from the bi-fundamental hypermultiplets. Since
on the generic point on the moduli space U(2) x U(2) is not completely broken, but it is
broken to the diagonal subgroup diag(U(2) x U(2)). The second term indicates the F-terms
in such a diagonal subgroup. The last term —t* is there due to the fact that the F-flat moduli
space is not a complete intersection because of the unbroken gauge symmetry on the moduli
space (see the detailed discussion in [65]).
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As an example, for ky = 1 and k; = 2, the unrefined Hilbert series up to 12 is

3) Ay 43 5 6 7 8 9
HyZokep (B2 = 1) = 684+ 340 + 1560+ 1148 + 766043226 ) (1)

+ 234419 4 778411 4 609t12 4 ... .

4. The magnetic fluxes for the two nodes on the upper edge are both (my,m,),
with m; > m,. and the magnetic flux for the two nodes on the lower edge are
both (11, n7), with n; > n,. In this case, each of the U(2) gauge groups in the
quiver is broken to U(1)2. T(U(2)) becomes T(U(1))?2, and similarly T(U(2))

becomes T(U(l))z. The Hilbert series in this case is given by

Hﬁiz(t,z) = Z Z gABIM/Z(t;klml — nl)gABIM/z(t;klmz — 1)
ny>np mip>my
gABJM/Z(t; k27’11 o ml)g

my+my+ny+ny

(3.6.12)

AB]M/Z(t; kzl’lz — mz)Z

As an example, for k; = 1 and k, = 2, the unrefined Hilbert series up to 2 ig

@

) t,z =1) = 4t + 10> + 54> + 115¢* + 350¢° + 643t°+
N=2k=(1,2)

+1520# + 2505¢% + 50767+ (3.6.13)
+ 7771410 4+ 14142411 + 2050112 + . .. .

5. The magnetic fluxes for the two nodes on the upper edge are both (my,m;y),
with my < mjy. and the magnetic flux for the two nodes on the lower edge are
both (11, n,), with n; > ny. The discussion is very similar to the previous case.
The Hilbert series in this case is given by

HY ,(hz) = Y Y @*™M2(kgmy — ny)g™™M2 (8 kymy — ny)

ny>nyp mp<mp
gAB]M/Z(t; k2ﬂ1 o ml)g

my+mo+ny+ny

(3.6.14)

AB]M/Z(t; kzi’lz — WIQ)Z

As an example, for k; = 1 and k; = 2, the unrefined Hilbert series up to 12 is

(5) 1y 5 7 8 9 10
H\ o 1) (b2 = 1) = 126° + 8217 +24¢° +322¢° 4 1511 (36.15)
+992¢11 4 556412 4 .

Indeed, the Hilbert series H 31y, =2 (t,2z) given by (3.6.2) is then equal to the sum
of the contributions from these five cases:

g

N=2,k=(1,2) (t,z). (3.6.16)

Mo

I
—_

Hpey,N=2(t2) =

1
For k1 = 1 and k» = 2, we have the unrefined Hilbert series
Hie1), N=a k(1) (t, 2 = 1) = 1 + 4t + 208> + 60£> + 170* + 3961°

1 868t° + 1716t7 4 3235t + 5720 (3.6.17)
+ 9752410 + 15912411 425236412 4 . .. .
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This is indeed an unrefined Hilbert series of Sym?(C*).

3.7 Theories with multiple consecutive J-folds

In this section, we generalise our discussion to theories dual to brane system con-
taining (m + 1) consecutive J-folds.

(3.7.1)
The vacuum equations are
Ai(®ip1 —D;) =0, i=1,...,n-1 (3.7.2)
k@ — D1 = 1
kiq)i:,ui_,uifl i=2...n—1
ky @, — éf)m = Un-1
(3.7.3)

i(\la\)l—q%—&)zzo
Ei@j—6i+l—a\>i_1:0 i=2,...,m—1
kn®m — Dy — Dy = 0

As in the preceding subsection, we analyse the solution of these equations according
to the VEVs of bi-fundamental fields that are set to zero (i.e. the cuts in the quiver).

No cut in the quiver

Let us first focus on the solution in which A; and A; are non-zero foralli =1,...,n —
1. Equations (3.7.2) are solved as usual imposing ®; = &, = ... = P, = O =
(¢, 0). The sum of the first three equations in (3.7.3) gives

n
<Z k,-) - —D,=0 (3.7.4)
i=1
This consistency equation must be added to set of equation formed by the last three
in (3.7.3). Calling
Ky =Y ki (3.7.5)

n
i=1
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the above system of equations can be written in a compact way as:

o
D
Mes | P2 =0 (3.7.6)
Dy
where we define the matrix Mcg as
K, -1 0 0 0 ... -1
-1 k -1 0 o ... 0
0 -1 k -1 0 ... O
= ~ . 7.7
Mes 0 0 -1 ks -1 . 0 (37.7)
-1 0 0 0 —1 ky

Since we assumed that all A; and A; are non-zero, we require (3.7.7) to have a non-
trivial solution; this is the case if and only if

det Mcs = 0 (3.7.8)

This is a necessary condition for the existence of a non-trivial moduli space.
The magnetic flux has to be of the form

m=(m,...,mmy,...,My) = (m",m). (3.7.9)

n times

Then, (3.7.7) implies that this must satisfy the following condition:
Mcgm® =0. (3.7.10)

In particular,
Kym — m; — my, = 0 (3.7.11)

The gauge charges of the monopole operator V;, are

-~ . (3.7.12)

qf Vm = —(klrﬁl - m — mz)
G V] = —(kifty — iy — Miq), i=2,...,m—1
i Vi = _(Emr/ﬁm - r/ﬁm—l - m)

Let us now compute gauge invariant dressed monopole operators. The last three
sets of equations, setting to zero, constitute m equations in total; they give a unique
solution for m = (My,...,M;,,) in terms of the flux m. We denote such a solution by
m*(m). It should be emphasised that m, m} (withi = 1,...,m), and the CS level K,,,
must be integers. Such integrality and equations (3.7.8), (3.7.11) put a constraint on
the possible values of (?1, .. ,Em), as well as their relation to K,;, in order to obtain a
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non-trivial moduli space. Note also that m*(1) + m*(—1) = 0.
7{\2+1

For example, in the case of three J-folds (m = 2), we have mj(m) = TE—m and
~ 12—
ms(m) = ;{“1 m. From (3.7.11), we obtain K,, = k;;(kz?. The integrality of K,,
1 142
m; (m) and 1% (m) puts constraints on the values of k1 and ky:
ki4ko+2 ko +1 k41
htlhats gz 2t g7 11 cz. (3.7.13)

kiko — 1 " kike—-1 0 kik -1

Since m € Z, we see that the magnetic lattices given by mj(m) and mj;(m) “jump”

k2+1 k1+
and =
kiko—1 kiko—1

by multiples of = respectively. If we further require that mj(m) =

m3(m) = m (i.e. there is no such jump), we have %1 = Ez = K, = 2, assuming that
both kq and k, are non-zero.
For convenience, let us define

= {ki —m{(1), k2, ..., kn—a, kn—mp, (1)}, Ki=) . (3.7.14)

For ; > O foralli = 1,...,n — 1, the basic gauge invariant dressed monopole
operators are

- K K
Vi = VawaanArAb - A

_ I - (3.7.15)
K1 7K K
V_ = ((—1)”,—171*(1))A1 1A22 .- ‘An,ll .

If C; < 0 for some j, we replace A;Cj by gj_’c/ in the first equation and g;cj by Aj_}c]
in the second equation. Since the R-charges of V((+1)n +4+(1)) are zero, we have

— _1 _n—l
; :5 , IC-§|ICi|. (3.7.16)

I\J\H

The generators of the moduli space are ¢, V 1. subject to the quantum relation
V.V =gt (3.7.17)

The moduli space is indeed C?/Zy. We emphasise that the dependence of K on
k1, ..., ky is due to mj(1).

One cut in the quiver

Let us analyse the case A; = A; = 0, i.e. the quiver is cut at the position I. Equations
(3.7.2) implies ®; =P = --- = & =Pand Py = Py = --- = P, = O. The
sums of the first | equations and the last n — [ ones in the first three sets of equations
in (3.7.3) imply that

(ki + ko +- -+ k)@ — Dy =0

-~ 3.7.18
(kjy1 + kjyo ++- -+ k)@=, =0 ( :
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These two condition must be supplemented by the last three sets of equations (3.7.3)

constraining ®; i = 1 ... m These can be put in a matrix form. Calling

n

1
ki = K, ki = K
i=1 i=l+1
we have
)
D,
Mcs | ¢ =0
D,
)
where
K -1 0 0 0 0 0
1 % -1 0 0 0 0
0 -1 k, -1 0 0 0
Mes=]0 0 —1 k5 -1 0 0
0O 0 0 0 ... -1 k, -1
0 0 0 0 ... 0 -1 K

A necessary condition for the existence of the non-trivial moduli space is

det MCS =0.

The magnetic flux has to be of the form

m=(m,...,mm,...,m,MmMy,...,My) = (m
I times n—I times

,Mm

I ~n—1 -~
,m) .

Then, (3.7.7) implies that this must satisfy the following condition:

McsmT =0.
In particular, it follows from (3.7.18) that

I/ﬁlz(kl—l—kz —|—---—|—kl)m:Km

M = (ki1 + kiyo + -+ ky) = Km

The gauge charges of the monopole operator V;, are

(V]
9i[Vm] = —kjm, j=1+1,...,n
Gn[Vin] = — (knm — My,
q7[Vm] = _(Elﬁql —m — my)
GVl = — (ki — @iy — Mi1),  i=2,
G V] = _@mr/ﬁm — Mpy_1 — M)

(3.7.19)

(3.7.20)

(3.7.21)

(3.7.22)

(3.7.23)

(3.7.24)

(3.7.25)

(3.7.26)
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Let us now compute gauge invariant dressed monopole operators. The last three
sets of equations, setting to zero, constitute m equations in total; they give a unique
solution for m = (my,...,My) in terms of the fluxes m and m. We denote such
a solution by m*(m,m). The integrality of such a solution, together with (3.7.24)
and in particular (3.7.25), put restrictions on the relation between K, K and k; (with
i=1,...,m).

For example, for the case of three J-folds (m = 2), solving the last three sets of
equations gives

ko + m mk
mromatm o g _MEma (3.7.27)
kiks — 1 kiks — 1
Using (3.7.25) we have
m = m m = —m(K + k; — Kkik,) (3.7.28)

_K—f—/k\z — K/k\ljc\z ’
Suppose that we look for a solution in which m and m are non-zero. The integrality
of K, K, ki, implies that

Kkiky — (K 4 ky) = Kkiko — (K + k) = +£1. (3.7.29)
The choice +1 sets m = m, whereas the choice —1 sets m = —m. Using these with

(3.7.27), we also obtain the constriants on El and ?2, namely

i+l k1

— , €Z. (3.7.30)
kiko — 17 Kk —1

Since m, m € Z, we see that the magnetic lattices given by m; and m3 “jump” by
. ko1 ki1
multiples of o1 and 1

(i.e. there is no such jump), we have ﬁl = %2 =K=K=+2, assuming that both El
and Ez are non-zero.

This can easily be generalised to an arbitrary number of J-folds. The generalisa-
tion of (3.7.29) is

respectively. If we further require that mj = m; = m

minor; 1 Mcs = minory, 41 ,+1 Mcs = £1 (3.7.31)

These two choices correspond to m = £m. The integrality of m*(m, m) and m*(m, —m)
impose further constraints on k;. The analysis of the moduli space is similar to that
presented after (3.5.53).

Two or more cuts in the quiver

The analysis is similar to that of presented around (3.5.74). For the case of two cuts,
the quiver is divided into the left, central and right sub-quivers. The analysis for
the central part is presented in section 3.5.1, whereas those for the left and right sub-
quivers are as presented above for the one cut case. One can repeat this procedure
for the case with more than two cuts.
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Chapter 4

Variations on S-fold CFTs

4.1 Notations and conventions

Let us state the notations and conventions that will be adopted.

Gauge and global symmetries. In a quiver diagram, we denote the 3d N = 4
vector multiplet in a given gauge group by a circular node, and a flavour symmetry
by a rectangular node. A black node with a label n denotes the symmetry group
U(n), a blue node with an even label m denotes the symmetry group USp(m), and
a red node with a label k denotes the symetry group O(k) or SO(k).

Un) : @ "

USp(m) : @ m with m even (4.1.1)

O(k) or SO(k) : @ '

We shall be explicit whenever we would like to emphasise whether the group is
O(k) or SO(k) We will also deal with the group known as USp’'(2M), arising in

the worldvolume M physical D3 branes on the 03" plane [23]. Note that under S-
duality, USp’'(2M) transforms into itself. This is in contrast to the group USp(2M),
arising in the worldvolume M physical D3 branes on the 03" plane, where under
the S-duality transforms into SO(2M + 1). We denote the algebra corresponding to
USp' (M), with M even, in the quiver diagram by a blue node with the label M'.
In the case that the brane configuration does not give a clear indication whether the
group is USp(M) or USp’ (M), we simply denote the label in the corresponding blue
node by M.

Brane configurations. The brane systems involved in the constructions include
D3, D5, NS5 branes, possibly with orientifold planes, that preserve eight super-
charges [10, 24, 25, 21, 81]. Each type of branes spans the following directions:

O 1 2 3 4 5|6|7 8 9
D3, O3 X X X X
NS5 05| x X X X X X (4.12)
D5 X X X X X X

The x° direction can be taken to be compact or non-compact.
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The T(G) theory. In the following, we also study the 3d N = 4 superconformal
theory, known as T(G), arising from a half BPS domain wall in the 4d N = 4 super-
Yang-Mills theory with gauge group G that is self-dual under S-duality [8]. We fo-
cus on G = U(N), SO(2N), USp'(2N), Gp. The quiver descriptions for T(U(N))
and T(SO(2N)) are given in [8], whereas that for T(USp’(2N)) are given by [72, sec.
2.5]. The T(G) theory has a global symmetry G x G. The Higgs and the Coulomb
branches are both equal to the nilpotent cones N, where g is the Lie algebra as-
sociated with the group G. We denote the theory T(G) by a wiggly red line con-
necting two nodes, both labelled by G. As an example, the diagram below denotes
the T(USp'(2N)) theory, with the global symmetry USp’(2N) x USp’'(2N) being

gauged:
(0 V0 ) e

Furthermore, we can couple this theory to half-hypermultiplets in the fundamental
representations of such USp’(2N) gauge groups. For example, if we have m; and m;
flavours of fundamental hypermultiplets under the left and the right gauge groups
of (4.1.3) respectively, the corresponding flavour symmetry algebras are so(2m;) and
so(2my), and the quiver diagram reads

T(USp' (2N
2m @ SO @ 2my (4.1.4)

Let us examine the case in which G is not self-dual under S-duality. This can
lead to a certain issue in constructing quivers that admit a consistent brane config-
uration and we shall not consider them. However, for the sake of completeness, let
us discuss such an issue explicitly using an example. First of all, T(G) may not be
an appropriate notation to use, but one may also need to provide the information
regarding the partitions ¢ and p of G and its dual group G" to specify the the-
ory TS (G) [8]. For example, when G = USp(4), ¢ is a C-partition' of 4 whereas
p is a B-partition? of 5, associated with the dual group G¥ = SO(5) [98, 99, 72].

Given this example, one may would like to consider T[[lls]](USp(ﬁl)), which has a

global symmetry G x G¥ = USp(4) x SO(5). Suppose that we couple this theory

to matter as in (4.1.4), where we replace the wiggly line (T-link) by T[[lls]] (USp(4))

with USp(4) gauge group on the left and SO(5) gauge group on the right. Then,
the m; and m, fundamental flavours in (4.1.4) give rise to a SO(2m1) x USp(2m;)
flavour symmetry, and such half-hypermultiplets transform under the representa-
tion 1(4;2mq) of USp(4) x SO(2m) and 3(5;2my) of SO(5) x USp(2m;), respec-
tively. One may take m; = my = 2 and form a circular quiver with alternating
SO/USp gauge groups with equal rank by gauging both flavour symmetries and
couple them to bifundamental matter. Specifically, let us consider a circular quiver
with the USp(4) x SO(4) x USp(4) x SO(5) gauge group, where the first USp(4)
and the last SO(5) are connected by the T-link and other groups are connected by
bifundamental half-hypermultiplets. One cannot realise this theory using a Type IIB
brane configuration with an orientifold threeplane and an “S-fold” in a simple way
for the following reason. Note that the first USp(4) and the last SO(5) connected by

LA C-partition is a non- increasing sequence of integers where all the odd parts appear
an even number of times.

2A B-partition is a non-increasing sequence of integers where all the even parts appear
an even number of times.
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the T-link must be associated with O3 and O3 respectively, and as the O3 plane
crosses a half-NS5 brane it changes sign. Starting from the left USp(4) as we go
through the sequence of the gauge groups to the right, we obtain the sequence of the
associated O3 plane to be (O3+, 037,037, 037). However, this is in contradiction
to the fact that the SO(5) gauge group must be associated with 03, and not O3™.
Due to this reason, we shall not further discuss the case of a T-link associated with a
non-self-dual group G.

4.2 Coupling hypermultiplets to a nilpotent cone

In this section we study the hyperKéhler space that arises from coupling hypermul-
tiplets or half-hypermultiplets to nilpotent cone N, of the Lie algebra g associated
with a gauge group G. We start from the nilpotent cone of g, and denote this geo-
metrical object by

G ks (4.2.1)

Note that a subgroup of G may acts trivially on N. For example, we may take G to
be U(N); since the symmetry of the corresponding nilpotent cone is really SU(n),
the U(1) subgroup of G = U(N) acts trivially on the nilpotent cone.

The symmetry G can be gauged and can then be coupled to hypermultiplets
or half-hypermultiplets, which give rise to a flavour symmetry H. We denote the
resulting theory by the quiver diagram:

H —@wa (4.22)

The hyperKéhler quotient H 45 ) associated with this diagram is

Hs22) = H((H] _éG]) <N (4.2.3)

where H ([H] — [G]) denotes the Higgs branch of quiver [H] — [G]. We emphasise
that we do not interpret (4.2.2) as a field theory by itself. Instead, we regard it as a
notation that can be conveniently used to denote the hyperKahler quotient (4.2.3).

421 G=U(N)and H = U(n)/U(1)
We take G = U(N) and couple n flavours of hypermutiplets to G:

; 4®M (4.2.4)

The hyperKéahler quotient associated with this diagram is

" _ H([U(n)] = [U(N)]) x Naywy
(424) = U(N)

(4.2.5)

where H ([U(n)] — [U(N)]) denotes the Higgs branch of the quiver [U(n)] — [U(N)].
The quaternionic dimension is

1
dimp H (404) = EN(N —1)+nN—N2. (4.2.6)
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The flavour symmetry in this case is H = U(n)/U(1), whose algebra is h = su(n).
For N =1, /\fsu(N) is trivial. The quotient (4.2.5) becomes the Higgs branch of
the U(1) gauge theory with n flavours. H 4, 4), therefore, turns out to be the closure
of the minimal nilpotent orbit of su(1), denoted by O, 1.2 [85, 100]. This space is
also isomorphic to the Higgs branch of the T(,,_11)(SU(n)) theory of [8], and is also

isomorphic to the reduced moduli space of one su(n) instanton on C2. It is precisely
n — 1 quaternionic dimensional.

For N = 2, it turns out that H 45 4) is the closure 5(3,1,173) of the orbit (3,1"73) of
su(n). This is isomorphic to the Higgs branch of the T{,,_; 12)(SU(n)) theory, namely
that of the quiver [U(n)] — (U(2)) — (U(1)). The quaternionic dimension of this is
precisely 2n — 3. This is indeed in agreement with (4.2.6).

For a general N, such that n > N + 1, we see that H 4, 4) is in fact

Hana) = Onprm-n-1y (4.2.7)
and in the special case of n = N, we have the nilpotent cone of su(N):
H(4.2‘4)|n:N = 6(1\1) = Nsu(N) . (4.2.8)

One way to verify this proposition is to compute the Hilbert series of H 43 4)-
This is given by®

L dq su(N) su(N) -1
H[H404)](t;x) = /dﬂsum)(z) j{ql 27tig PE [X[l,O,...,O] (x)?([o ..... o,l]<z)q t (4.2.9)
Koo @ 012 = Xt ot HNauw )8 2)

where x denotes the flavour fugacities of su(N) and dpgy(n)(z) denotes the Haar
measure of SU(N). We refer the reader to the detail of the characters and the Haar
measures in [101]. The Hilbert series of the nilpotent cone of su(N) was computed
in [84] and is given by

N
H[Nouw))(t z) = PE [xﬁ‘, o oy = Y tzl’] : (4.2.10)
p=2

The Hilbert series (4.2.9) can then be used to checked against the results presented in
[85]. In this way, the required nilpotent orbits in (4.2.7) and (4.2.8) can be identified.
This technique can also be applied to other gauge groups, as will be discussed in the
subsequent subsections. For the sake of brevity of the presentation, we shall not go
through further details.

We remark that for n > 2N 41, the hyperKéahler space (4.2.7) is isomorphic the
Higgs branch of the T(,, _y vy (SU (1)) theory*, which corresponds to the quiver [8]:

Tunamy (SU(n)) = [U(n)] = (U(N)) = (U(N = 1)) —--- = (U(1)). (4211)

5The plethystic exponential (PE) of a multivariate function f(xy,x2,...,x,) such that
£(0,0,...,0) = 01is defined as PE[f(x1,x2,...,Xn)] = exp (Zle %f(x’l‘,x’é,...,xﬁ)) .

4The partition (n — N, 1V) is indeed the transpose of the partition (N + 1,1""N=1) in
(4.2.7).
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Note that quiver (4.2.4) can be obtained from (4.2.11) simply by replacing the wiggly
line by the quiver tail as follows:

@wwx —  (U(N)) = (U(N—=1)) —--- = (U(1)) . (4.2.12)

422 G =USp(2N)and H = O(n) or SO(n)
We take G = USp(2N) and couple 1 half-hypermultiplets to G:

n 4@WWX (4.2.13)

The corresponding hyperKéhler quotient is

H (1SO(n)] — [USp(2N)]) X Nuspan)

H4213) = USp(aN) (4.2.14)
The dimension of this space is
dimp H —nN—i—1 1(2N)(2N+1)—N —1(2N)(2N—|—1)

=N(n—-N-1).

For n > 2N + 1, the hyperKéahler quotient (4.2.14) turns out to be isomorphic to the
closure of the nilpotent orbit (2N + 1,1"~2N+1) of so(n):

Ha213) = Oonirim-eni) - (4.2.16)

For even n, say n = 2m, this is isomorphic to the Higgs branch of T,(50(n)),
with p = (n — 2N — 1,12N*1) 5 whose quiver description is

O ()

For odd n, say n = 2m + 1, this is isomorphic to the Higgs branch of T,(SO(n)),
withp = (n —2N —1,2,12¥72) if n > 2N + 1 and p = (12N) if n = 2N + 1,° whose

SNote that the partition p = (1 — 2N — 1,12N*1) can be obtained from the partition A =
(2N + 1,17~ (@N+1)) of (4.2.16) by first computing the transpose of A, and then performing
the D-collapse. For example, for N =2 and m = 4 (or n = 8),

transpose
—

A= (514 4,14 = =319, (4.2.17)

®Note that the partition p = (n — 2N — 1,2,12N=2) can be obtained from the partition
A= (2N +1,1"-@N+1) of (4.2.16) by first computing the transpose of A, subtracting 1 from
the last entry, and then performing the C-collapse. For example, for N = 3 and m = 4 (or
n=29),

transpose
—

A= (7,12) 3,1 — (3,15 =¥ (221%). (4.2.19)
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quiver description is

, @ @ @ 4@_@ (4.2.20)

423 G =SO(N)orO(N)and H = USp(2n)
Let us first take G = SO(N) and take H = USp(2n).

on (4.2.21)

This diagram defines the hyperKahler quotient

H ({USp(2n)] — [SOWN)]) X Moy

Hg221) = SO(N) (4.2.22)
The quaternionic dimension of this quotient is
) m(2n —m), N =2m
d H = . 4223
1My 71 (4221) {m(Zn—m—1)+n, N = 2m +1 ( )

It is interesting to examine (4.2.22) for a few special cases. For N = 2nor N =2n+1
or N = 2n — 1, we find that (4.2.22) is in fact the nilpotent cone N, (2, of usp(2n),

whose quaternionic dimension is 1%

Haz21)IN=20 = H(a221) IN=201 = Nysp(an) - (4.2.24)

This statement can be checked using the Hilbert series:

H[H oo (63) = [ dsopn(2) PE [ o (®)XiTo g (2)t
Koo, o HINa)] (8 2)

— A0,1,0,...,0] (4.2.25)

n .
X[CZnO...O](x)tz_ Zf4]] ,if N=2nor2n=£1.
j=1

=PE

where the Haar measure and the relevant characters are given in [101]. The last line
is indeed the Hilbert series of the nilpotent cone Nusp@n) [85].

It is important to note that the quotient (4.2.22) is not the closure of a nilpotent
orbit in general. For example, let us take n = 4 and N = 3, ie. G = SO(3) and
H = USp(8). The Hilbert series takes the form

H[H(4.2.21) |n:4,N:3] (t; x) =PE [X%,O,O,O] tz + (X[Cozto,l,o} + X[Cl%()lolo] )t3 - t4 +.. }

(4.2.26)
Observe that there are generators with SU(2)g-spin 3/2 in the third rank antisym-
metric representation A3[1,0,0,0] = [0,0,1,0] + [1,0,0,0] of USp(8). These should
be identified as “baryons”. Using Namikawa’s theorem [102], which states that all
generators of the closure of a nilpotent orbit must have SU(2)g-spin 1 (see also
[103]), we conclude that H (4501 |n—4 N=3 is not the closure of a nilpotent orbit. In
general, these baryons can be removed by taking gauge group to be O(N), instead
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of SO(N). The reason is because the O(N) group does not have an epsilon tensor as
an invariant tensor, whereas the SO(N) group has one.
Let us now take G = O(N) and take H = USp(2n):

- (4.2.27)

This diagram defines the hyperKéahler quotient

- ‘/\/’SO
H(a207) = H ([USp(an)] O([;\]D)(N)D Mool (4.2.28)

The dimension of this hyperKahler space is the same as (4.2.23). This quotient turns
out to be isomorphic to the closure of the following nilpotent orbit of usp(2n):

6(1\[/2/127[—7\]—2) N even

H =< __ . 4.2.29
(4227) {O(N+l,12”N1) N odd ( )

In the special case where N = 2n, N =2n —1or N = 2n + 1, we have

/H(4.2.27)‘N:2n = H(4,2,27)|N:2n:tl = @(Zn) = Nusp(Zn) , (4.2.30)

which is the same as (4.2.24).
For even N = 2m, H 4527 is isomorphic to the Higgs branch of T,(USp(2n))
theory, with p = (2n — N + 1,1V), whose quiver description is

(4.2.31)
On the other hand, for odd N = 2m + 1, H 4 ,7) is isomorphic to the Higgs branch

of T,(USp’(2n)) theory, with p = (2n — N +1,1N~1), whose quiver description is

424 G = Gyand H = USp(2n)
We take G = Gy and H = USp(2n):

. 4@M (4.2.33)

This diagram defines the hyperKéhler quotient

H([USp(2n)] — |G N,
H(4233) = (Usp( n)gb [Gal) & (4.2.34)

For n > 2, the quaternionic dimension of this space is

1
dimps Hana3) =71+ 5(14-2) ~14 =71 -8, (4.2.35)
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and the Hilbert series of (4.2.34) is given by

H[Haas)(t%) = [ dn,(2) PE [xy (2)xn o (x)t

(4.2.36)
— X (2B HIN (1, 2)

where the relevant characters and the Haar measure is given in [101], and the Hilbert
series of the nilpotent cone of G, can be obtained from [104, Table 4]. The special case
of n = 2 is particularly simple. The corresponding space is a complete intersection
whose Hilbert series is

H[H a2 lnma) (631, %2) = PE x5y (31, 22) % + Xy (01, 32) £ — 8 — #12] . (4237)

Note that H (4,33) is not the closure of a nilpotent orbit, due to the existence of a
generator at SU(2)g-spin 3/2 and Namikawa’s theorem.
The case of n = 1 needs to be treated separately, since (4.2.35) becomes negative.
We claim that
Ha233)ln=1 = C*/Zy = Ny ) - (4.2.38)

The reason is as follows. Let us denote by Qi the half-hypermultiplets in the fun-
damental representation of the G, gauge group’, where i,j,k = 1,2 are the USp(2)
flavour indices and a,b,c,d = 1,...,7 are the G, gauge indices. Let us also denote
by X, the generators of the nilpotent cone of G,. Transforming in the adjoint repre-
sentation of G, X, is an antisymmetric matrix satisfying8

X =0; (4.2.39)

this is because A%[1,0] = [0,1] + [1,0]. Moreover, being the generators of the nilpo-
tent cone, X, satisfy

tr(X?) = 66" X, Xy =0, tr(X%)=0. (4.2.40)
The moment map equations for G, read
€;QLQ) = Xap - (4.2.41)
The generators of (4.2.34), for n =1, are
M = 6,QLQ} (4.2.42)
transforming in the adjoint representation of USp(2). Note that baryons vanish:
Q=0 F"QQQLQ; =0, (42.43)

because _1', j, k, 1 =1,2. Other gauge invariant combinations also vanish; for example,
XubQi,Q{7 has one independent component and it vanishes thanks to (4.2.40) and

"The three independent invariant tensors for G, can be taken as (1) the Kronecker delta
5%, (2) the third-rank antisymmetric tensor f*° and (3) the fourth-rank antisymmetric tensor
fabed See e.g. [105] for more details.

8Using the identity flabc fede] — fabde (see [105, (A.13)]), it follows immediately from this
relation that f”bdeXubXde =0.
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(4.2.41). Furthermore, the square of M vanishes:

(4.241) (4.2.40)

enepMTMY = (€;Q.Q}) (€xQhQ}) tr(X?)

Therefore, we reach the conclusion (4.2.38).

0. (4.2.44)

4.3 Models with orientifold fiveplanes

In this section, we consider models that arise from brane systems involving an S-
fold and orientifold 5-planes. For the latter, we focus on the case of the O5~ plane
and postpone to discussion about the O5* plane to section 4.6. In the absence of the
S-fold, such models and the corresponding mirror theories were studied in detailed
in [25, 8]. We start this section by reviewing the latter and then discuss the insertion
of an 5-fold in the subsequent subsections.

4.3.1 The cases without an S-fold

We consider three types of models, depending on the presence of NS5 branes and
their positions relative to each O5~ plane [25].

The USp(2N) gauge theory with n flavours. The quiver diagram is

@7 o (4.3.1)

The brane system for this quiver is

n physical D5s

|7 |
(4.3.2)
05~ 05~

The U(2N) gauge theory with one or two rank-two antisymmetric hypermultiplets
and n flavours in the fundamental representation. The quiver diagrams are

A A

@7 . . (4.3.3)

A/
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The brane systems for the cases with one adjoint and two adjoints are, respectively,
as follows:

n physical D5s n physical D5s
—_— —_—
e o ... o e o ... o
2N 2N
D3 ‘ | D3 |
(4.3.4)
o5~ NS5 o5~ o5~
with an NS5 on top with an NS5 on top with an NS5 on top

The USp(2N) x U(2N)™ x USp(2N) gauge theory with (n1, f1, ..., fm, n2) flavours
in the fundamental representations under each gauge group. The quiver diagram

1S
2}’!1 f1 fm an

The brane system for this quiver is

NS5
ni fl fZ fn-1 fm nz
2N
— 2N
2N (D3| . . ... ... 2N —
Bl Edey
4.3.6)
O5~ 05~

m intervals

where each black dot with a label k denotes k physical D5 branes, and each black
vertical line denotes a physical NS5 brane.

Let us now discuss their mirror theories and the corresponding brane configura-
tions. Under the S-duality, each NS5 brane becomes a D5 brane and vice-versa, and
an O5~ plane becomes an ON™ plane. The following results can be obtained [25].

A mirror of (4.3.1). The brane system for this is

NS5

N
2N 2N

4.3.7)

ON™ ON™

n — 3 intervals

Each of the left and the right boundaries contains an ON™ plane, which is an S-
dual of the O5~ plane. The combination of an ON™ plane and one NS5 brane is
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also known as ONY and was studied in detail in [24, 106]. The way that the D3-
branes stretch between two NS5 branes at each boundary is depicted in red. The
corresponding theory can be represented by the following quiver diagram:

@ @ . @ (4.3.8)
G n — 3 nodes @

This is indeed the affine Dynkin diagram of the D,, algebra [24].

Mirrors of (4.3.3).  We consider two cases as follows:

1. The case of one antisymmetric hypermultiplet. In this case the brane configu-
ration of the mirror theory is

NS5
D5 L;
2N
N | D3 2N
g | avoss
(4.3.9)
ON™  ,, _oNNsss INNS5s  °

One can then move the rightmost D5 brane into the interval and obtain

NS5
D5 ) | 1 |
D5 ]
X

N | D3 2N

e o

N
(4.3.10)
ON™  , _2NNsss 2N NS5s

Hence the corresponding quiver is

@ @ @ o (0) (431D

n—2N — 1 nodes



100 Chapter 4. Variations on S-fold CFTs

2. The case of two antisymmetric hypermultiplets. In this case the brane config-
uration of the mirror theory is

NS5
D5 N D5
2N 2N
N ps N
N
) (4.3.12)

ON™ ON

n — 3 intervals

The corresponding quiver theory is

() ()
@ @ - @ (4.3.13)
Q 1 — 3 nodes Q

A mirror of (4.3.5). The brane construction is

NS5
D5 N
2N * hd 2N
N 51 Lol ol N
N
(4.3.14)
ON™ A fm ON™

nq NS5s 1y NS5s

where the boldface vertical line labelled by f] (with j = 1,...,m) denotes a set of f]
NS5 branes, with 2N D3 branes stretching between two successive NS5 branes. Note
that there is also one D5 brane at the interval between each set. For simplicity, let us
present the quiver for the case of m = 1:

11 — 2 nodes f1 circular nodes ny —2

(4.3.15)
This can be easily generalised to the case of m > 1 by simply repeating the part
under the second brace with f», f3, ..., fy in a consecutive manner.

4.3.2 The cases with an S-fold

In this subsection, we insert an S-fold into a brane interval of the aforementioned
configurations. In general, the resulting quiver theory contains a T(U(N)) link con-
necting two gauge nodes corresponding to the interval where we put the S-fold. The
mirror configuration can simply be obtained by inserting the S-fold in the same po-
sition in the S-dual brane configuration. In the following, the moduli spaces of such
a theory and its mirror are analysed in detail.
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We make the following important observation. The Higgs (resp. Coulomb) branch
of a given theory gets exchanged with the Coulomb (resp. Higgs) branch of the mir-
ror theory in a “regular way”, provided that

1. the S-fold is not inserted “too close” to the orientifold plane; and

2. the S-fold is not inserted in the “quiver tail”, arising from a set of D3 branes
connecting a D5 brane with distinct NS5 branes.

Subsequently, we shall give more precise statements for these two points using var-
ious examples. In other words, we use mirror symmetry as a tool to indicate the
consistency of the insertion of an S-fold to the brane system with an orientifold five-
plane.

Models with one or two antisymmetric hypermultiplets

In this subsection, we focus on the models with one antisymmetric hypermultiplet
for definiteness. The case for two antisymmetric hypermultiplets can be treated al-
most in the same way. Let us insert an S-fold in the left diagram in (4.3.4) such that
there are 11 physical D5 branes on the left of the S-fold and there are n, physical D5
branes on the right. The resulting theory is

A

o i eS%e .. e - T(U(2N))
N (o)

N
. - n nz (4.3.16)

with an NS5 on top

The case in which 71 > 2 and n, > 2N

The corresponding mirror theory is

)
T(U(2N))

0 n; — 1 nodes 1 — 2N + 1 nodes
(4.3.17)

The condition 7 > 2, n; > 2N ensures that the T(U(2N)) link in the mirror theory
(4.3.17) stay between the first U(2N) gauge node and the U(2N) gauge node with 1
flavour.

The Higgs branch of theory (4.3.16) has dimension

1 1
dimp H (4316) = 2Nny + E2N(2N —1)+2- 5 (4N? — 2N) + 2Nn,

— 4N? — 4N?
= N(2n, +2n, — 2N —3),

(4.3.18)

while the Coulomb branch is empty because there are only two gauge nodes con-
nected by a T(U(2N))-link
dlmH C(4.3.16) =0. (4.319)
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Since the moduli space of T(U(2N)) contains the Higgs and Coulomb branches,
each of which is isomorphic to the nilpotent cone of SU(2N), it follows that the
Higgs branch of (4.3.16) also splits into a product of two hyperKéahler spaces which
can be written in the notation of section 4.2 as

A

H4316) = X (4.3.20)

ny nz

The symmetry of H(43.16) is U(n1) x (U(n2)/U(1)), coming from the first and sec-
ond factors respectively. According to (4.2.7) and below, the hyperKéhler space cor-
responding to the second factor is identified with O(ZN +1m-2n-1y fornp > 2N +1
and @(21\1) for ny = 2N.

The mirror theory (4.3.17) has the following Coulomb branch dimension

2N-1

dimpy Ci4317) = N+ N+ (2N)(n1 +n2 —2N —2) + Z% i (4.3.21)
P 3.

= N(2n1 +2n, — 2N —3),
while the Higgs branch has dimension

dimpy H4317) =N +4N* + 4N?(ny + n; — 2N — 1 —1) 4 (4N* — 2N)
2N—-1

+2N + i(i+1) —2N? — 4N?(ny +n, — 2N
i; G+1) (m +-mz = 2N) (4.3.22)

2N-1
- Y #=0
i=1
Indeed, we find an agreement for the dimensions of the Higgs and Coulomb branches
under mirror symmetry, namely

dlm]H C(4.3.16) = dlm]H H(4.3.17), dlm]H C(4.3.17) = dlm]H H(4.3.16)' (4323)

It should be pointed out the the Coulomb branch of (4.3.17) is also a product
of two hyperKéahler spaces. The reason is that the nodes that are connected by the
T(U(2N)) link do not contribute to the Coulomb branch and hence can be taken
as flavours nodes. Therefore, the Coulomb branch of (4.3.17) is the product of the
Coulomb branches of the following theories:

)
O -

1 — 1 nodes 1y — 2N + 1 nodes

(4.3.24)
Under mirror symmetry, each of the factor in the product (4.3.20) is mapped to the
Coulomb brach of each of the above quiver. Let us examine the symmetry of the
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Coulomb branch using the technique of [8]. In the left quiver, all balanced gauge
nodes form a Dynkin diagram of A,, _1; together with the top left node which is
overbalanced, these give rise to the global symmetry algebra A,, 1 x u(1), corre-
sponding to U(ny). In the right quiver, all gauge nodes are balanced; these give rise
to the symmetry algebra A,,_1, corresponding to U(nz)/U(1). This is agreement of
the symmetry of the Higgs branch H (43 1¢).

It is worth commenting on the distribution of the flavours in theory (4.3.16). It
is clear from the computation of the dimension of the Higgs branch (4.3.18) that one
can change 17 and n; keeping their sum n = n; + n, constant, without changing
the dimension of the Higgs branch. However, as can be clearly seen from (4.3.20),
the structure of the Higgs branch depends on n; and n,. In addition, modifying
the distribution of the flavour will change the position of the T(U(2N)) link in the
mirror theory (4.3.17). Let us focus the case of N = 1 with ny = 3, n, = 3 and
n1 = 4, np = 2. The theories and their mirrors are

A

) (4.3.25)
3 3
A

ruE) 4326
4 2

As explained in (4.3.20), the Higgs branch of the left diagram in each case splits
into a product of two hyperKéahler spaces. According to (4.2.8), the second factor in
each line is the Hilbert series for the closure of the nilpotent orbit 6(3) and @(2), co-
incident with the Higgs branch of the theories T(SU(3)) and T(SU(2)) respectively.
The unrefined Hilbert series for the first factor is

fi di(l_zz) fiq ﬂPE [nl(z—f—zfl)(q-i—qi])

z|=1 2711z |=1 27Tiq
(P g+ P14+ )P - (12724 1)t2] (4.3.27)
x PE [(z2 F1+z72)R - tﬂ .
We therefore arrive at the following results:

H[HM 732731 — PE[9#2 + 61> — t* — 6t — 10t° + ... ] PE[8t2 — t* — 19],
(4.3.16)

HIM{5 e 2] = PE[168 + 127 — #* — 326 — 541° 4 .. .| PE 3¢ — ],

(4.3.28)

These indicate that the symmetry of the Higgs branch is U(n1) x (U(ny)/U(1)).
Of course, the above Hilbert series can also be obtained from the Coulomb branch
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of the corresponding mirror theory. As an example, as stated in (4.3.24), for n; =
4,n, = 2, the Coulomb branch of the right quiver of (4.3.26) is a product of the
Coulomb branches of the following theories:

(4.3.29)

The Coulomb branch Hilbert series of the left quiver can be computed as follows:

Yo Y Y e2A@mmpy g (t,a) Py (t,m) Py (tn)

a1>a;>—c0 meZ neZ (4330)
= PE[16t* + 20> — 12> — 325 .. ],

with a = (ay,a2),

Ala,m,n) = Byp)—u)(a,m) + Due)—ua)(an) + Due)-up)(a0)

o (4.3.31)
+ Ayy—uq)(m,0) — u(z)(“)

and all of the other notations are defined in (4.6.10). This is indeed equal to the first
factor in the first line of (4.3.28). The right quiver in (4.3.29) is the T(SU(3)) theory
whose Coulomb and Higgs branch Hilbert series is equal to the second factor in the
first line of (4.3.28).

Issues regarding S-folding the quiver tail

Let us consider the case in which n; < 2N. In this case, in the mirror theory (4.3.11),
the T-link appears on right of the U(2N) node that is attached with one flavour. Let
us suppose that the T-link connects two U (n,) gauge nodes where 1 < n, < 2N —1.

i (e () (43.32)

n1 + 1z — 2N — 1 nodes

The Higgs branch dimension of such theory is
dimyy 7‘[(4_3_32) = dimpy H(4_3_11) + (I’l% —ny) — Yl% =2N —ny. (4.3.33)

Observe that this is non-zero for 1 < np, < 2N — 1. However, as in (4.3.19), we have
dimpy C(4316) = 0 for any ny, since the two gauge nodes are connected by a T-link.
Hence, this is inconsistent with mirror symmetry, based on our assumption that the
gauge nodes connected by a T-link do not contribute to the Coulomb branch. One
possible explanation of this inconsistency is that, in the presence of the S-fold, when
move the D5 brane into the interval between NS5 branes, as depicted in (4.3.9), such
a D5 brane has to cross the S-fold. Since S-fold can be regarded as the duality wall,
the aforementioned D5 brane turns into an NS5 brane, with fractional D3 branes
ending on it. In this sense, the mirror theory is not (4.3.32).
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We shall see in section 4.3.3 that, from the perspective of the duality frames in
which the quivers do not contain a T-link, the range 1 < n, < 2N — 1 corresponds,
in one frame, to a problematic quiver and, in the other frame, to a theory which is
not “good” in the sense of [8].

Now let us consider the following possibility:

©
(20— () - -+ (o8 ooy - - - —(D) (4.3.34)
0 1 — 1 nodes

In the brane picture (4.3.10), this corresponds to putting the S-fold just next to the
right of the D5 brane located in the the (2N)-th interval from the right. This also cor-
responds to taking n, = 2N. As before, the Higgs branch of this theory is expected
to be a product of two hyperKihler spaces, with one factor being

) (4.3.35)

The Higgs branch dimension turns out to be negative if one assume that all gauge
groups are completely broken:

%(41\12 —2N) + %(21\] —1)(2N) — (2N)?> = —2N . (4.3.36)

Since the case of n; = 2N has been discussed earlier, we should not use (4.3.34) to
describe this case and we shall not explore this possibility further.

Issues regarding putting the S-fold “too close” to the orientifold plane

Consider the model with one rank-two antisymmetric hypermultiplet where we put
an S-fold next to the O5~ plane in the left diagram of (4.3.4). In this case we have
n1 = 0and np = n (with n > 2N). The corresponding quiver diagram is

U(2N
@ (( )) (4.3.37)

The dimension of the Higgs branch is

1
dimpy H4337) = E(ZN)(ZN —1) + (4N? —2N) + 2Nn — 4N? — 4N? (4.3.38)

= 2Nn —2N? — 3N,

assuming that the gauge symmetry is completely broken. For a given N, this is
positive for a sufficiently large n. However, it is also worth pointing out that if we
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split the above Higgs branch into a product as in (4.3.20), we see that the first factor

A

3 .

has a negative dimension, provided that the gauge symmetry U(2N) is completely
broken:

1 1
E(4N2 —2N)+5(2N)(2N —1) - (2N)? = —2N. (4.3.40)
Since both gauge nodes are connected by the T-link, we expect that

The putative mirror theory can be obtained by inserting an S-fold next to the
ON™ plane in (4.3.10). The corresponding quiver is

T(U(N))
OO

N (av) @ () (4.3.42)
° n—2N — 1 nodes
The Higgs and Coulomb branch dimensions read
2N—-1
dimp Cy340) = N+2N(n —2N—1)+ ) i =2Nn—2N*-2N,
i=1
dimp #4340y = N+ (N> = N) + 2N? + 2N? + 4N?*(n — 2N - 2)
2N—1
+2N+ Y i(i+1)—N*-N?>—-N? (4.3.43)

i=1
2N-1
—4N*(n—2N—-1)— Y i(i+1)
i=1
=N.

We see that these are inconsistent with mirror symmetry, if we assume that the gauge
symmetry is completely broken and that the circular nodes that are connected by a
T-link do not contribute to the Coulomb branch. We see that these assumptions are
violated or (4.3.42) is not a mirror theory of (4.3.37) if we insert the S-fold next to the
orientifold plane.

A similar issue also happens if we take n; = 1 and np = n —1 (withn —1 > 2N).
In which case, the putative mirror theory looks like

T(U(N)) .
() H
2N 2N 2N -1 @
)Y
° ° n — 2N — 1 nodes

(4.3.44)
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Upon computing the Higgs branch of this theory, the lower left part contributes a
factor:

@M (4.3.45)

Assuming that the gauge symmetry is completely broken, we obtain a negative
Higgs branch dimension:

%(NZ —N)-N?= —%N(N +1). (4.3.46)
This, again, confirms the statement that under the aforementioned assumptions, the
S-fold cannot be inserted “too close” to the orientifold plane (n; > 2). In other
words, in order for the S-fold to co-exist with an orientifold fiveplane, it must be
“shielded” by a sufficient number of fivebranes.

Similarly to the preceding case of 1 < n, < 2N — 1, we can also see the issue
regarding 0 < n; < 1 from the perspective of the duality frames in which the quivers
do not contain a T-link in section 4.3.3.

S-folding the USp(2N) x U(2N) x USp(2N) gauge theory

Let us consider the following theory:

RO O n O N

27’1] Fl F2 2112

The brane construction for this is given by (4.3.6), with m = 1 and with an S-fold
inserted in the interval labelled by f;. The S-fold partitions f; D5 branes into F; and
F, D5 branes on the left and on the right of the S-fold, respectively. The dimension
of the Higgs branch of this theory reads

dimp H (4347) = 2Nny + 4N + 2NF, + (4N? — 2N) + 2NF, + 4N?
+2Nny — N(2N +1) —4N? —4N? - N(2N +1)  (4.3.48)
:ZN(F1—|—F2+111—|—712—2),

and, for the Coulomb branch, we find

We remark that it is not possible to insert an S-fold in the interval labelled by 77 in
the diagram (4.3.6). The reason is that such a brane interval corresponds to the gauge
group USp(2N), and not USp’'(2N). We do not have the notion of a T(USp(2N))
link since USp(2N) is not invariant under the S-duality. This supports the point we
made earlier that the S-fold cannot be inserted “too close” to the orientifold plane; it
must be “shielded” by a sufficient numbers of fivebranes.

In order to obtain the mirror configuration, we can insert an S-fold anywhere
between two D5-branes denoted by the black dots in (4.3.14). (Recall that m = 1 in
this case.) In terms of the quiver, this means that we can put the T-link anywhere
in between the two (2N)-nodes attached by one flavour. For example, for N = 1,
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ny =ny =3, F =1and F, = 0, the mirror theory is

(4.3.50)

In order to compute the dimensions of Higgs and Coulomb branches of the mirror
theory we can simply start with the corresponding non S-folded theory and observe
that inserting a T-link implies the following;:

e For the Higgs branch, we need to add the dimension of the T(U(2N)) link,
that in this case gives 4N? — 2N and subtract the gauging of the extra U(2N),
hence we subtract 4NZ; in total we find that

dimp; Hoirr of (43.47) = dimp Hg315) + (4N* — 2N) — 4N?
= (N+2N+ N)—-2N =2N.

¢ For the Coulomb branch, the result of inserting an S-fold is to add one gauge
node and then consider that the ones connected by the T-link are frozen, so in
total we have

dimpy Crirr of (43.47) = dimyy C(4.3.15) —2N

IZN(F1+F2—|—H1—|—7’12—2) , Withfl =FK+F.
(4.3.52)

These are in agreement with mirror symmetry.
In the above example of N = 1, n; = np =3, f{ = 1and f, = 0, one can compute
the Hilbert series for (4.3.47) and its mirror (4.3.50). The unrefined results are

H [H(4.3.47)] =H [6(4.3.50)]
= PE[16t% + 1263 — 15¢* — 4065 +-19t° + .. .| x (4.3.53)
PE [15¢> — 16t* +35t° +...],

and

H [C(4A3.47)] =H [H(4.3.50)]

(4.3.54)
= H[Cusp@)withsaiv)” = PE[t* + 0+ 4. .]*.

The above results deserve some explanations. In (4.3.50), the Coulomb branch sym-
metry can be seen from the after taking the two U(2) gauge groups connected by the
T-link to be two separate flavour symmetries. The left part gives an SU(4) x U(1)
symmetry due to the fact that the balanced nodes form an A3 Dynkin diagram and
that there is one overbalanced node (namely, the U(2) node that is attached to one
flavour). The right part gives an SU(4) symmetry due to the fact that the balanced
nodes form an A3 Dynkin diagram [8]. The Coulomb branch of (4.3.47) is identified
with a product of two copies of the Coulomb branch of USp(2) gauge theory with
5 flavours due to the following reason. The nodes connected by the T-link do not
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contribute to the Coulomb branch and therefore each of the left and the right parts
contains the USp(2) gauge theory with 2N + 1y = 24 3 = 5 flavours.

4.3.3 Duality with theories without an S-fold

For theories with one orientifold fiveplane and an S-fold, one can move the S-fold
away from the brane system to infinity. For example, in (4.3.16), this corresponds
to moving the S-fold to +oo in x°-direction on the right of the brane diagram. Each
time the S-fold crosses an NS5 brane (resp. a D5 brane), it is transformed into a D5
brane (resp. an NS5 brane) by S-duality. Specifically, in doing so, the 1, D5 branes in
(4.3.16) turn into n, NS5 brane and the rightmost NS5 brane turns into a D5 brane.
The corresponding quiver can be obtained in a similar way to that of (4.3.17):

A%D (4.3.55)

1y — 2N + 1 circular nodes

The mirror quiver of (4.3.55) is
()
@ - (4.3.56)
0 11 — 1 nodes

Observe that (4.3.55) and (4.3.56) no longer contain a T-link. We expect that (4.3.16)
and (4.3.17) are dual to (4.3.55) and (4.3.56).

We see that if the value of n; falls in the interval 1 < np < 2N — 1, quiver (4.3.55)
is problematic and (4.3.56) is not a good theory in the sense of [8], due to the fact
the last U(2N) gauge node does not have a sufficiently large number of flavours. A
similar situation occurs when 0 < n; < 1.

Note that the procedure of moving the S-fold away from the brane system to in-
finity can be applied, in general, to “non-compact” models and obtain four theories
that are dual to each other. It would be interesting to study such a duality further,
for example, by computing and matching the three sphere partition functions of such
theories in a similar fashion to [14] (see also [107]).

For theories with two orientifold fiveplanes, such as the models with two anti-
symmetric hypermultiplets as well as the model discussed in (4.3.2), the notion of
“infinity” in the x® direction no longer makes sense. This is due to the action of the
two orientifold fiveplanes that defines the boundaries of the brane system and, in
this sense, the model should be regarded as “compact”, as discussed in [25]. Hence,
in this case, we do not expect to have a duality with non-S-fold theories as in the

preceding case’.

%If one really insists to move the S-fold crossing one of the O5~ planes, the resulting brane
system consists of an O5~ plane on one side and an ON™ plane on the other side. Although
such a system has not been much explored in the literature, one may try to write down the
gauge theory corresponding to such boundary conditions and study its properties such as
the three sphere partition function.
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4.4 Models with an orientifold threeplane

In this section, we discuss circular quivers whose brane configurations contain an
orientifold threeplane. We first review the brane configurations for theories without
an S-fold and their mirrors. Subsequently, we introduce an S-fold to such brane
systems. We only focus the cases in which the types of the orientifold planes on

both sides of the S-fold are (O37,037) or ((3§+,&’)+). These correspond to the
presence of an T(SO(2N)) link or an T(USp'(2N)) link in the quiver. Using the
same argument as in [14], we expect that the theories with an S-fold has N' = 3
supersymmetry. This is because, when the global symmetry G x G of T(G) is gauged
in the circular quiver (so that both of them act on the Coulomb branch), the two
SU(2) factors in the original SU(2) x SU(2) R-symmetry of T(G) are identified to a
single SU(2) R-symmetry, corresponding to N = 3 supersymmetry.

441 The cases without an S-fold

In this subsection, we summarise brane constructions for the elliptic models with
alternating orthogonal and symplectic gauge groups, in the absence of the S-fold.
Such brane configurations and their S-duals were studied extensively in [21] (see
also [108] for a related discussion). For brevity of the discussion, we shall not go
through the detail on how to obtain the S-dual configurations but simply state the
results. The following quiver diagrams and their brane configurations will turn out
to be useful for the discussion in the subsequent subsections.

The SO(2N) x USp(2N) gauge theory with two bifundamentals and n flavours for
USp(2N) and its mirror. Their quivers are

4.4.1)

1

One red (2N) node + two blue (2N) nodes
with a half-flavour each, and alternating
(n —2) blue (2N’) nodes with no flavour

+ (n—1) red (2N + 1) nodes with no flavour
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Their brane configurations are, respectively, given by [21, Fig. 23]:

INS5 INS5
JF
I
+
- : - (4.4.2)
+ 2D5

where in the left diagram we have n half-D5 branes, and in the right diagram we
have n half-NS5 branes. Here and subsequently, we denote in blue the number of
half-D3 branes at each interval between two succesive half-NS5 branes. Note that
one may also add flavours (say, m flavours, or equivalently a blue rectangular node
with label 2m) to the SO(2N) gauge group in the left diagram of (4.4.1), the resulting
mirror quiver can be obtained from the right diagram of (4.4.1) by simply replacing
the (2N) red node by a series of alternating m + 1 red (2N) nodes and m blue (2N)
nodes:

(=) ) )
(m +1) red nodes & m blue nodes

(4.4.3)

The USp'(2N) x SO(2N + 1) gauge theory with two bifundamentals and n flavours
for SO(2N + 1) and its mirror. Their quivers are

(4.4.4)

( 2N+>A/QI\5

N

n red circular nodes + (n — 1) blue
usual circular nodes + 2 blue nodes
connected by T(USp’(2N))
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The corresponding brane configurations are respectively given by [21, Fig. 29]:

1 1
INS5 INS5

(4.4.5)

where in the left diagrams there are 2n half-D5 branes, and on the right diagram
there are 2n half NS5 branes. One may also add flavours (say, m flavours or equiv-
alently a red square node with label 2m) to the USp’(2m) gauge group in the left
diagram of (4.4.4), the resulting mirror quiver can be obtained from the right dia-
gram of (4.4.4) by making the following replacement:

m red nodes & (m — 1) blue nodes

— @
5 i

(4.4.6)

4.4.2 Quiver with a T(SO(2N)) loop

We start by examining the following brane configuration and the corresponding
quiver:
T(SO(2N))

4.4.7)

where in the left diagram the red wriggly denotes the S-fold and there are 21 half D5
branes. In order to obtain the mirror theory, we apply S-duality to the above brane
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system. The result is

(4.4.8)

n blue circular nodes + (n — 1) red
usual circular nodes + 2 red nodes
connected by T(SO(2N))

where in the left diagram there are 21 half-NS5 branes.

In the absence of the S-fold, quivers (4.4.7) and (4.4.8) reduce to conventional
Lagrangian theories that are related to each other by mirror symmetry. In particular,
(4.4.7) reduces to a theory of free 4Nn half-hypermultiplets, namely

(4.4.9)

and quiver (4.4.8) reduces to

@ 2n alternating red/blue circular nodes
where the two SO(2N) gauge groups that were connected by T(SO(2N)) merged

into a single SO(2N) circular node. It can be checked that the Higgs branch dimen-
sion of (4.4.10) is indeed zero:

(4.4.10)

1

(2n)(2N?) —n L(zN) (2N — 1)] —n B(zN) (2N + 1)] =0, (4.4.11)

and the quaternionic dimension of the Coulomb branch of (4.4.10) is 2Nn. These are
in agreement with mirror symmetry.

Theory (4.4.7)
The Higgs branch of this theory is given by the hyperKéhler quotient:

Neo2ny X Nooany X H ([S/O(2N)] — [USp(2n)]) '

Haaz) = S/0(2N] (4.4.12)




114 Chapter 4. Variations on S-fold CFTs

where the notation S/O means that we may take the gauge group to be SO(2N) or
O(2N). The dimension of this space is

dim H (447 = %(ZN)(zN —1) = N| +2Nn - %(ZN)(ZN 1) = (@2n—1)N.
(4.4.13)
Since the circular nodes that are connected by T(SO(2N)) do not contribute to the
Coulomb branch, it follows that the Coulomb branch of (4.4.7) is trivial:

Let us now discuss certain interesting special cases below.

The Higgs branch of (4.4.7) for N =1, 2

For N = 1, since Ny () is trivial, it follows that # 447) is the Higgs branch of the
3d N = 4 S/0(2) gauge theory with n flavours. If the gauge group is taken to be
O(2), H(4.47) is isomorphic to the closure of the minimal nilpotent orbit of usp(2n).
On the other hand, if the gauge group is taken to be SO(2), H (447 turns out to
be isomorphic to the closure of the minimal nilpotent orbit of su(2n). The reason
is because the generators of the moduli space with SU(2)g-spin 1 are mesons and
baryons; they transform in the representation [2,0,...,0] 4+ [0,1,0,...,0] of usp(2n).
This representation combines into the adjoint representation [1,0,...,0,1] of su(2n).

For N = 2, let us denote the fundamental half-hypermultiplets by Q! with
i,j,k,1=1,...,2nand a,b,c,d = 1,2,3,4, and the generators of ./\/’SO(4) by a rank-two
antisymmetric tensor X,,. We find that for the O(4) gauge group, the generators of
the Higgs branch are as follows:

¢ The mesons MY = Q! Qié”h, with SU(2)g-spin 1, transforming in the adjoint
representation [2,0,...,0] of usp(2n).

¢ The combinations Q' Q{]Xab, with SU(2)g-spin 2, transforming in the adjoint
representation [0,1,0,...,0] of usp(2n).

For the SO(4) gauge group, we have, in addition to the above, the following gener-
ators of the Higgs branch:

e The baryons Bikl = eabed (i Q{, QF in, with SU(2)g-spin 2, transforming in the
adjoint representation [0,0,0,1,0,...,0] +[0,1,0,...,0] of usp(2n).

e The combinations Q! Q{;Xcd, with SU(2)g-spin 2, transforming in the ad-
joint representation [0,1,0,...,0] of usp(2n).

e The USp(2n) flavour singlet €™ X, X 4, with SU(2)g-spin 2.

The Higgs branch of (4.4.7) forn =1

In this case, it does not matter whether we take the gauge group to be SO(2N) or
O(2N), the Higgs branch is the same. The corresponding Hilbert series is

su(2) N-1 2N-1
H[H(4.4.7)\n:1] =PE X (x) Z AR Z H (4.4.15)
j=0 I=N
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Indeed, for N = n = 1, we recover the nilpotent cone of su(2), which is isomorphic
to CZ / Zz.

Theory (4.4.8)

Since the nodes that are connected by T(SO(2N)) do not contribute to the Coulomb
branch, it follows that the dimension of the Coulomb branch is

Note, however, that quiver (4.4.8) is a “bad” theory in the sense of [8], due to the fact
that each USp(2N) gauge group has 2N flavours. Nevertheless, we shall analyse
the case of n = 1 and general N in detail below. In which case, we shall see that the
result is consistent with mirror symmetry.

The computation of the Higgs branch dimension of (4.4.8) indicates that the
gauge symmetry is not completely broken at a generic point of the Higgs branch.
Indeed, if we assume (incorrectly) that the gauge symmetry is completely broken,
we would obtain the dimy H (44) to be

(4.4.11) + %(21\1) (2N—-1)—N| - =(2N)(2N—-1) = —N. (4.4.17)

1

2
We conjecture that the SO(2N) x SO(2N) gauge group connected by T(SO(2N)) is
broken to SO(2)N, whose dimension is N. This statement can be checked explic-
itly in the case of N = 1, where T(SO(2)) is trivial. Taking into account such an

unbroken symmetry, we obtain dimp H (448 = 0, which is in agreement with the
Coulomb branch of (4.4.7).

The special case of n = 1

In this case, the Coulomb branch of (4.4.8) is equal to that of the USp(2N) gauge
theory with 2N flavours. As pointed out in [109], the most singular locus of the
Coulomb branch consists of two points, related by a Z, global symmetry. The in-
frared theory at any of these two points is an interacting SCFT, which we denote by
TN

For n = N = 1, the corresponding singularity is of an A; type [110], and the
corresponding SCFT is 7, = T(SU(2)) whose Higgs/Coulomb branch is a nilpotent
cone of su(2); this is indeed in agreement with the Higgs branch of (4.4.7). The situa-
tion here is the same as that described on Page 30 of [109], namely mirror symmetry
is realized locally at each of the two singular points. The Higgs branch of (4.4.7) has
one component, whereas the the Coulomb branch of (4.4.8) (for N = n = 1) splits
into two components, each of which is isomorphic to the former.

Forn = 1 and N > 1, the mirror theory of 7y is described by the following

quiver [111]:
° @ @ @ (4.4.18)
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By mirror symmetry, the Coulomb branch of 7y is equal to the Higgs branch of
(4.4.18), whose Hilbert series is given by [109, (D.11)]:

N-1 2N-1
H[Cr,J(t,x) = H[H (4418)](t,x) = PE xfﬁj(z)(x) Y2 Y A (44.19)
j=0 I=N
This is perfectly in agreement with (4.4.15).

4.4.3 Quivers with a T(SO(2N)) link ora T(USp’(2N)) link

Let us insert an S-fold in the brane interval marked by red minus sign (—) in each
brane set-up in (4.4.2). This leads to the presence of T(SO(2N)) link in the corre-
sponding quiver diagram. In particular, the insertion of an S-fold in the left diagram
of (4.4.2) leads to the following configuration:

INS5 @ T(SO(2N)) @
@ (4.4.20)

The mirror theory can be obtained from the S-dual configuration of the above,
or simply inserting an S-fold to the left interval of the right diagram in (4.4.2). The
result is

% NS5 / //“\\
2N +1
1
() : (4.4.21)
N4 ’
T(SO(2N))
{ 2N | [ 2N +1 |
N _/

1

n blue circular nodes + (n — 1) red
usual circular nodes + 2 red nodes
connected by T(SO(2N))

where the number of half-NS5 branes is 2n. Note that for n = 1, the theory is self-
mirror.
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Theory (4.4.20)
The Higgs branch of (4.4.20) is described by the hyperKahler quotient

Haa20) = (Nso<zN) X H([SO(2N)] — [USp(2N)]) x No(any x H(SO(2N)] — [USp(2N)]) x

H([USp(2N)] — [SO(Zn)D)/ (SO(2N) x SO(2N) x USp(2N))

_ Nusp(2N) X Nusp(ZN) X H([USP(ZN)} - [SO(ZH)D
- USp(2N) ’

(4.4.22)
where we have used (4.2.24) to obtain the last line. We remark that both red circular
nodes can be chosen to be either SO(2N) or O(2N) and the results for both options
are the same, thanks to the equality between (4.2.24) and (4.2.30). Moreover, the
hyperKahler quotient in the last line of (4.4.22) suggests the equality between (4.4.22)
and the Higgs branch of the following theory:

T(USp'(2N))

(4.4.23)

where the blue circular node is a USp’(2N) gauge group. In other words, we have
the following equality of the Higgs branch between two different gauge theories:

H(4420) = H(aa23) - (4.4.24)
The quaternionic dimension of (4.4.22) is

1
dimp Hg420) = [2(21\1) (2N —1) - N} +2(4N?) + 2Nn

~[demen-y] - lemen iy @4
— (2n—1)N.

Since the nodes that are connected by T(SO(N)) does not contribute to the Coulomb
branch of the theory, the Coulomb branch of (4.4.20) is isomorphic to the Coulomb
branch of the 3d N = 4 USp(2N) gauge theory with 2N + n flavours, whose Hilbert
series is given by [86, (5.14)]. Its quaternionic dimension is

Example: n = 1. The theory is self-mirror. One can check that the Hilbert series
of the quotient (4.4.34) is indeed equal to the Coulomb branch of USp(2N) gauge
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theory with 2N + 1 flavours [86, (5.14)], which is
N N N
PE |y #4) 9 =Y N (4.4.27)
=1 =1 =1

Note that for N = n = 1, we have C2/Zy4, as expected from the Coulomb branch of
USp(2) with 3 flavours.

There is another way to check that theory (4.4.20) for n = 1 (and a general N)
is self-mirror. We can easily compute a mirror theory of (4.4.23), with n = 1, by
applying S-duality to the brane system; see (4.4.31). The result is

(4.4.28)

The Coulomb branch of this theory is isomorphic to that of 3d A/ = 4 SO(2N + 1)
gauge theory with 2N flavours, whose Hilbert series is given in [86, (5.18)]. How-
ever, as pointed out in that reference, this turns out to be isomorphic to the Coulomb
branch of the USp(2N) gauge theory with 2N + 1 flavours, whose Hilbert series is
given by (4.4.27). We thus establish the self-duality of (4.4.20) for n = 1.

Theory (4.4.21)
The Higgs branch dimension of (4.4.21) is

1

dimg H (g4 = (2)(2N?) + (2n —2)N(2N +1) + [Z(ZN) (2N —1) — N]

+N+N-n [;(ZN)(2N+1)] -2 B(ZN)@N—U] (4.4.29)

—(n—1) [;(2N+1)(2N)}
=N.

The Coulomb branch dimension of (4.4.21) is equal to the total rank of the gauge
groups that are not connected by T(SO(2N)):

These agree with the dimensions of the Coulomb and the Higgs branches of (4.4.20).

Similarly to the previous discussion, the red circular nodes that are connected by
T(SO(2N)) can be taken as O(2N) or SO(2N) without affecting the Higgs branch
moduli space of (4.4.21). Moreover, we find that this applies to other red circular
nodes in the quiver, namely the choice between O(2N + 1) and SO(2N + 1) does
not change the Higgs branch of the theory. This can be checked directly using the
Hilbert series.
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It is worth pointing out that there is another gauge theory that gives the same
Coulomb branch as (4.4.20). This is the mirror theory of (4.4.23) which is given by

1
INS5

(4.4.31)

n red circular nodes + (n — 1) blue
usual circular nodes + 2 blue nodes
connected by T(USp'(2N))

where the number of half-NS5 branes is 2n. We expect that the Coulomb branch
of (4.4.31) has to be equal to the Coulomb branch of (4.4.21). This can be seen as
follows. Let us focus on (4.4.31). Note that the two blue circular nodes that are
connected by T(USp'(2N)) do not contribute to the Coulomb branch computation,
so we can take them to be two flavour nodes that are not connected. As pointed
out below [86, (5.18)], the Coulomb branch of the SO(2N + 1) gauge theory with 2N
flavours is the same as that of Coulomb branch of the USp(2N) gauge theory with
2N + 1 flavours. We can apply this fact to every node in quiver (4.4.31) and see that
the resulting quiver has the same Coulomb branch as that of (4.4.21).

4.44 More quivers with a T(USp'(2N)) link

Let us insert an S-fold in the interval labelled by + in each of the diagram in (4.4.5).
Doing so in the left diagram yields the following theory:

1
INS5

T(USp'(2N))

(4.4.32)
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On the other hand, inserting an S-fold to the right diagram yields the mirror config-

uration:
T V@\/
- Voo in)

(4.4.33)

T(USp' (2N))

n red circular nodes + (n — 1) blue
usual circular nodes + 2 blue nodes

connected by T(USp'(2N))

Theory (4.4.32)
The Higgs branch of (4.4.32) is described by the hyperKahler quotient

2 N X N X H(SON +1)) = [USp(2n))
(4432) = SO(2N +1) /
(4.4.34)
where we have used (4.2.14) and (4.2.16) (with n = 2N + 1). The dimension of this
is

dimy H443) = %(21\’ +1)(2N) - N] +(@2N+1)n - %QN +1)(2N) (4.4.35)

=2nN+n—N.

A special case of N = n = 1 is particularly simple. The corresponding Higgs branch
is a complete intersection with the Hilbert series

H[Hsa20)n=nma)(6:%) = PE [ 153 ()2 + 1P (1) = 18] . (4.4.36)

The Coulomb branch of (4.4.32) is isomorphic to that of the 3d N' = 4 SO(2N + 1)
gauge theory with 2N + n flavours, whose Hilbert series is given by [86, (5.18)]. Note
that this is also equal to that of the Coulomb branch of the USp(2N) gauge theory
with 2N + n + 1 flavours.

Theory (4.4.33)

The quaternionic dimension of the Coulomb branch of this theory is

This matches with the dimension of the Higgs branch of (4.4.32). It should be noted
that (4.4.33) is a “bad” theory in the sense of [8], due to the fact that each SO(2N + 2)
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gauge group effectively has 2N flavours. Nevertheless, we shall analyse the case of
N = n = 1 below.

Let us now turn to the Higgs branch. In the absence of the S-fold, it was pointed
out below [21, (7.1)] that the gauge symmetry is not completely broken at a generic
point on the Higgs branch, but is broken to #n copies of SO(2). We conjecture that
this still holds for (4.4.33). Indeed, if we assume that this is true, we obtain the
quaternionic dimension of the Higgs branch to be

dimpy H (4.4.33)

- B(zN)(ZN+ 1) - N} + N+ N+ (2n)NE@N +2)
(4.4.38)

—(n) B(2N+2)(2N+1)] —(n—1+2) B(zw)(zz\fﬂ)] +n

=N,

where 7 in the second line is there due to the unbroken symmetry SO(2)" at a generic
point of the Higgs branch. This is in agreement with the dimension of the Coulomb
branch of (4.4.32), and is indeed consistent with mirror symmetry.

The special case of N = n =1

In this case, the Coulomb branch of (4.4.33) is equal to that of the SO(4) gauge theory
with 2 flavours (which has a USp(4) flavour symmetry). Although the latter is a bad
theory, there is a mirror theory which has a “good” Lagrangian description. The
latter is denoted by T2 (USp(4)), whose quiver description is (see [72, Table 2]):

(4.4.39)

where each red circular node should be taken as an SO gauge group. The Higgs
branch Hilbert series of (4.4.39) is indeed in agreement with (4.4.36), consistent with
mirror symmetry.

4.5 Models with the exceptional group G,

4.5.1 Self-mirror models with a T(G;) link

In this section, we turn to models with a T(G,) link connecting between two G,
gauge groups. We do not have the Type IIB brane construction for such theories.
Nevertheless, it is still possible to make some interesting statements regarding the
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moduli space. We consider the following quiver:

n blue nodes + (n — 1) G usual (451)

circular nodes + 2 G, nodes
e G connected by T(G,)

Note that every gauge group in the quiver has the same rank, in the same way as
the preceding sections. The Higgs branch dimension of this quiver is

dimp Hgs1) = (14-2) + %(214) (4)(7) —10n —14(n —1+2) =2(2n —1) . (45.2)
On the other hand, the Coulomb branch dimension of this quiver is

Observe that the dimensions of the Higgs and Coulomb branches are equal. Indeed,
we claim that quiver (4.5.1) if self-mirror. We shall consider some special cases and
compute the Hilbert series to support this statement below.

In the absence of S-fold, the two G, gauge groups merge into a single gauge
group and quiver (4.5.1) reduces to

©)

@\ / circular nodes
/C

(4.5.4)

2n alternating G,/USp’(4)

It can also be checked that the Higgs and Coulomb branch dimensions of this quiver
are equal:
dlmH H(4.5_4) = dlmH C(4_5_4) =4n. (455)

Again, we claim that quiver (4.5.4) is also self-mirror. Indeed, one can check using
the Hilbert series (say for n = 1, 2), in a similar way as that will be presented below,
that the Higgs and Coulomb branches of (4.5.4) are equal.

Since we do not know the brane configurations for (4.5.1) and (4.5.4), we cannot
definitely confirm if the gauge nodes labelled by 4 is really USp(4) or USp’(4). Nev-
ertheless, we conjecture that such gauge nodes are USp’(4), due to the fact that we
can perform an “S-folding” and obtain another quiver which is self-dual. The latter
is depicted in (4.5.15) and will be discussed in detail in the next subsection.
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The caseof n =1

In this case, (4.5.1) reduces to the following quiver:

T(Gz)

(4.5.6)

The Higgs branch Hilbert series can be computed as

2
H[H456)|(t) = /dVUSp(4) (2) {H[H(4.2.33)] (t; Z)} PE [_X[sz,o] (Z)tz} ,  (45.7)
where z = (z1,22) and H[H (4,33)](t; 2) is given by (4.2.37). The integration yields
H[Hy56)(t) = PE [t‘* P15 4268 4 410 4 412 p20 tzﬂ . (4.5.8)
This is the Coulomb branch Hilbert series of 3d N' = 4 USp(4) gauge theory with
7 flavours [86, (5.14)]. On the other hand, since the vector multiplet of the G, gauge
groups connected by T(G;) do not contribute to the Coulomb branch, the Coulomb
branch of (4.5.6) is also isomorphic to the Coulomb branch of 3d V' = 4 USp(4)
gauge theory with 7 flavours.

We see that the Higgs and the Coulomb branches of (4.5.6) are equal to each
other. We thus expect that theory (4.5.6) is self-mirror.

The case of n = 2

In this case, (4.5.1) reduces to the following quiver:

a (4.5.9)
T(G2) e

The Higgs branch Hilbert series can be computed similarly as before:

HHs59))() = [ ditusps)@) [ diusys(©) [ i, (w)x
H[H s 259) (6 4) H H(s239) (6:0) PE X (17 (0) + 1 6 o]

PE [~y ()£ = x5 (0)2 = x5 ()]
(4.5.10)
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The Coulomb branch Hilbert series can be computed as if the two G, symmetries
that are connected by T(G;) becomes two separated flavour nodes:

HCusol(h= Y, Y, Y #2"Pg(tn)Pe(ta)Pe(tb) (4517

ni >0 a1>a2>0 by >by >0

where n = (17, ny) are the fluxes of the G, gauge group, a = (a1,a2) and b = (by, by)
are the fluxes for the two USp(4) gauge groups. Here A(n, a, b) is the dimension of
the monopole operator:

h h h
A(m,a,b) = AZP  (0,a) + AZP ,(0,b) + AZP . (n,a) + AZF ¢ (n,b)
—AV“( ) - B ) - A0)
1
2A prz(n’ EZZ [‘7’11 j:al\ + ‘1’11 + 1o :I:al‘ —+ ‘21/11 + 1y j:alH_
+(m — —my, np — —mo) + | £ ai@

G (n) = |ny| + [na| + [n1 + na| + 211 + na| + [3n1 + na| + [3nq + 2ny
Gi(a) = [2a1] + [2a2] + a1 + a2| + |a1 — a2 .

(4.5.12)
The dressing factors Pc, (t; a) and Pg, (t;n) are given by [86, (A.8), (5.27)]:

(1 — t2)72 a1 >ar >0

PCZ(t;al,az) = (1—t2)71(1—t4)71 ap>a=0o0ra=a >0
1-*) 11 -1 gy=a,=0
A=)70=-57 o (4.5.13)
(1—t2)72 np >mnp, >0

PGz(t;nl,nz) = (1—t2)_1(1—t4>_1 n1=0,n>0o0rn >0n=0.
A-"T1-2)"1 ny=n=0

Upon calculating the integrals and the summations, we check up to order 3 that
the Higgs branch and the Coulomb branch Hilbert series are equal to each other:

H[H59)(t) = H[Clus9)](t) = PE [4t4 +5t6 41068 +...] . (4.5.14)

This again supports our claim that (4.5.9) is self-mirror.
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4.5.2 Self-mirror models with a T(USp'(4)) link

We can obtain another variation of (4.5.1) by simply S-folding one of the USp’(4)
gauge nodes in (4.5.4). The result is

n Gy circular nodes + (n — 1) blue (4-5 15)

usual circular nodes + 2 blue nodes
H H connected by T(USp'(4))

The dimension of the Higgs branch is indeed equal to that of the Coulomb branch:

T(USp'(4))

dlm]H H(4_5.15) = dlm]H 6(4.5.15) = 2(27’1 — 1) . (4516)

We claim that (4.5.15) is also self-mirror for any n > 1. One can indeed check, for
example in the cases of n = 1, 2, that the Higgs and the Coulomb branch Hilbert
series are equal, in the same way as presented in the preceding subsection. As an
example, for n = 1, these are equal to the Coulomb branch Hilbert series of the G,
gauge theory with 4 flavours [86, (5.28)]:

H[H (4515 ln=1] = H[C(45.15)|n=1] = PE [2t4 SO0 4012 } . (45.17)

We finally remark that since we can perform an “S-folding” at any blue node,
this confirms that each blue node labelled by 4 is indeed USp’(4).

4.5.3 More mirror pairs by adding flavours

In this subsection, we add fundamental flavours to the self-mirror models discussed
earlier and obtain mirror pairs that are not self-dual.

Models with a T(G;) link
Let us start the discussion by adding n flavours to the USp’(4) gauge group in (4.5.6).

This yields
O ©
@ (4.5.18)
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where the flavour symmetry is SO(2n). The dimensions of the Higgs and Coulomb
branches of this quiver are

dlm]H H(4.5.18) =4n+2 ’ dll’n]H C(4.5.18) =2. (4519)

We propose that (4.5.18) is mirror dual to

: (4.5.20)
’ (n+ 1) blue circular nodes + n red

circular nodes + 2 G, nodes

e a connected by T(G;)

The Higgs branch dimension of this model is

—14 —14 — ]O(n + ]) —10n (4.5.21)

=2.

and the Coulomb branch dimension of this is dimpy C(4520) = 2(2n +1). This is
consistent with mirror symmetry. We shall soon match the Higgs/Coulomb branch
Hilbert series of (4.5.18) with the Coulomb/Higgs branch Hilbert series of (4.5.20)
forn =1.

Although we do not have a brane construction for (4.5.20) due to the presence of
the G, gauge groups, the part of the quiver that contains alternating USp’(4)/SO(5)
gauge groups could be “realised” by a series of brane segments involving alternat-

ing 03" /O3 across NS5 branes. In other words, starting from (4.5.18), the mirror
theory (4.5.20) can be obtained by making the following replacement:

OO
2 — 5 (4.5.22)

(n + 1) blue circular nodes
K + n red circular nodes
5

In the absence of the S-fold, the two G, gauge groups that were connected by
T(G,) merge into a single one. We thus obtain the mirror pair between the following
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elliptic models:
. — . (4.5.23)

(n 4+ 1) blue circular nodes +

n red circular nodes + 1 G, node

The case of n =1

Let us first focus on (4.5.18). The Higgs branch Hilbert series can be computed sim-
ply by putting the term PE[(x +x 1) )([Clzo] (z)t] in the integrand of (4.5.7), where x is
the SO(2) flavour fugacity. Performing the integral, we obtain (after setting x = 1):

H [’H(M,w) |n:1} (x=1) =1+ +9t* + 1565 + 6015 +113t1° - ... . (4.5.24)

The Coulomb branch Hilbert series for (4.5.18) is equal to that of the 3d N' = 4
USp(4) gauge theory with 7 + 1 = 8 flavours. The latter is given by

H [0(4.5.18) \nzl] (t) = PE [t‘* + 28 4 10 12 12 tﬂ . (4.5.25)

Let us now turn to (4.5.20). The Higgs branch Hilbert series is given by (4.5.10)
with the following replacement:

/d:uGz (w) - /d}’lSO(5)(w) ’ Xﬁ%o](w) - Xﬁ%g}(w) 7 Xﬁ)ﬁ”(w) — Xﬁ)z,z](w) :
(4.5.26)
We checked that the result of this agrees with (4.5.25) up to order t'°. The Coulomb
branch Hilbert series of (4.5.20) can be obtained in a similar way from (4.5.11) with
the following replacement:

Gl(n) — ARS(n) = |n1| + |na| + |n1 + na| + [n — ny

A}ézlicz(n,u or b) — Agi’gcz(n, aorb) (4.5.27)
PGz(t;n) — Pcz(t,'n)

with
hyp 1 1 1 2 52 5
Ap g, (na) =5 x5 ZOZ; ﬂ]\+Z| (—1)2a)|| . (45.28)
$1,52=0j=

Again, we checked that the result of this agrees with (4.5.24) up to order #°.
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Generalisation of (4.5.18) to a polygon with flavours added

We can generalise (4.5.18) to a polygon consisting of alternating G,/USp’(4) gauge
groups, with n flavours added to one of the USp’(4) gauge group. This is depicted
below.

m blue nodes + (m — 1) G, usual (4529)
circular nodes + 2 G, nodes

connected by T(G,)

The mirror theory can simply be obtain by applying the replacement rule (4.5.22).
For example, we have the following mirror pair

(4.5.30)

As emphasised before, as a by-product, one may obtain a mirror pair between

the usual field theories, without an S-fold, by simply merging the two G, nodes that

are connected by T(G). The replacement rule described in (4.5.22) still applies. As
an example, (4.5.30) becomes

() (O] <

(4.5.31)
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Models with a T(USp’(4)) link

Instead of S-folding the G, node as in (4.5.29), we can S-fold the USp’(4) node and
obtain

2m

: m Gynodes + (m — 1) usual blue (4532)
circular nodes + 2 blue nodes
2ny ‘ connected by T(USp’(4))

The mirror theory of this quiver can be obtained by applying the replacement rule
(4.5.22), with one of the external legs on each side being a T-link. As an example, we
have the following mirror pair:

n1 red and 7 blue nodes

()

— 0 e (4.5.33)
oNge
\_/

ny red and n, blue nodes

Yet another generalisation one can possibly consider is to add flavour to any of
the 4’-node that is not connected by the T-link in (4.5.32). The mirror theory can
simply be obtained, again, by applying the replacement rule given by (4.5.22).

As emphasised before, as a by-product, one may obtain a mirror pair between
the usual field theories, without an S-fold, by simply merging the two USp’(4) nodes
that are connected by T(USp'(4)).

4.6 Models with an O5" plane

In this last section, we analyse models with O5* plane. In particular, we focus on
a theory with one symmetric hypermultiplet and its mirror theory. One of the im-
portant features is that the mirror theory does not admit a conventional Lagrangian
description. Nevertheless, we can represent it by a quiver diagram with a “multiple-
lace”, in the same sense of the Dynkin diagram of the Cy algebra [112, 52]. As
pointed out in [52], it is possible to compute the Coulomb branch Hilbert series of
such a mirror theory with the multiple-lace, and equate the result with the Higgs
branch Hilbert series of the original theory with one symmetric hypermultiplet.
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The point is to demonstrate that one may insert an S-fold into the brane system
of the original theory and the corresponding mirror configuration, and still obtain a
consistent mirror theory. Again, one can compute the Coulomb branch Hilbert series
of the latter and match it with the Higgs branch Hilbert series of the former.

Models without an S-fold
We start by looking at the following theory:

n physical D5s

D3 ‘
o5- s @7 " (4.6.1)

with an NS5 on top

The presence of the O5" plane gives rise to a rank-two symmetric hypermultiplet.
The Higgs and Coulomb branch dimensions for theory are as follows

dimp Cg61) = 2N,

1 (4.6.2)
dimu Haen) = 5 2N(2N +1) 4+ 2Nn — 4N? = 2Nn —2N?> + N .

Applying S-duality to the brane system (4.6.1) we get

NS5
D5 L;

2N

— 2N

2N | D3 2N
] ] 2N D3s
(4.6.3)
+
ON 1 — 2N NS5s INNS5s D

and, after moving the rightmost D5 brane into the brane interval, we arrive at

NS5
D5 ) | 1 |
2N D5 |
— 2N [
2N | D3 2N

(4.6.4)

+
ON 1 — 2N NS5s 2N NS5s
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The corresponding quiver theory associated to this system is [112, 52]

ZN )@ e o o @ @ 0-04@

n — 2N + 1 circular nodes

(4.6.5)

The presence of the ON™ plane gives rise to the double lace at the left end. This
part of the quiver does not have a known Lagrangian description. However, as
explained in [52], the part of the quiver that corresponds to a double lace, whose
arrow goes from the gauge group U(Nj) to U(N,), contributes to the dimension of
the monopole operator as

N1 N,

1 1 2
i=1j=

where m(1) and m(?) are the magnetic fluxes associated with the gauge groups U(N;)
and U (N,) respectively. For (4.6.5), the Coulomb branch has dimension

2N—-1
dimp g5 =2N(n —2N+1)+ ) i=2Nn—-2N*+N, (4.6.7)
i=1

equal to the Higgs branch dimension of (4.6.1), as expected from mirror symmetry.
Note that we have assumed that the two gauge nodes connected by the double lace
contribute as the others. Since we do not have information about matter associated
with the double lace, we cannot compute the Higgs branch dimension of (4.6.5) us-
ing the quiver description.

Let us consider a specific example by choosing N = 1 and n = 4. The unrefined
Higgs branch Hilbert series of (4.6.1) is

HHuon = f, 5z =) 5L PR+ )+

2l=1 27Tiz =1 27tig
+ (Zz +1+ 272)([12 + qu)t _ (22 +14 272 + 1)t2} (4:68)
= PE [16* +20£> — 12> — 325+ ...] .

For the mirror theory (4.6.5) the unrefined Coulomb branch Hilbert series can be
computed in the same way as described in [52]. The result is

H[C465)] = ) Y y § A0 2 )

m§1>2m§1>>foo m§2)2m§2)>foo m§3)2m§3)>foo meZ

X Pu(z)(t:m(l))Pu(z)(f:m(z))Pu(z)(f:m(3))Pu(1)(frm)
= PE [16t* + 20> — 12> — 32t° 4-...],

(4.6.9)
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where m() = (mgi),mg)) fori =1,2,3 and we define

+ Au@)-un )(m(3) m) + Au( 2-u( )(m(l),O)

+ AU( 2)-u ZAvec

N1 N

200Ny = U(Ny) (M, 1) Z 2 12m; — nj
i=1j=1

N1 N

ZAU(Nl)—u(N2) (mln) - Z Z |ml' — n]|

i=1j=1
b (m) = [y —

. (1-1%)2, my 7 iy
Pu) (t;m,mz) = {(1 —2) 1=, m=mp

Pyay(tm) = (1—£)7"

(4.6.10)

The two Hilbert series are equal as expected.

The case with an S-fold

One can insist with the insertion of an S-fold also for theories involving an O5"
plane. The brane configuration and the quiver theory are as follows

S
ny ny
SR TR CJ rwew)
n (@)
N
o - m " (4.6.11)

with an NS5 on top

This theory has Coulomb and Higgs branches with the following dimensions

dimps C(4611) =0,
dimp H(4611) = dimp M (s61)ln=ny +n, + (4N* —2N) — 4N? (4.6.12)
= 2N(n; +ny) —2N?> - N,

where the first line follows from the fact that the two circular nodes are connected
by the T-link and hence do not contribute to the Coulomb branch. The brane system
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we get after applying S-duality is

NS5
D5 ==
2N D5
— [ ]
2N 2N
D3 g
(4.6.13)
. S R SN
ON™  ,, NS5s 1, — 2N NS5s 2N NS5s

whose associated gauge theory reads

T(U(2N))

n1 + 1 nodes 1y —2N + 1 nodes
(4.6.14)
The Coulomb branch dimension of this theory reads
2N-1
dimpy Cige14) =2N(n1 +1+n —2N+1-2) + Z i=2N(n +np) —2N*>—N,
i=1
(4.6.15)

which equal to (4.6.12).

Let us consider the example of N = 1, n; = 2 and np = 2. The Higgs branch of
(4.6.11) splits into a product of two hyperKéahler spaces as usual. The right part gives
the nilpotent cone of su(2) (which is isomorphic to C2/Z,), as pointed out in (4.2.8);
the corresponding unrefined Hilbert series is PE[3t> — #*]. The left part contributes
to the Hilbert series as

dz . 2 dq -1 -1

§ -2 fqll 3ot PE 22420 447
+(Z+1+z )P +g O+ (P +1+z2 )R -1 (4.6.16)
- (z2+1+z*2+1)t2} —PE[4 + 683 +4t* +...].

Hence the Higgs branch Hilbert series of (4.6.11) is
H[H(4411)) = PE[4£> + 6t° + 4t* 4 ... | PE [3t* — #]. (4.6.17)

The Coulomb branch Hilbert series of (4.6.14), with N = 1, n; = 2 and n, = 2,
can be obtained by taking the circular nodes connected by the T-link to be separated
flavour nodes. Hence, the quiver splits into two parts. The right part contributes
as the U(1) gauge theory with 2 flavours, whose Coulomb branch is C?/Z;. The
Coulomb branch Hilbert series of the left part can be computed in a similar way as
(4.6.9). The result is therefore

H[C(s614)] = PE [4* 4 6£> + 4t* + .. .] PE [3t* — #*]. (4.6.18)
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This is equal to the Higgs branch Hilbert series of (4.6.11) and is, therefore, consistent
with mirror symmetry.
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Chapter 5

Supersymmetric Indices of 34
S-fold SCFTs

5.1 A brief review of the 3d supersymmetric index

In this section, we briefly review the 3d supersymmetric index, which we shall refer
to as the index for brievity. This is the supersymmetric partition function on S? x S'.
It is defined as a trace over states on 5% x R [113, 114, 115, 116, 117, 118] (we also use
the same notation as [119, 120]):

I(x,p) = Tr [(—1)2]396“]31—[#?’] , (.1.1)

where A is the energy in units of the S? radius (for superconformal field theories,
A is related to the conformal dimension), J3 is the Cartan generator of the Lorentz
SO(3) isometry of S?, and T; are charges under non-R global symmetries. The index
only receives contributions from the states that satisfy:

A—R—J3=0, (5.1.2)

where R is the R-charge. As a partition function on S? x S!, localisation implies that
the index receives contributions only from BPS configurations, and it can be written
in the following compact way:

1 dz
I(X,' {]/l, n}) = Z W / mZd Zvec Zmat ’ (513)

where we denoted by z the fugacities parameterising the maximal torus of the gauge
group, and by m the corresponding GNO magnetic fluxes on S2. Here |W,,| is the
dimension of the Weyl group of the residual gauge symmetry in the monopole back-
ground labelled by the configuration of magnetic fluxes m. We also use {u,n} to
denote possible fugacities and fluxes for the background vector multiplets associ-
ated with global symmetries, respectively. As usual in localisation computations,
the index receives contributions from the non-exact terms of the classical action and
from the 1-loop corrections, and each term in the above equation can be described
as follows.

Z: The classical contribution is associated to Chern-Simons and BF interactions
only. Denoting with k the CS level and with w and n the fugacity and the
background flux for the topological symmetry, the classical contribution takes
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the form
kG

Zg = [Jw™zmm, (5.1.4)
i=1

where rkG is the rank of the gauge group G.

Zyec: This is the contribution of the NV = 2 vector multiplet in the theory:

Zyec = fowﬂ — (_1)"‘("‘)2“3{\“("‘”) (5.1.5)

nEg
where « are roots in the gauge algebra g.

Zmat: The term encoding the matter fields in the theory enters as the product of the
contributions of each N = 2 chiral field x, transforming in some representa-
tion R and Rr of the gauge and the flavour symmetry respectively. Denoting
by r, the R-charge of x;, its contribution to the index is of the form

lo(m)+o(n)]|

Z =TT IT (#wxt) 7 x

pGR EERF

((_1)p(m)+‘5(n) z= P ”fﬁXZer+‘p(m)+‘5(n)‘;x2)
((—1)!7("‘)4‘5(”) zP ‘uﬁ x”xﬂp(m)Jrﬁ(”)\; x2) oo

® (5.1.6)

where p and p are the weights of R and Rr respectively.

Let us discuss some examples that will be used later. The T(U(1)) theory is
an almost empty theory, containing only the mixed CS coupling between two U(1)
background vector multiplets; its index is

Tray{mwnh AT p}) = 7' (5.1.7)
Next, we consider 3d N' = 4 U(1) gauge theory with 2 flavours, whose SCFT is
known as T(SU(2)). The index of this theory is
Irsue){mnt {t,pr})

-y (2 "o odz anfnz]z[x‘m;—””‘((—1)’"—Pﬂz¢1y;ﬂx3/2+\m—r’a\;xz)oo (5.1.8)
%) 27iz ((_1)m—PaZil‘u;le1/2+\m—pa\;xz)oo ¢

me4Z a=1

with the conditions y1p2 = 12 = 1 and 11 + np = p1 + p2 = 0 being imposed.
Another important example is the index for T(U(2)):

IT(u(z))({ﬂz"}r {r.r})

) (5.1.9)
[ 1 Zrway (pinit At pid) | X Zrsue) ({mn} {T, p}) .

i=1

where in this expression there is no need to impose the constraints on {y,n}, {7, p}
as for T(SU(2)). Hence we may regard {p, n} as fugacities and fluxes for the flavour
U(2) symmetry, and {7, p} as fugacities and fluxes for the enhanced U(2) topolog-
ical symmetry. The fact that T(U(2)) is a self-mirror theory can be translated into
the invariance of Zr2))({#,n}, {T, p}) under the simultaneous exchange p > T,
n <+ p. For our purpose, we turn off background magnetic fluxes.
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5.1.1 Superconformal multiplets and the index

Let us now focus on 3d superconformal field theories (SCFTs). The index keeps track
of the short multiplets, up to recombination. This feature makes the reconstruction of
the whole content of short multiplets from the index an extremely hard task. Never-
theless, one may classify the equivalence classes of the multiplets according to their
contribution to the index; see [27, 28] for 4d SCFTs, and [26] for 3d SCFTs. For this
purpose, it is convenient to set the background magnetic fluxes to zero and expand
the index as a power series in x

I(x,{mn=0}) = ) xp(p)x" (5.1.10)
p=0

where X, () is the character of a certain representation of the global symmetry of the
theory. As demonstrated in [26], one can study the contribution of superconformal
multiplets to each order of x in the power series.

Since the shortening conditions for 3d superconformal algebras have been clas-
sified [121, 122] (we follow the notation of [122]), one can extract a lot of useful
information about the SCFT in question using the power series of the index. In-
deed this approach has proved successful, in the context of 3d N = 2 gauge theo-
ries, for the study of global symmetry enhancement (see e.g. [123, 26, 124, 125]) and
supersymmetry enhancement (see e.g. [29, 126]). We adopt this approach to study
enhancement of supersymmetry and other global symmetries in the context of 3d
S-fold SCFTs. More recent investigation of ' = 2 preserving exactly marginal de-
formations for 3d S-fold SCFTs has been presented in [127].

As pointed out in [29], it is useful to define the modified index as follows:

Z(x, {p,n=0})=(1—22)[Z(x,{p,n=0}) —1] (5.1.11)

Note that all of the terms up to order x? in the modified index Z are equal to those in
the original index Z with the same power. As discussed in [26], the ' = 2 multiplets
that can non-trivially contribute to the modified index at order x” for p < 2 are as
follows:

Multiplet | Contribution to the modified index Comment

AyB1[0] 51/22) +x1/2 free fields

By A,[0] g;zl /2) —x3/2 free fields
LB4[0] %1) +x relevant operators
LB1[0] gz) +x? marginal operators
ArAy [0 %0) —x? conserved currents

(5.1.12)

Indeed, as pointed out in [26, 125] (see also [28]), the coefficient of x? in the index
counts the number of marginal operators minus the number of conserved currents.
Since our S-fold SCFTs has at least N' = 3 supersymmetry, we shall work with

N = 3 superconformal multiplets. The ones that are relevant to us are tabulated
below, along with the decomposition rules into N' = 2 superconformal multiplets
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[29].
Type N = 3 multiplet | Decomposition into N' = 2 multiplets
Flavour current B1[0] gz) LB;[0]; 4 B1L[0]"; @ + AZZZ [0] 50)
Extra SUSY-current Ay [0]&0) AA7[0 ]§ )4 A1Aq[1]5 (
Stress tensor Al[l]éo)z A1A]1 ]éo + A1Aq]2 0

(5.1.13)
From the point of view of ' = 2 supersymmetry, the presence of the extra SUSY-
current multiplet leads to an enhanced flavour symmetry. The latter then combines
with the SO(2) R-symmetry of the original N' = 2 supersymmetry to become an
R-symmetry of the theory with higher supersymmetry. We discuss in an example
below (5.2.4).

In [29], the author also provided certain conditions on the index regarding su-
persymmetry enhancement from A' = 3. Let us denoted by a, the coefficient of
x? in the unrefined modified index Z(x, {# = (1,...,1),n = 0}), where y; are set
to 1 for all i. A sufficient condition for supersymmetry enhancement states that if
—ap > a1, then supersymmetry is enhanced from N = 3 to N’ = 3 — a3 — ap. The
explanation of this condition is as follows. As it can be seen from tables (5.1.12)
and (5.1.13), (—ay) is the number of flavour current multiplets plus the number of
extra-SUSY current multiplets, and a; is the number of flavour current multiplets.
The quantity (—ay) — a; is therefore the number of extra-SUSY current multiplets
that give rise to the supersymmetry enhancement. Furthermore, the author of [29]
also discussed necessary conditions for supersymmetry enhancement to N/ = 4 and
N = 5. For enhancement to N' = 4, one must have a; +a; +2 > 0 and 4; equal
to the dimension of the flavour symmetry. For enhancement to N' = 5, one must
have a; = 1, a4, > —3 and a, even for non-integer p. We emphasise, however, that
if one uses the refined index (i.e. not setting the fugacities y; to unity), one may get
more information regarding the presence of the extra SUSY-current multiplets (and
hence supersymmetry enhancement), because such a contribution to the index may
get cancelled in the unrefined version by the one coming from marginal operators.
We discuss this point in detail in the main text.

5.2 A single U(N); gauge group with a T-link and
n flavours

In this section, we consider the following theory:

Ji = —ST*
T(U(N))

(5.2.1)
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In [14], the following statements are proposed:
1. For k = 0, the SCFT has N = 3 supersymmetry.

2. Fork > 3and n = 0, the SCFT has N = 4 supersymmetry. This statement was
confirmed at large N using the corresponding supergravity solutions and the
computation of the three sphere partition function in the large N limit.

In the following we compute the superconformal index at low rank N and small
values of n. Whenever possible, we deduce the amount of supersymmetry of the
SCFT from the index.

5.2.1 The abelian case: N =1

The moduli space of this theory was analysed in [50, sec. 4.4]. Recall that the T(U(1))
is almost an empty theory, with only a prescription for how coupling external gauge
tields A1 and Ay, which is the supersymmetric completion of the following CS cou-

pling [8]
1
- / AL AdA, . (5.2.2)

In (5.2.1), we identify the U(1) gauge fields A; and A; to a single one, and hence the
above equation gives rise to a CS level —2 to the U(1) gauge group. In other words,
quiver (5.2.1), with N = 1, can be identify with the following theory

@ (5.2.3)

where we emphasise that this theory no longer contains a T-link.

As an immediate consequence, for k = 2, this theory is simply a 3d ' = 4 U(1)
gauge theory with n flavours. For k = 2 and n = 1, this is dual to a theory of a free
hypermultiplet.

Another interesting case is when k = 1 and n = 1, which is equivalent to having
3d N =3 U(1)_; gauge theory with 1 flavour. The index in this case reads

I(52.1),N:1,k:1,n:1 (xw) = Iu(1)i1 with 1 flavour (X; @)

=1+x—x? (w-l—w‘l +1) + 28 (w-l-w‘l -|-2> (5.2.4)
—xt (a)—i—w’l—i—Z) 04
where w denotes the topological fugacity. The modified index of this theory is
(1—x?) [1(5‘2‘1),N:1,k:,1(x;w) — 1} = x — x? (w +w 4 1) +.... (5.2.5)

We expect the enhancement of supersymmetry from N’ = 3 to N’ = 5 due to the
following argument!. The presence of the term +x indicates that there must be an

1Upon setting w = 1, we obtain the unrefined modified index x — 3x? + 3x% — x* — 325 +

. Denoting the coefficient of x* by a;, we see that (—ay) = 3 > a; = 1. Therefore
according to [29, sec. 4.3], it is expected that supersymmetry gets enhanced from N = 3
toN =3—a; —a, = 5. Moreover, sincea; = 1,4, = —3 > —3 and ap = 0 (which
is even) for all non-integers p, the necessary condition in [29, sec. 4.3] for having N’ = 5
supersymmetry is satisfied.
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N = 3 flavour current multiplet By [0] %2), which gives rise to the N/ = 2 multiplet

LB, [0]%1) contributing +x and the N/ = 2 multiplet A, A, [0]50) contributing —x2.
Since the coefficient of x? counts the number of marginal operators minus the num-
ber of conserved currents [26, 125] (see also [28]), there must be two extra conserved
currents associated with the terms — (w + w™1) x%. Such extra conserved currents
come from two N = 3 extra SUSY-current multiplets A [0] go)’ one carries fugacity w
and the other carries fugacity w1

It is also instructive to consider the above argument from the perspective of N’ =
2 supersymmetry, whose R-symmetry is SO(2)r to begin with. At the level of the
Lagrangian, the theory has U(1) = SO(2) topological symmetry. However, from
the x? terms in (5.2.4), we see that this global symmetry is enhanced to SO(3). This
symmetry then combines with the original SO(2)g symmetry to become SO(5) R-
symmetry of the theory with A = 5 supersymmetry.

5.2.2 U(2) gauge group and no flavour

% T(UQ) 26

We remark that the theory (5.2.6) can be also be represented as T(U(2)) / U(Z),ihag,
where the diagonal subgroup U(2)48 of the symmetry U(2) x U(2) of T(U(2)) is
gauged with CS level k. Nevertheless, we find that the index of such a theory does
not depend on the fugacity associated with the topological symmetry, and it is equal
to T(SU(2))/S U(Z)glag, where the diagonal subgroup SU(2)%28 is gauged with CS
level k.

In fact, the theory T(SU(2))/ SLI(Z);lalg was studied in a series of papers [80, 81,
124, 126], mainly in the context of the 3d-3d correspondence. In particular, it was
pointed out in [126] that for k = 3, T(SU(2))/ SU(Z)Smg is a product of two identical
3d N = 4 SCFTs. Such an SCFT admits a 3d A/ = 2 Lagrangian in terms of the
U(1)_3,2 gauge theory with 1 chiral multiplet carrying gauge charge +1 (denoted
by T_3/21), where it turns out that supersymmetry of this theory gets enhanced to
N = 4 in the infrared.

In addition to the case of |k| = 3, we find that the supersymmetry gets enhanced
for all k such that |k| > 4. We summarise the results in the following table.

We focus on the following quiver

CSlevel | Index | Type of Ji Comment

k| >4 | (5.2.7) | hyperbolic
k] =3 | (5.2.10) | hyperbolic | Studied in [126], a product of two N = 4 SCFTs

|k| =2 | diverges | parabolic

k| =1 1 elliptic
k=0 1 elliptic

We emphasise the cases whose indices indicate supersymmetry enhancement in yel-
low. In the following, we discuss the detail of each case.
For |k| > 4, Ji is hyperbolic. We find that the index reads

I(5.2.6),N:2, ‘k|24(x) =1- XZ + 2x3 — X4 +.... (5.2.7)
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where, for each k such that |k| > 4, the indices differ at order of x greater than 4. For
example, up to order x8, the indices are as follows:

k| =4 1—x?+2x% — x* —4x° +10x° — 10x7 + 8x8 + . ..
|k| =5 1—x2+2x3 —xt —2x° +6x0 —8x7 +4x8 + ... (5.2.8)
k| =6 1—x?4+2x3 —x* —2x° +6x0 —8x7 + 638 + ...

The modified index is
(1-x%) [1(5.2.6),N:2, k=4 (x) — 1} = —x* 420+ (5.29)

The fact that the coefficient of x vanishes implies that we have no N/ = 3 flavour
current multiplet B;[0] gz)_ The term —x? indicates the presence of the ' = 3 ex-
tra SUSY-current multiplet A;[0] SO). We thus conclude that the supersymmetry gets

enhanced from A/ = 3to N/ = 4 when |k| > 4.
For |k| = 3, the index reads

Li506) N2, k=3(X) =1 —2x> +4x> = 3x* 4 ... (5.2.10)

According to [126], this is equal to the square of the index of 7_3,51. In the notation
we adopted, the index of 7_3,,1 reads

I7 3y (w0) =1 — 2% + (w + w‘l) oot (5.2.11)
where w is the topological fugacity. Indeed, we find that

[Z7 ) (5w = 1)]2 = L(526),N=2,k=—3(X) - (5.2.12)

The modified index corresponding to (5.2.10) reads
(1—2) [1(5.2.6), Ne2, =3(%) — 1} = 24—t (5.2.13)

Let us denote the coefficient of x? by a,. Naively, from the condition —ay = 2 >
a1 = 0 discussed in [29], one might expect that supersymmetry gets enhanced to
N =3 —a; —ap, = 5. However, this cannot be true, for the reason that the N’ = 5
stress tensor multiplet in the representation [1, 0] of SO(5) decomposes into one N =

2 multiplet LB, [O]gl), which contributes a; = 1[29, (B.25)] (but here we have a; = 0).
Since this theory is a product of two copies of 7_3,,1, which has enhanced N' = 4
supersymmetry, there are two copies of the N' = 3 extra SUSY-current multiplet
A>[0] (Aoil. This is consistent with the fact that the modified index has a; = 0 and
ay = —2.

For the theory with |k| = 2 (] is parabolic), the index diverges, and so we have
a “bad” theory in the sense of [8]. For |k| = 1 and k = 0 (J is elliptic in these cases),
we find that the index is equal to unity.
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5.2.3 Adding one flavour (1 = 1) to the U(2); gauge group

We now consider the following theory

* T(U(2))
e (5.2.14)

Let us summarise the results in the following table.

CSlevel | Index | Type of J; Comment
k=— (5.2.23) | parabolic
k=-1 | (5222 elliptic
k=0 | (5222 elliptic
k=1 | (5.2.15) elliptic
k=2 | (5217) | parabolic | A free hyper x an N' = 4 SCFT
|k| >3 | (5.2.22) | hyperbolic

where we emphasise the cases that have supersymmetry enhancement in yellow.
For k = 1, we find that the index reads

T o) =14+x+221-(14+w+o H] =P (w+w™?
(52.14), k=1 (X, W) [ ( )} ( ) (5.2.15)

+x* 4+ +w 43w +3w )+,

where w is the topological fugacity. From the above expression, we find that the
modified index is as follows:

(1-2) [Tpappa (@) — 1] =x+ 2 [1- (1+w+w )] +.... (6216

From this, one can see the enhancement of supersymmetry from N’ = 3to N' = 5
as follows. The presence of the term +x indicates that there must be an N' = 3

flavour current multiplet By [0]&2), which gives rise to the ' = 2 multiplet LB [0] gl)

contributing +x and the A" = 2 multiplet A>A>[0] go) contributing —x2. Since the
coefficient of x? counts the number of marginal operators minus the number of con-
served currents [26, 125] (see also [28]), there must be an N' = 2 marginal operator

(in the multiplet LB, [O]gz)) contributing +x? to cancel the aforementioned contribu-
tion —x2, and there must be two extra conserved currents associated with the terms

— (w + w™!) x2. The latter can only come from two copies of the N = 3 extra SUSY-
(0)

current multiplet A,[0];”, carrying the global symmetry associated with w and w™!.
(This gives rise to two copies of N' = 2 A; A (0] go) multiplet contributing the term
— (w+ w™1) x2.) The presence of such a multiplet leads to the enhancement of su-
persymmetry from N = 3 to N = 52,

2We remark that one has to use the sufficient condition stated in [29, sec. 4.3] with great
care. Upon setting w = 1 in the modified index, we obtain x — 2x2. Denoting the coefficient
of x* by a, we see that —a, = 2 > a; = 1, and from [29], one might naively expect that
supersymmetry gets enhanced to N' = 3 —a; —ap, = 4, because we have only (—ay) —
a1 = 1 extra SUSY-current multiplet. The unrefinement of the index is misleading here,
because we in fact have two extra SUSY-current multiplets carrying the global fugacities w
and w !, and these cannot be cancelled with —1 at order x2 in the index. The reason for us to
write x? [1 — (1 + w + w™1)] is to show explicitly that the contribution —1 of the conserved
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For k = 2, the index reads
Z(5214) k=2(x; )
—1+<w+w>x2+<2w +w2+2>x+<2w +w3+2w+w>x (5.2.17)

3 2
+<3w4+w4+2w2+wz+1> X2+

NG

The term x!'/2 indicates that this theory contains a free part due to the fact that the
R-charge of the basic monopole operators hits the unitary bound. The above index
can be rewritten as

L(5214), k=2 (6 W) = Tgree(x;w) X IS(%E%AL)’k:z(x;W) (5.2.18)

where the index of a free hypermultiplet is given by

(x> 2w; x%) oo (227

1 2
20 X)) o
Three(;w) = —— : ) (5.2.19)
(2w 1x2)0  (x2w;x%) e
and the index of the interacting SCFT part is
52.14), k=2
IS(CFT ) (x;w)
2, 1 o 4 1 5/2 1
=l+x|lw' +—5+1)+x"(w' +—7—-1)+x —w——|+...
\ w s w s s w (5.2.20)
uQ uQ u(® u(
=1+ D (w) + 22 x5 P (@) — Gy P () + xy P ()]
5 SU(2
_XZX[Z]( )(w) +...,
with the unrefinement
IO 20 = 1) = 143x + 22 — 2092 4+ 43 + 472 43¢ + ... . (5.2.21)

As can be seen from (5.2.20), the interacting SCFT has enhanced N = 4 supersymme-
try. The argument is similar to the one used before. The term +x X[SZL}I(Z) (w) indicates

that the theory has an SU(2) flavour symmetry. Indeed, there is an N' = 3 flavour

current multiplet B;[0] 52) transforming in the adjoint representation [2] of this sym-

metry; this gives rise to the N' = 2 multiplet LB; [0] gl) contributing +x7([52?(2) (w) and

[SZL]I(Z) (w). The term +x2)([s4l]l(2) (w)

corresponds to the A/ = 2 marginal operator® in the multiplet LB; [O]gz). It can
be clearly seen that there is another conserved current corresponding to the term

—xZXFO?(Z) (w). Indeed, the latter comes from the N’ = 3 extra SUSY-current multi-

the N' = 2 multiplet A, A, [0]§0) contributing —x2x

plet A>[0] 50) in the trivial representation [0] of SU(2); this gives rise to an N' = 2

current has to be cancelled with the contribution 41 from the marginal operator, which is
neutral under the symmetry associated with w. Note that sincea; = 1,4, = -2 > —3 and
ap = 0 (which is even) for all non-integers p, the necessary condition in [29, sec. 4.3] for
having N = 5 supersymmetry is satisfied.

31t should be noted that the 2nd symmetric power of [2] is Sym?[2] = [4] 4 [0]. The
representation [4], appearing at order x? of the index, is a part of this symmetric power.
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conserved current multiplet A; A (0] go) contributing the term —x? X[Soﬁl(z) (w). The ex-

istence of the extra SUSY-current multiplet indicates that there is an enhancement of
supersymmetry from N' =3 to N = 4.
For k =0, —1 and |k| > 3, we find that the index reads

T+x4+0x%+.... (5.2.22)

The term +x indicates that there mustbe an N’ = 3 flavour current multiplet By [0] gz)’

which gives rise to the N' = 2 multiplet LB [0] gl) contributing +x and the N' = 2

multiplet ApA;[0] §0) contributing —x?. Hence the theory has a U(1) flavour sym-
metry. The fact that the term x? vanishes implies that there is an N/ = 2 marginal
operator in the multiplet LB, [0]52), contributing +x2, which cancels the aforemen-
tioned —x? term. Hence, in this case, there is no signal of the existence of the extra
SUSY-current multiplet, i.e. we cannot deduce the enhancement of supersymmetry.

For k = —2, we find that the index reads

14+2x+x2+8x ... . (5.2.23)

There are two N = 3 flavour current multiplet By [0] gz) which gives rise to two copies

of N' = 2 multiplets LB, [0]&1) contributing +2x and two copies of N' = 2 multiplets

Ay Ay[0] 50) contributing —2x2. Hence the theory has a U(1)? flavour symmetry. We
may construct three N = 2 marginal operators by taking a symmetric product of two
relevant operators in the LB;[0] gl) multiplets. Their contribution +3x2 cancels the
aforementioned —2x2 and yields +x2. There is no signal of the existence of the extra

SUSY-current multiplet, i.e. we cannot deduce the enhancement of supersymmetry.

5.2.4 Adding n flavours to the U(2), gauge group

In this section, we add an arbitrary number of flavours to the parabolic case*

Y 3T(uQ)
e (5.2.24)

When the number of flavours is one (i.e. n = 1), we have seen from (5.2.18) that
the theory factorises into a product of the theory of a free hypermultiplet and an
interacting SCFT with enhanced N = 4 supersymmetry. For n > 2, the index does
not exhibit explicitly the presence of the extra SUSY-current multiplet. Nevertheless,
as we demonstrate below, the theory still has interesting physics that is bares cer-
tain resemblance to the 3d N/ = 4 U(1) gauge theory with n flavours, such as the
properties of monopole operators.

,hamely

*Here ], = —ST? is a parabolic element of SL(2,Z). It is related to T~! by the following
similarity transformation: (TST)J,(TST)~! = T~!. However, we emphasise that, when
fundamental flavours are added as in (5.2.24), the theory is different from U(2)_; with n
flavours. This can be seen clearly from the indices. For example, for n = 1, the index for
U(2)_1 with 1 flavour is 1 but (5.2.18) is non-trivial.
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For concreteness, let us first consider the case of n = 2. The index reads®

T(5208), n=2(%; 0, y)
=1+ x |1y P (@) + xiy P )| + 2 (14205 P (@) + x5 P ) (5.2.25)

+ 1 2@y P+ ay P W) = (xiy P @) g P w) |+

with the unrefinement
Lsooayn—(Gw =1,y =1) =1+ 6x +22x* +18x> +29x* + ... . (5.2.26)

where the topological fugacity is denoted by w = w?. We see that the U(1) topolog-
ical symmetry gets enhanced to SU(2). This phenomenon also occurs for 3d N = 4
U(1) gauge theory with 2 flavours, whose index is

Ir(su()) (X w,y)
= 1+x [xy P (@) + 155 @ W)] (5.2.27)
+2 [ P @+ P w) - (G P @+ ag P e +1)] -
with the unrefinement
Irsup)(Gw =1y =1) =14+ 6x+3x" +6x° +17x* + ..., (5.2.28)
For n = 3, we find that the index of (5.2.24) reads

Z(5224),n=3 (x;w,y)

3 —
=1+x [T+ 10 )]+ @+ (5.2.29)
+2 Gy W 20 W) 1]+

with the unrefinement

Tisp0m,nes(X0 = Ly = (1,1)) = 1+ 9x +2x7 + 4422 + 1823

5 ; . (5.2.30)
+ 117x° 4+ 34x2 + 188x* + ...,

where w the topological fugacity and y the SU(3) flavour fugacities. Again, this
bares some similarity with the U(1) gauge theory with 3 flavours, whose index is

S 3 _
Trysue)(5wy) = 142 [1+ 2057 ()] + @+ o)

= [xpa ) = O+ )]+

>The symmetric product of the representation [2;0] + [0;2] of SU(2) x SU(2) is 2[0;0] +
[4;0] + [0;4] + [2;2]. The representation in the first bracket of order x? (i.e. those with plus
signs) can be written as Sym?([2;0] + [0;2]) + [4;0] 4 [0;2] — [0;0]. In the same way as in
footnote 3, one singlet in the decomposition of the symmetric power does not participate in
the index; this explains the term —[0; 0]. Moreover, it is worth pointing out that, in this case,
there are extra representations that are not contained in the symmetric product, namely [4; 0]
and [0;2].

(5.2.31)
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with the unrefinement

Tr,, su@) (6w =1y = (1,1)) =1+ 9x +2x% +18x* + 21x° + 542 + ..,
(5.2.32)
We observe that for a general 7, (5.2.24) has a global symmetry SU(n) x U(1),
where the U(1) is the topological symmetry, which is enhanced to SU(2) for n =
2. Moreover, the terms x2 (w 4+ w™') indicate that theory (5.2.24) contains the basic
monopole operators V. (; o) (with flux &(1,0) under the U(2) gauge group), carrying
R-charge 5, similar to Vi in the U(1) gauge theory with n flavours. Moreover,
with CS level k = 2, these basic monopole operators are gauge neutral, so they are
gauge invariant themselves without any dressing by a chiral field in the fundamental
hypermultiplet®. A non-trivial physical implication is that the contribution of the T-
link cancel the contribution of the non-abelian vector multiplet in the R-charge of
the monopole operator.

5.2.5 Duality with theories with two gauge groups

Here we examine the duality between the following theories

T(U(N))

{3 T(U(N))
qb ] GD'...NM}_IHI (5.2.33)

This duality can be seen from the brane system by moving one of the D5-brane across
the J-fold and, thereby, turning it into an NS5 brane. For general values of N and
k, both theories have a global symmetry U(n). However, as can be seen from the
indices, they arise from different origins in the quiver description.

Let us take, for example, N = 2, k = 2 and n = 3. The index of the left quiver is
given by (5.2.29). The index of the right quiver reads

1y SU(2) /~ su(2) 3 1
1+x [2+ (w1 +w)xpy 7 () + X @ﬂ X (wlwz + w1w2>

+ x? {4 + (wi +3+ wl’z)xfzﬁ[(z) () + (w1 +w; ) (X[Sgﬁm) ) + 2X[Sﬁ(2) (]7))

+ X[Sﬁ(z) (?)} +....
(5.2.34)

where w; and w, are the topological fugacities associated with the left and right
nodes, and we denote the flavour fugacities by y. This expression can be rewritten
in the way that the SU(3) symmetry is manifest by setting

_3 _ _1
wi=Yy Y=Y Y2, (5.2.35)

upon which we recover the expression (5.2.29).

From the coefficient of x, we see that the mesons in the adjoint representation
[1,1] of SU(3) of the left quiver in (5.2.33) are mapped to the following operators of
the right quiver in (5.2.33):

®Note that this statement does not hold when the CS level is not equal to 2, and in order
to form a gauge invariant combination, the monopole operators need to be dressed by chiral
fields in the fundamental hypermultiplet.
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1. the mesons in the adjoint representation [2] of the SU(2) flavour symmetry;

2. the dressed monopole operators in the fundamental representation [1] of SU(2)
and carrying topological charges +1 under the left node’; and

3. the trace of the adjoint chiral field associated with the left node.

Moreover, by comparing the terms at order X2 in (5.2.29) and (5.2.34), we see that the
basic monopole operators V., carrying topological charges &1, in the left quivers
are mapped to the basic monopole operators V. i ), carrying topological charges
+(1,1), in the right quivers.

These statements can be easily generalised to other values of k and n.

53 U(2)k, x U(2)k, with two T-links

In this subsection we consider the following theory

Ji, = —STh

@@ (5.3.1)

]kz = —STh

The three sphere partition function as well as the supergravity solution corre-
sponding to U(N)i, x U(N)i, gauge group (i.e. N D3 branes), in the large N limit,
were studied in [14]. In such a reference, the CS levels were restricted such that
tr(£]i, Jk,) > 2, equivalently +(kik, —2) > 2, where the sign =+ is chosen such that
the trace is greater than 2. In which case, J, Ji, is a hyperbolic element of SL(2,2Z),
and the theory was predicted to have N/ = 4 supersymmetry in the large N limit.
Here, instead, we focus on the superconformal indices and supersymmetry enhance-
ment when the gauge group is taken to be U(2);, x U(2), for general values of k;
and k.

Note that if one of ky or k» is 1, say k; = 1, we have [, J, = STS T*2. This is related
by a T-similarity transformation to TJ;J;,T~' = T(STSTTR=)T~! = -T2 =
Jk,—2, where have used the identity TSTST = —S (see also [14, footnote 19]). In
other words, the two duality walls J; and Ji, can be reduced to a single duality wall
Jk,—2 (assuming that there are no NS5 and D5 branes). Henceforth, we shall not
consider such a possibility in the absence of hypermultiplet matter.

In general, we observe that whenever Ji, Ji, is a parabolic element of SL(2,Z),
ie. |tr(Ji,Jk,)| = |kiko —2| = 2 or equivalently k1k, = 0 or 4, the index diverges
and the theory is “bad” in the sense of [8]. In which case, we cannot deduce the low
energy behaviour of the theory from its quiver description.

We observe that the index of (5.3.1) does not depend on the fugacities associated
with the topological symmetries. Similarly to section 5.2.2, the gauge group in (5.3.1)
can be taken to be SU(2);, x SU(2)k, and this yields the same index.

Let us now take k; = 2 and examine various values of k> as follows.

"This is similar to the dressed monopole operators (5.5.18) in the abelian theory.
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CSlevels (ky, k) Index Type of Ji, Jk, Comment

(2,5) T+x%+... hyperbolic
(2,4) T+xt+... hyperbolic
(2,3) 1—x2+2x>—x*+...| hyperbolic | New, SUSY enhancement
(2,2) diverges parabolic
(2,1) 1 elliptic Same as (5.2.6), k =0
(2,0) diverges parabolic

(2,-1) (5.2.7) hyperbolic Same as (5.2.6), k = +4

(2,-2) T+xt+... hyperbolic

(2,-3) T+xt+. .. hyperbolic

(2,-4) T+xt+... hyperbolic

The cases whose indices exhibit supersymmetry enhancement are emphasised in
yellow. The indices for the cases not highlighted in yellow do not signalise the pres-
ence of extra SUSY-current multiplets. The CS levels (ki,ky) = (2,3) gives a new
SCFT with enhanced N = 4 supersymetry, whereas the case with (k1,kz) = (2, —1)
is the same as theory (5.2.6) with k = —4, which also has supersymmetry enhance-
ment to N = 4.

For ki = 3, we find a similar pattern, as tabulated below. Unfortunately, the
cases that has supersymmetry enhancement, namely (k1,k2) = (3,2) and (3, 1),
are identical with certain theories that have been discussed before.

CSlevels (kq, k) Index Type of Ji, Jk, Comment

(3,4) T+x*+... hyperbolic
(3,3) T+2xt+... hyperbolic
(3,2) 1—x2+2x>+... | hyperbolic | Same as (ki,k2) = (2,3)
(3,1) 1 elliptic Same as (5.2.6), k = +1
(3,0) diverges parabolic

(3,—1) (5.2.7) hyperbolic | Same as (5.2.6), k = +5

(3,-2) T+xt+... hyperbolic

5.3.1 Adding flavours to the parabolic case

In this section, we add fundamental flavours to either or both nodes in the parabolic
case. For definiteness, we consider the theory involving two J, duality walls® and a
collection of D5 branes arranged in the following way:

T(U(N))
632
T(U(N))

8Similarly to the remark in footnote 4, even though J3 is related to T~2 by a similarity
transformation in SL(2,Z), upon adding hypermultiplet matter, the theory becomes non-
trivial.
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and focus on the cases of N = 1 and N = 2. Such theories have interesting physical
properties as we shall describe below.

Let us first discuss the abelian case. Since this theory admits a conventional La-
grangian description, we can easily analyse this theory along the line of [50]. The
detailed analysis is provided in section 5.5. We find that whenever fundamental
hypermultiplets are added to the quiver associated with parabolic J-folds, an inter-
esting branch of the moduli space arises, mainly due to the presence of the gauge
neutral monopole (or dressed monopole) operators. In particular, for quiver (5.3.2)
with N = 1, we find that there are two branches of the moduli space. One can
be identified as the Higgs branch and the other can be identified as the Coulomb
branch, both of which are hyperKéahler cones. This feature is very similar to that of

general 3d V' = 4 gauge theories. The Higgs branch is isomorphic to a product of the

.. . .. AU -ASU .
closures of the minimal nilpotent orbits Omirf”” X OmirEHZ), where each factor is gen-

erated by the mesons constructed using the chiral multiplets in each fundamental
hypermultiplet; see (5.5.7). The Coulomb branch is isomorphic to C?/Z,, +,, which
is generated by the monopole operators V, (; 1) with fluxes £(1,1) and the complex

scalar in the vector multiplet; see (5.5.11). For a general 1 and n,, this theory has a
U(ny) xU(np)
u()
symmetry coming from the fundamental hypermultiplets and latter U(1) denotes
the topological symmetry. For the special case of 11 + 1, = 2, the U(1) topological
symmetry gets enhanced to SU(2), which is also an isometry of the Coulomb branch

C?/Z,. Interestingly, if we set one of 11 or 1, to zero, say

G ) (53.3)

This theory turns out to be the same as quiver (5.2.1) with N = 1, k = 2, which is
identical to 3d N = 4 U(1) gauge theory with n flavours (i.e. the T(, ,_1)(SU(n))
theory [8]). One can indeed check that the moduli spaces and the indices of the two
theories are equal. Such an identification indicates that when 17 = 0 (or n, = 0), the
two J> duality walls can be “collapsed” into one, and the gauge node in (5.3.3) that is
not flavoured can be removed such that the T-link becomes a loop around the other
gauge node. We remark that this statement only holds for the abelian case; we will
see that for N = 2 this is no longer true.

Quiver (5.3.2) with N > 1 still bares the same features as in the abelian (N = 1)
theory. In general, the index of (5.3.2) contains the terms x 2 (m+m) (wiwy + wy 1w2_ b,
which indicates that there are gauge invariants monopole operators V(1. 0.1,0,..0)/
with fluxes £(1,0,...,0) under each of the U(N) gauge group, carrying R-charge
%(nl + ny). Again, for ny + np = 2, the U(1) topological symmetry gets enhanced to
SU(2). Furthermore, when ny +ny = 1, i.e. (n1,n2) = (1,0) or (0,1), such monopole
operators decouple as a free hypermultiplet (this is similar to the one flavour case
discussed in section 5.2.3). Let us consider, in particular, the case of N = 2, n; = 0

and np, = 1:
e*e (5.3.4)

global symmetry ( ) x U(1), where the former factor denotes the flavour
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Indeed the index can be written as

L534) = Liree(x;w) ¥ Ié%féf)(x; w) (5.3.5)
where we define w as the product of the topological fugacities associated with the
two gauge groups: w = wjwy. The index of the free hypermultiplet Zgee (x; w) is
given by (5.2.19), and the index for the interacting SCFT is

(534) N Su(2) su(2) Su(2)
TG (o) = 1+ () 4% oy (@) ' () (5.3.6)
— x%)([szl]l(z)(w) +....
with the unrefinement
I (w=1) = 14+3x+ 202 — 2652 — 42 + .. (5.3.7)

The interacting SCFT has a flavour symmetry SU(2). Notice that the index of the
SCFT (5.3.6) is different from (5.2.20). (Hence, we cannot collapse two J, duality
walls into one as in the abelian case.) In particular, while (5.2.20) exhibits the pres-
ence of the extra-SUSY current multiplet, (5.3.6) does not.

54 Gauge group SU(2)y/Z,

In this section we consider a theory with a single SU(2)x/Z, gauge node with n

T-links attached to it.

(5.4.1)

n T-links

Although the brane configuration for n > 1 is not known, we demonstrate below
that such theories have interesting properties from the field theoretic perspective.

The indices involving SU(N)/Zy gauge group for theories in 3d were discussed
in [125, 128]°. Here, we write down the expression of the index for (5.4.1), analogous
to those presented in [125]:1

1
T (x; ):12 I 2 dz x—z\m\H 1_(_1)2mzizx2\m\
(541)(X; & 5248 iz

=0 meZ—&-% +

2km |7 "
Xz [IT(SU(Z))(x;{z,m},{z,m})} ,

(5.4.2)

9Note the index for 3d gauge theories can be obtained as the limit of the lens space index
for 4d gauge theories [129]. As discussed extensively in [130], the latter is sensitive to the
global structure of the gauge group.

19Since SU(2)/Z, is isomorphic to SO(3), one can also compute the index for SO(3) gauge
group using the formulae described in [120, sec. 6.1]. Note that the normalisation for the
CS level for SO(3) is such that SO(3); = SU(2)2x/Z2, and that the fugacity { for the Z!
symmetry in [120, sec. 6.1] is identified with the fugacity g here.
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where g is a fugacity for the global Z, symmetry which takes values 1 or —1, and
Zy(1) with 2 iy is the index for the U(1) gauge theory with 2 flavours such that the sum
over the gauge flux is properly quantised:

Tr(su(ay (% {n, P}, {T,n})
dz oy Imrl ((—1)m=Pz 1y 3/ 2 m—pli®)

- Z o ] —pot1y,F1 4 1/2+4|m—pl;x? X
nezihpmoaz) ) 2T (=1)mpztpFlad20mpl) 7 (5.4.3)

M ((—1)m+pz¢1y¢lx3/2+|m+p|;x2)OO
((=1)m+pzlyr iy 1/ 24 mtplay

We may obtain the result for the gauge group SU(2)y, instead of SU(2),/Z,, by
gauging the Z; global symmetry associated with g:

1
I(5.4.1) with SU(2), gauge group — E [1(5.4.1)(X;g = 1) +I(5.4.1)(x;g = _1)} . (5.4.4)

We find that for k € Z and n = 1, the index is the same as that of the theory with
the same k presented in section 5.2.2. However, the result becomes more interesting
when both n and k is even, since the index depends on the fugacity g. This indicates
the presence of the operators carrying a non-trivial charge under the Z, discrete
symmetry which are gauge invariant monopole operators. Let us focus on the case
of n = 2. We provide some examples in the following table.

CS level Index

k=0 1+2gx +4x> —4x° + (9 +8g)x* + ...
k=2 [1+(2—g)x®>— (4+49)x®> + (9+8g)x* +...
k| =4 | 1+gx+3x2— (4+29)x° + (8+8g)x* +...
k|=6 | 1+ (2+¢g)x*>— (4+49)x> + (7+4g)x* + ...
k| =8 1+2x% —4x3 + (7 —4g)x* +...

The case of |k| = 2 is highlighted in yellow to indicate that the index exhibits super-
symmetry enhancement. Since the coefficient of x is zero, the theory has no flavour
current. The term —g at order x? indicates the presence of an extra SUSY-current
multiplet, acted non-trivially by the Z, global symmetry. For this reason, we con-
clude that supersymmetry is enhanced to A = 4. We emphasise that it is important
to refine the index with respect to g in order to see such a multiplet. On the other
hand, the indices for the other values of k do not exhibit the existence of the extra
SUSY-current multiplet. The same is also true if we gauge the Z, global symmetry
as described in (5.4.4).

Finally, let us consider the case in which k is half-odd-integral and n = 1. For
lk| > 1, we find that the indices are different from those theories that have been
considered in earlier, and so it seems to us that these theories are new. Moreover,
they exhibit the presence of an extra SUSY-current multiplet, which leads to the con-
clusion that supersymmetry is enhanced to N = 4. We tabulate the indices for a few
values of half-odd-integral CS levels below.

CSlevel | Index

k|=1/2 | 1—x%+2x° —x* —2x° + 6x° + ...
k| =3/2 | 1—x?+2x> —2x° +6x0 + ...

k| =5/2 | 1 —x?+2x3 —2x* —2x° + 6x° + ...
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5.5 Moduli space of flavoured abelian parabolic J-
fold theories

In this section we study the moduli space of a class of parabolic J-fold theories, in the
presence of the hypermultiplet fundamental matter. We focus on the models with
abelian gauge group, since the Lagrangian description is available. More general
detailed discussions can be found in [50].

For definiteness, let us focus on the following model with U(1)

group:

x U(1)k, gauge

1

Jx, = —ST*

T(U(1))
WX e
T(u(n))

Jr, = —STh

For the moment we allow for generic CS levels k; and ky, but we will see that the vac-
uum equations admit solutions for non-trivial branches of the moduli space when
J1]2 is parabolic, i.e. | tr J1 ]| = 2, or equivalently k1k, = 0 or 4.

Let us rewrite the quiver (5.5.1) in N = 2 language:

P1 P2
T(u(1
A A 33 A2 4o (5.5.2)
T(U(1))
with superpotential:
W = —tr(A191 A1+ AyprAy) + %(klgo% +kogp3) 20192 . (5.5.3)

where we denoted in blue the contribution due to the two T-links, consisting of a
mixed CS coupling. The vacuum equations are as follows:

A = g1§01 =0, A= ﬁzq)z =0, (5.5.4)

and

kigr =292 = (A1)a(A1)", (5.5.5)

kapa —2¢1 = (A2)i(A2)".

wherea,b,c=1,...,nyandi,j,k=1,...,n.
The vacuum equations (5.5.4) and (5.5.5) admit the solutions in which ¢ = ¢, =
0, regardless of the CS levels. This branch of the moduli space is generated by the
mesons (M;)! = (A1)a(A1)? and (Ms)] = (A2);(A2) subject to the following rela-
tions:
rank(Mip) <1,  Mi, =0, (5.5.6)
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where the first relations come from the fact that each of the matrices M; and M, is
constructed as a product of two vectors, and the second matrix relations follow from
(5.5.5). We refer to this branch of the moduli space as the Higgs branch, denoted by
H55.1)- Indeed, it is isomorphic to a product of the closures of the minimal nilpotent
orbits:
Hsy = Omin” X Opin™. (55)

There are also other non-trivial branches of moduli spaces, which we are analysing
in the following.

Let us consider the branch on which ¢; # 0 and ¢, # 0. From (5.5.4), we have
A=A, =A,= A, =0. Equations (5.5.5) admit solutions only if:

k] gl)l = 2(p2 , kz(pz = 2(;)1 , k]kz —4 = 0; (558)

the latter implies that J; ], has to be parabolic such that either (k1,k2) = (1,4) or
(k1,k2) = (2,2). (The case the (k;1,k2) = (4,1) can be considered by simply exchang-
ing 1 and n,.) We analyse these cases below.

* The case of (ki,k2) = (2,2). The first equation of (5.5.8) sets ¢1 = ¢ = ¢.
Since the real scalars in the vector multiplets belong to the same multiplets as
¢1,2, the magnetic fluxes of the monopole operators V|,,, ,,,) satisfy m; = my =
m. The R-charge and the gauge charges with respect to the first and second
nodes are respectively

1
R V = = 7
Vimm] = 5 (1 +n2)|m| (5.5.9)

N [Vimm] = —(kom —2m) =0, q2[Viym)] = —(kam —2m) = 0.

Observe that the V,, ,,) are gauge neutral for all m. This branch is generated
by the basic monopole operators V. (1 1) and ¢ (the latter has R-charge 1), sat-
isfying the quantum relation.

Vay Vo = ¢ (5.5.10)
This branch is thus a Coulomb branch and it is isomorphic to

Casn™ = C/ Zuyin, - (5.5.11)
In the special case of one flavour, i.e. (n1,n2) = (1,0) or (0,1), we see that
the Coulomb branch is isomorphic to C2 = H. Indeed, the basic monopole
operators decouple as a free hypermultiplet.

e The case of (ki,k2) = (1,4). In this case ¢; = 2¢2 = 2¢ and the allowed
magnetic fluxes for the monopole operators V(,,, ,,,) are such that m; = 2m, =
2m. The R-charge and the gauge charges with respect to the first and second
nodes are respectively

1 1
R{Viawm] = 5(m[2m] + malml) = (ma-+ 32 ) b

M Vamm) = —lk1(2m) —2m| =0,  q2[Vigym] = —[ka(m) —2(2m)] = 0.
(5.5.12)
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Observe that V(,,,,,) are gauge neutral for all m. This branch of the moduli
space is generated by V.. (, 1) and ¢, satisfying the quantum relation:

V(zll)V,(z,l) = q02n1+n2 . (5513)

This branch is thus a Coulomb branch and it is isomorphic to
Car=Y = €/ Zyp, 4,y - (5.5.14)

It is worth pointing out that for both (k1,k2) = (2,2) and (1,4), the vacuum equa-
tions admit the solutions such that there is a clear separation between the Higgs and
Coulomb branches, in the same way as general 3d N' = 4 gauge theories. This is
mainly due to the fact that the monopole operators are gauge neutral. Note also that
both branches are hyperKahler cones.

Next, we analyse the case in which one of ¢; and ¢; is zero. For definiteness, let
us take o = 0and 0 # ¢1 = ¢. From (5.5.4), we see that A; = A1 =0, and so (5.5.5)
admits a solution only if k; = 0. Let us suppose that

ki =0. (5.5.15)

Observe that the CS levels (0, k) satisfies the parabolic condition on JoJ,, because
| Tr(JoJk,)| = 2 for any k,. Then the second equation of (5.5.5) implies that

(A2)i(Ar)' = —2¢. (5.5.16)

The fluxes (mj,mz) of the monopole operators V,,,, ,.,), satisfies my = 0. For con-
venience, we write m; = m. The R-charge and the gauge charges of the monopole
operators V,, o) are

1 1
R[V(o)] = E(nllml +n2|0]) = 5”1|m| (5.5.17)

711 [Vimo)) = —lki(m) =2(0)] =0, q2[V(s0)] = —[k2(0) —2(m)] = 2m.

In this case the monopole operator V|, o) is no longer neutral under the gauge sym-
metry, but it carries charge 2m under the U(1), gauge group. We can form the basic
gauge invariant dressed monopole operators as follows:

(WHT =V (A (A2),  (W)ij = V(_10)(A2)i(A2); - (5.5.18)

These operators transform under the representation [2,0,...,0] and [0,...,0,2] of
SU(ny) respectively. The carries R-charges

1
R[W*] = sm+1, (5.5.19)

and satisfy the quantum relation
Te(WTW™) = (WH)T(W™);i = ™2, (5.5.20)

Since the dressed monopole operators W= are generators of this branch of the mod-
uli space, we can regard this as a “mixed” Higgs and Coulomb branch.

Note that if we take instead ¢; = 0 and 0 # ¢, = ¢, the situation is reversed. In
order for the vacuum equations to admit a solution we must have k; = 0. This leads
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to the gauge invariant dressed monopole operators
(U7 = Vi (A1) (A1), (U™ )ij = Vio,—1)(A1)i(A1)}, (5.5.21)

which transform under the representation [2,0,...,0] and [0, ...,0,2] of SU(n;) re-
spectively. The carries R-charges R[U*| = 1, + 1 and satisfy the quantum relation
Tr(UTU™) = ¢™ T2

Finally, we remark that if (k1,k») = (0,0), which is another possibility for Ji, Jx,
to be parabolic, then both dressed monopole operators W= and U~, as described

above, are generators of the moduli space.
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Chapter 6

Duality walls in 4d NV = 2 theory

6.1 The 3d gauge theory with a monopole super-
potential

The theory associated with the S-duality wall of the 4d ' = 2 SU(N) gauge theory
with 2N flavours is the 3d N = 2 U(N — 1) gauge theory with 2N flavours and su-
perpotential W = V. + V_, where V.. are the basic monopole operators of the latter
theory [44]. For the sake of brevity, following [44], we refer to the aforementioned 3d
theory as 7gr, where 9t stands for the monopole superpotential. The identification
of the theory on the S-duality wall of the 4d theory and the 7oy theory! had been
attempted by several authors, e.g. [41, 43, 42]. The main technique was to study a
collection of the duality transformation coefficients of conformal blocks (also known
as the kernel) of the Liouville or Toda theory, which are in the AGT correspondence
[35, 36] with the 4d theory. The kernel was then interpreted as the partition function
of the 3d theory associated with the duality wall [39]. Knowing the former allows
one to identify the matter content of the 3d theory associated with the duality wall
[41, 42]. In [42] it was observed that the R-charges of the chiral fields in the 3d theory
were fixed to certain particular values. This was later interpreted in [44] as due to
the monopole superpotential.

The 7on theory has a global symmetry SU(2N) x SU(2N). We represent this
theory by the following quiver diagram:

Tom : @ (6.1.1)

where we denoted the gauge node in yellow in order to indicate the monopole su-
perpotential W = V + V_. Due to the monopole superpotential, the topological
and axial symmetries are broken, and the R-charge  of the chiral fields is fixed to be
r =1/2 due to the relation2N(1 —r) — (N—-1—-1) = 2.

10n the other hand, the 3d theory associated with the S-duality wall of the 4d N = 2*
SU(N) gauge theory has been identified as the axial mass-deformed T(SU(N)) gauge theory
by [40].
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In fact, as pointed out in [44]?, theory (6.1.1) is dual to another theory with the
same gauge group U(N — 1), also with 2N flavours and 4N? singlets M

L@ d (6.1.2)

and superpotential W = V. + V_ 4 Mgg. In other words, we have duality

(6.1.1) «+— (6.1.2) (6.1.3)

6.1.1 Indices of theories (6.1.1) and (6.1.2)

Our main tool is the supersymmetric index, which we shall refer to as index for the
sake of brevity. It can be computed as the partition function on S x S!. We have
already summarised the necessary details in 5.1.

In order to write the supersymmetric index of a theory with monopole super-
potential one has to take into account suitable contributions of BF couplings with
the global symmetries and the R-symmetry that make the monopole operators un-
charged and exactly marginal. In the case of theory (6.1.1) we are considering the
monopole superpotential breaks the topological as well as the axial symmetries.
Hence, the index can be easily obtained from that of the U(N — 1) gauge theory with
2N flavours and zero superpotential, turning off the fugacities for the axial and the

topological symmetries, as well as setting the R-charge of the chiral fields to r = %

T11)(x; {u,n}/ {t.r})

NS gy
o _ 1 7{}—[1 i uaZvec x; {u,m}) Zeyir (x; {u,m}, {p,n}, {T,p}),

(6.1.4)
where the contribution of the N = 2 vector multiplet is
N-1 N
Zyec(x; {u,m}) = T almemmel (11— (—1)mammoxlmaml () ,  (6.15)
a,b=1 Zb
while that of the chiral multiplets is

Zeie (x; {u,m}, {p,n}, {7, p})

N—12N i—mal ((—1)”i_mauayi—1x3/2+\ni—mg\;xZ)

2
(uuyz 1 1/2) 1
a=1 i=1 ((—1)”1’7"1111/{”_ ’uz.xl/Z"r‘Vl,‘—ma‘;xZ)

[ee]

X

[ee]

\mgz—pi\ ((_1)ma_piucz—lyix3/2+|mu_pi‘; x2>

((—1ympiasgpuy /2 m bl x2)

(o]

% (u;lnxl/z)

[ee]

2More precisely, in [44], a more general duality relating the U(N,) gauge theory with N ¥
flavors and W = V.. + V_ and the U(N. — Ny) gauge theory with N¢ flavors, Nj% singlets M
and W =V + V_ 4 Mgq was proposed.
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In the above expressions we denoted by {u,m} the fugacities and the magnetic
fluxes respectively for the gauge symmetry and with {u, n}, {7, p} those of the two
SU(2N) global symmetries, which have to satisfy the constraints T2 #; = [[23 T; =
Tand 2N n; = Y2 p; = 0.

The index of the dual theory (6.1.2) is related to that of (6.1.1) by the following
relation:

N i <(_1)”i_Pj]/l;1'qx1+|ni_Pj‘;x2>
Tern(i{mn} A ph) = [ (w7') ° .

x Ze11)(x; {p ', —n}, {7, -p}), (6.1.6)

where the right hand side of the first line is the contribution of the 4N? gauge singlets
M. We point out that an analogous identity for the partition functions on S} was
actually derived in [44] as a limit of the identity for the 4d supersymmetric indices
associated to Intriligator-Pouliot duality [131], where the latter was proven in [132].
Although we shall not provide an analytic proof® of the relation (6.1.6), it can be
checked perturbatively by expanding both sides as power series in x and matching
each order of the power expansion. Moreover, as a further support of (6.1.6), one
may take an appropriate 2d limit of the index of each side in (6.1.6) to obtain certain
complex integrals [133], which are related to CFT free field correlators; the equality
of such integrals was proposed in [134, 135].

6.1.2 Inclusion of the 4d fields

As a theory realised on the wall, one of the SU(2N) symmetries (say, the one as-
sociated with the left square node) can be decomposed into a subgroup SU(N) x
SU(N) x U(1), where we shall refer to the latter U(1) as U(1),. Each of these SU(N)
can then be coupled to the SU(N) gauge symmetry of the 4d theory on each side
of the wall. Moreover, the 3d chiral fields of the theory on the wall also couple
non-trivially to the chiral fields coming from the 4d theory. The appropriate quiver
description for the 3d ' = 2 theory on the wall is

(6.1.7)

where ¢ is one of the chiral fields contained in the hypermultiplets of the 4d N' =
2 SU(N) gauge theory with 2N flavours on one side of the wall restricted to the
interface. The same is for ¢’ on the other side of the wall. The superpotential of
(6.1.7) is

W17y = Vi + V- +QpA+Q¢'B. (6.1.8)

3Relation (6.1.6) could, in principle, be derived in a similar way to the one for the S3
partition functions if a generalization of Rains’ results for the lens space index [129], which
is the partition function on $3/Z, x S!, were known.
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We shall, from now on, denote as blue arrows the chiral fields coming from the 4d
theory.

The arrows in the right diagram are consistent with the decomposition rule of
the fundamental representation of SU(2N) to SU(N) x SU(N) x U(1):

[1,0°N72] — g[1,0N %0V 4+ 47 10N 1;1,0N 7], (6.1.9)

which correspond to chiral fields A and B respectively. Note that Q carries zero
charge under U(1),, and so from the superpotential, ¢ and ¢’ carry U(1), charges
—1 and +1 respectively.

Let us now explain the “skeleton” diagram on the left of (6.1.7). Each blue ex-
ternal leg (or each end of the blue line) denotes an SU(N) global symmetry, and
the wiggly red line denotes a duality wall, which brings about an SU(2N) x U(1),
global symmetry. Note that the latter is the symmetry of the 4d N' = 2 SU(N) gauge
theory with 2N flavours, where U(1), plays a role as the baryonic symmetry.

One may, in fact, apply the duality (6.1.3) to the yellow node in (6.1.7). As a
result, ¢ and ¢’ disappear, and the arrows of A, B and Q are reversed. We denote
the chiral fields in the dual theory as A, B and Q; they carry opposite U(1) q charges
with respect to A, B and Q respectively. The dual theory is therefore

(6.1.10)

with the superpotential
W(6.1.10) == V+ —|‘ V_ . (6111)

Theory (6.1.7) will be used as as a basic building block to construct other theories.
For the sake of readability, we shall suppress the number N — 1 in the yellow node
from now on.

6.1.3 Another representation of (6.1.7)

There is another equivalent way to represent theory (6.1.7). We further decompose the
SU(2N) flavour node in quiver (6.1.7) into SU(N) x SU(N) x U(1),. The resulting
quiver is

(6.1.12)
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Here C and D are the chiral fields that come from the decomposition of Q in (6.1.7),
and @ap, ac, ¢pc and @pp are the fields that come from the 4d theory. The super-
potential is

W(6.1.12) =Vi+V_+ApapD + ApacC + BopcC + BepppD . (6.1.13)

The U(1), and U(1), charge assignment is depicted as follows.

(6.1.14)

We use the “skeleton” diagram on the left of (6.1.12) to represent such a building
block. Each red and blue external leg (or each end of the red and blue lines) corre-
sponds to a flavour symmetry SU(N). The red colour indicates that the two SU(N)
symmetries come from the group decomposition SU(2N) due to the duality wall.
The blue colour is the same as that used in (6.1.7). Observe the directions of the ar-
rows of the chiral fields A, B, C, D that are transformed under each SU(N) flavour
symmetry associated with each external legs: it is ingoing for blue and outcoming
for red.

Similar to the discussion around (6.1.10), we may get rid of the 4d chiral fields
@AD, 9ac, ¢ac and @pp using the duality (6.1.3). This results in

(6.1.15)

with the monopole superpotential W = V, + V_.

6.2 Gluing basic building blocks

Having discussed the basic building block, we now consider construction involving
multiple duality walls. The corresponding 3d theory can be obtained by gluing to-
gether the same number of basic building blocks in certain ways along the 4d fields
(denoted by blue arrows in the quiver). In the following, we discuss the prescrip-
tion for the gluing in detail. In fact, such a prescription is heavily motivated by that
adopted in [1, 136, 137] in the context of compactifications of 6d theories on a Rie-
mann surface with fluxes for the global symmetries. We discuss the motivation and
the similarity of our set-up and that of [1] in the last subsection of this section.
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6.2.1 Using basic building block (6.1.7)

We start by considering the cases in which we glue a number of copies of the basic
block (6.1.7). This corresponds to set-up involving the same number of duality walls.

Prescription

Let us consider two copies of the basic building blocks (6.1.7). For the first copy, we
assign the U(1), x SU(2N) fugacities a; = qu; to ¢ (and hence a; = g~ u; to ¢'),
wherei =1,2,..., N and u; are the parameters that have to satisfy [T-; #; = 1 being
SU(2N) fugacities. For the second copy, let us call the 4d fields ¢ and ¢’ and assign
the U(1); x SU(2N) fugacities 7; = 7 il; to ¢ (and hence @, = §~! il; to ¢'), again with
the constraint [T, #; = 1.

The prescription is that two building blocks can be glued along ¢ and ¢’ (or along
¢’ and ¢) if and only if one of the following conditions is satisfied:

®-gluing:  a;, =,
S-gluing: a; = =, Vi=1,---,2N. (6.2.1)

Let us illustrate this using explicit examples. We can perform an S-gluing, but not a
®-gluing, for these two models along ¢ and ¢’ (or along ¢’ and ¢):

(6.2.2)

On the other hand, it is possible to perform a ®-gluing, but not an S-gluing, for these
two model along ¢ and ¢’ (or along ¢" and ¢):

(6.2.3)

The next step is to turn on some superpotential terms to identify the 4d fields
along which we glue.

The ®-gluing. To identify ¢ with ¢, we introduce an additional set of chiral fields
@ that are coupled to the 4d fields via the superpotential term

SW = d(p—¢), (6.2.4)

where the contraction of indices is understood. This is a mass term for the fields ®,
¢ and ¢’ and integrating them out we are left with only one combination of ¢ and
¢'. In the process, the equations of motion of ® precisely identify ¢ = ¢’ as desired.
Moreover, this superpotential breaks the two SU(N) symmetries from each copy of
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the building blocks to a diagonal combination, which we gauge with Chern-Simons
(CS) level k. Similarly, the two copies of the SU(2N) symmetry are also broken to a
diagonal subgroup, which remains as a flavour symmetry in the resulting theory. In
the quiver description, the ®-gluing and the resulting model are

(6.2.5)

where the superpotential is

w=v" 4 v v@® L v® L AeP+ CopQ + By'P + DPQ, (6.2.6)

and we drop the fugacity u; in the lower diagram (the transformation rule of each
chiral field under SU(2N) is clear from the arrow). We denote by N; in a dashed
circle the SU(N) gauge group with CS level k. Notice that the charges and the rep-
resentations of all the chiral fields under the global symmetries implied by the ®-
gluing condition are compatible with the cubic superpotential terms corresponding
to each loop in the quiver. We use the following skeleton diagram to denote the
®-gluing (6.2.5):

© (6.2.7)

The two blue external legs correspond to the two SU(N) flavour nodes in the lower
diagram of (6.2.5). As discussed before, the two SU(2N) symmetries coming from
each duality wall (red wiggle line) are broken to a diagonal subgroup by the afore-
mentioned superpotential, and this is denoted by the square node labelled by 2N in
the bottom quiver in (6.2.5).

The S-gluing. The S-gluing can be implemented by introducing the superpoten-
tial term N
SW = ¢¢’. (6.2.8)

This implies that both ¢ and ¢’ are integrated out and we are left with no field.
Again the two SU(N) symmetries are broken to a diagonal combination, which we
gauge with a CS level k. The two SU(2N) symmetries are also broken to a diagonal
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subgroup. In the quiver description, the S-gluing and the resulting model are

N \) (6.2.9)
- NC
-1
— q q
= N PN Q N
B D
¢’ ¢

The superpotential of the resulting theory is
w=vY v v L v@ L cAPQ+ By'P+ DGQ. (6.2.10)

Notice again that the charges and the representations of all the chiral fields under the
global symmetries implied by the S-gluing condition are compatible with the cubic
and quartic superpotential terms corresponding to each loop in the quiver. We use
the following skeleton diagram to denote the S-gluing (6.2.9):

s (6.2.11)

Note that we can also treat odd number of duality walls in a similar way as
described above. For example, in the case of three duality walls, we can perform
S-gluing in the following way:

(6.2.12)
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The corresponding theory is

(6.2.13)

Self-gluing: closing external legs

With the prescription for the ®- and S-gluing one can construct several other models,
either adding more basic building blocks or gauging the remaining flavour symme-
tries. The latter corresponds to closing external legs of the skeleton diagram. For
example, in (6.2.5) and (6.2.9) we can “self-glue” the theory along ¢’ and ¢ which
results in gauging together the two remaining SU(N) flavour symmetries.

In the model (6.2.5), obtained from the ®-gluing of two basic building blocks, we
can only perform a further ®-gluing along ¢’ and ¢. The latter is because both ¢’ and
¢ carry the same U (1), charge and transform the same way under SU(N) x SU(2N).
This leads to the model

’ Nkl /\
(6.2.14)
’\ Nkz ,'
with superpotential
W=v" vy v 4 ApP 4 BY'P+CpQ + DP'Q. (6.2.15)

On the other hand, in the model (6.2.9), obtained from the S-gluing, we can only
perform a further S-gluing along ¢’ and ¢'. This is because ¢’ and ¢ carry opposite
U(1)4 charges and transform the opposite way under SU(N) x SU(2N). We thus
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arrive at the following model

’\//Nkl !
o C
Y Q (6.2.16)
B D
’\//Nkz )
with superpotential
w=vP4v®4v@ L yv@ .y poca+ PQDB. (6.2.17)

Notice that the two previous models have similar structures, apart from the fact
that in (6.2.16) the 4d fields ¢ and ¢’ are absent, and the U(1) charges as well as
the arrows of the right half of the quiver are inverted with respect to (6.2.14). This
is very similar to the difference between the models (6.1.7) and (6.1.10). Indeed,
by applying duality (6.1.3) locally on the right yellow node of (6.2.16), one obtains
(6.2.14). Models (6.2.14) and (6.2.16) are actually dual to each other for any N > 2:

62.14) ¢ (6.2.16) . (6.2.18)

As a result there is no need to specify @ or S when we draw the skeleton diagram
with all external legs being closed.

This result can be generalised for any even number of duality walls. We state a
general result as follows.

For given N and the Chern—Simons levels as well as a topology of the skeleton diagram,
if all external legs of the latter are closed, the theories associated with the ®-gluing

and/or S-gluing of an even number of walls are dual to each other.

Let us provide an example for theories associated with four duality walls such
that all external legs are closed.

(6.2.19)
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We have eight duality frames with an “octality” that relates them to each other.

 Nig )  Nig )

(6.2.20)

¢ N !

The superpotential of each theory contains the basic monopole operators from each
yellow node; the cubic terms coming from every closed triangular loop that contains
one blue line as an edge; and the quartic terms coming from every closed rectangular
loop that does not contain a blue line.

As a final remark, we point out that in the case of odd number of duality walls,
it is not possible to close all external legs in the skeleton diagram. For example, in
(6.2.13), ¢’ and ¢ carry the fugacities g~ 'u; and qu; respectively. These do not satisfy
the gluing condition (6.2.1) and so we cannot glue the theory along ¢’ and ¢ and
hence the external legs cannot be closed. A way to evade this problem is to use
(6.1.12) as a basic building block instead of (6.1.7). We discuss this in further detail
in section 6.2.2.

6.2.2 Using basic building block (6.1.12)

Rectangular gluing

Instead of using (6.1.7), we can perform a ® gluing or an S-gluing for multiple copies
of the building block (6.1.12). For example, if we take two copies of (6.1.12) and
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perform a ®-gluing along ¢pp in both copies, the resulting theory is

(6.2.21)
with superpotential containing the basic monopole operators from both yellow nodes
and the cubic terms coming from every closed triangular loop in the quiver that
contains one blue line. Upon gluing, we have gauged the upper and lower SU(N)
symmetries with CS levels k; and k; respectively. In the skeleton diagram, for the
®-gluing, a blue (resp. red) line joins with another blue (resp. red) line. Topologically,
the skeleton diagram has genus 1, as well as 2 red and 2 blue external legs.

Let us now consider the S-gluing. We take two copies of (6.1.12) and glue them
along @pp of one copy and ¢ 4¢ of the other copy. As a result we obtain

PaD

[2:led
(6.2.22)
The superpotential of the resulting theory contains the basic monopole operators
from each yellow node; the cubic terms coming from every closed triangular loop in
the quiver that contains one blue line; and the quartic term DD’B’B coming from the
middle rectangular loop. In the skeleton diagram, for the S-gluing, a blue (resp. red)
line joins with another red (resp. blue) line — this is opposite to the ®-gluing.
Observe that as a result of such gluing, which involves two pairs of external legs
at the same time, we end up with a rectangle in the skeleton diagram. We will refer to
these types of gluing as rectangular ®-gluing and rectangular S-gluing respectively.
There is also another type of gluing which is not a rectangular gluing. For example,
one may self-glue the left part of the skeleton diagram of (6.1.12) to obtain

(6.2.23)

First of all, the “loop” on the left is not rectangular. Secondly, this type of gluing
involves only one pair of external legs, not two pairs as for the rectangular gluing.
We postpone the discussion of the non-rectangular gluing until later.

Theories (6.2.21) and (6.2.22) will be analysed in detail in section 6.5.

Gluing amusement. As a final remark, we can further perform a rectangular
self-®-gluing on (6.2.21) such that the blue (resp. red) external leg on the left is joined
with the blue (resp. red) external leg on the right. As a result, we obtain the skeleton
diagram (as well as the quiver diagram) whose topology is an “strip”, whose face
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containing two rectangles. Similarly, we can further perform a rectangular self-S-
gluing on (6.2.22) such that the blue external legs are joined with the red ones. The
topology of the diagram is also a strip, but with half of the face “flipped” with respect
to the former.

Odd number of basic building blocks

As we have discussed in the paragraph below (6.2.20), it is not possible to close all
external legs for odd number of duality walls, provided that we use (6.1.7) as a basic
building block. This can also be seen in the case of one duality wall. In particular, it
is not possible to perform the following self-gluing:

(6.2.24)

This is because none of the conditions in (6.2.1) is satisfied, since ¢ carries a fugacity
qu;, whereas ¢’ carries a fugacity ¢! u;). However, if we instead use (6.1.12) as a
basic building block, we can perform a rectangular (self-)S-gluing along the oppo-
site blue edges, namely along (¢ap, ¢pc) or along (¢ac, ¢sp). For definiteness, let
us consider the former option. In terms of the skeleton diagram, we can identify
the left (resp. right) blue external leg with the left (resp. right) red external leg. As a
result, we obtain

A B
OO onc CN%NQ wo  (6225)
7 C D 7

W=V, +V_+4CeacA+ BepgpD

Note that the skeleton diagram is rectangular in the sense that it has four sides. Also,
since this gluing involves two pairs of external legs at the same time, it is qualified
as a rectangular gluing. Moreover, the blue lines that connect SU(N )i, and SU(N)y,
disappear because we have performed an S-gluing. We can further apply duality
(6.1.3) to the yellow node of the quiver (6.2.25) and obtain the following dual theory:

(6.2.25) N (6.2.26)

with the monopole superpotential and the two cubic terms coming from the upper
and lower triangular loops. We further explore these theories in section 6.3.2, where
we find two more dual theories. These four theories are then related to each other
by a quadrality as shown in (6.3.20).
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Non-rectangular gluing

Let us now consider a closure of one pair of external legs. We propose the following
prescription:

- A
m@m Ve, e (6:2.27)

W= V+ +V_+ Cq)AcA + DQOBDB

When a pair of external legs is glued together, the corresponding SU(N) flavour
symmetries associated to those legs are commonly gauged with a certain CS level
k. The 4d fields that was connecting the two SU(N) flavour symmetries becomes
an adjoint field and a singlet under the gauge group SU(N); (this is ¢4c in the
above example). We also remove the 4d fields connecting the SU(N); gauge groups
to other SU(N) flavour symmetries (hence ¢ 4p and @pc are absent in the above
example).

The reason we proposed such a prescription for the non-rectangular gluing is the
consistency with (6.2.25). Observe that when we also close the right pair of external
legs in (6.2.27), we obtain precisely (6.2.25).

Notice also that the above prescription for closing a pair of external legs commutes
with duality (6.1.3). In (6.2.26), we first closed all external legs and then applied
duality (6.1.3) to the yellow node to obtain the right quiver diagram. Now suppose
that we first apply duality (6.1.3) to the yellow node in (6.2.27) to obtain*

(6227) <« (6.2.28)

with the monopole superpotential and the two cubic terms coming from the upper
and lower triangular loops. Upon closing the right pair of external legs using the
above prescription, one obtain precisely the quiver in (6.2.26). In section 6.3.1, we
analyse (6.2.27) and (6.2.28) in more detail.

“We emphasise that, upon applying duality (6.1.3), all black arrows in (6.2.28) have to be
reversed with respect to those in (6.2.27). (The directions of the blue arrows are then fixed.)
However, since the quiver has a horizontal symmetry, we draw the quiver as it is in (6.2.28).
One should keep in mind that the roles of the upper and lower nodes in (6.2.28) are reversed
with respect to those of (6.2.27).
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This prescription can, of course, be applied to a more complicated theory. For
example, we have

(6.2.29)

4
.

2 . BDD'B’

w=v"4v® vyl

6.2.3 Comparison with the gluing prescription in [1]

As mentioned earlier, the gluing prescription adopted is heavily motivated by that
used in [1]. The reason why we adopted the latter is due to the similarity of our
construction and [1].

Let us first briefly summarise the construction of [1]. In that reference, the basic
building block arises from the 6d E-string theory compactified on a sphere with two
punctures (a tube) with a particular choice of flux that breaks the Eg symmetry of the
E-string theory to E; x U(1)g. The latter was then realised from the 5d E-string the-
ory with a duality domain wall [138], which gives rise to a subgroup SU(8) x U(1)r
of the former symmetry. The U(1)r charge on one side of the domain wall flips
its sign as we cross to the other side. Let us mention that the compactification of
higher-rank E-string theory has been recently discussed in [137] and further anal-
ysed in [139]. Some of the results obtained in [137] have been applied, in the spirit of
duality walls in five-dimensional gauge theories [138], to study various global and
supersymmetry enhancement of 4d N = 1 theories [140].

We now turn to our construction. We consider duality domain walls in 4d N = 2
SU(N) gauge theory with 2N flavours. In this case, the duality wall gives rise to a
symmetry SU(2N) x U(1),, which is also the flavour symmetry of the 4d theory.
The analog of U(1)r in [1] is indeed U(1),. As we explained around (6.1.7), each
of the two SU(N) flavour symmetries are coupled to the SU(N) gauge symmetry
of the 4d theory on each side of the wall. Since A and B as well as ¢ and ¢’ carry
opposite charges under U(1),, we see that, indeed, the U(1), charge on the left flips
its sign on the right of the duality wall. The cubic superpotential terms also appear
in the same way as described in [1].

Although we do not have a realisation of our theory as coming from a 5d theory
on a Riemann surface (analog of 6d E-string theory on a Riemann surface in [1]), we
have a very similar geometric analog of the Riemann surface, namely the skeleton
diagram. The genus and the external legs of the latter play the same roles as the
genus and the puncture of the Riemann surface in [1]. It would be nice to understand
the theory studied here as coming from compactification of a higher dimensional
theory.

6.3 A single duality wall

In this section we consider the case of a single duality wall, whose skeleton diagram
has genus one. We first discuss theories with two external legs and then move on to
those with zero external legs and genus two. We study indices of such theories and
discuss various dualities among them.
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6.3.1 Two external legs

We have already introduced two dual theories associated with the skeleton diagram
with genus one and two external legs, namely (6.2.27) and (6.2.28). In this subsection,
we introduce two more theories that are closely related to the former. The first one
is

$AD

(6.3.1)

¢BC
W=V, +V_+CpacA+ DegpB+ DpapA+ CeppcB

To obtain the second theory, we apply duality (6.1.3) to the yellow node. We get
rid of ap, ¢Bc, ep and @ 4c, and reverse all the black arrows. However, since the
quiver has a horizontal symmetry, we can draw the quiver for the dual theory as
follows:

(6.3.2)

W:V++V,

where we emphasise that the roles of the upper and lower flavour nodes are reversed
with respect to that of (6.3.1).
Let us summarise the four closely related theories:

(63.1) (6.3.2)

61 (6.3.3)
(6.2.27) <= (6.2.28)

where each pair is related by the duality (6.1.3). We shall discuss in the next subsec-
tion that, for N = 2, the four theories are, in fact, dual to each other. However, for
N > 2, the theories in the first line are not dual to those in the second line.

Quadrality for the case of N = 2

In the special case of N = 2, as we shall discuss below, the indices of the four models
in (6.3.3) are equal. We thus conjecture that the four models are related by a quadral-
ity:

631) € (632) 52 (6228) ¢V (62.27) (6.3.4)

The indices for the theories in (6.3.4) with N = 2

Let us first fix the convention in drawing the quivers in (6.3.4). All black lines
in every model in (6.3.4) are drawn in the following way and carry the following
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U(1), x U(1), fugacities:

(6.3.5)

The U(1), x U(1), charges of the chiral fields corresponding to the blue line then
follow from the superpotential. For example, @pp in (6.3.1) carries the U(1), x U(1),

fugacity p~1g.
We first examine theory (6.3.1). For N = 2 and the CS level k > 25 the index
reads

Ths1) (% ,2,p,9)

(6.3.6)
=1+C(y,z,p,9)x+ Cy, z, p,q)x2 +GCs(y, z, p,q)x3 + ...

where the coefficients C;, C, and C; are as follows:

Ci(y,zp,q) =p g1 +pg !

Coly, z,p.9) = p 207 12,2) + [L1] + p*q 2 — (12;0] + [0;2] +2[0; 0])

Cs(y,z,p.q) = p 0°13:3] + p 'q[22) + 2pg L+ p g+ pPq 0 (6.3.7)
—p1q([1;3] + [3;1]) — pg~ " ([2:0] + [0;2]) — 2p~"4[1;1]
—p g 200 —2pg 1.

Here we use the shorthand notation [4; b] to denote the characters )(izl}l(z) (y) X[Sbl]l(z) (z)

of the representation [a; b] of the global symmetry SU(2) x SU(2), with the first slot
a corresponding to the upper node and second slot to the lower node.

We find that the indices of the other theories in (6.3.4) are related to that of (6.3.6)
by the following relation:

I3 (55w, 2 p,0) = I (w2 p g ) 638)
= Ihoa (62 y,p9) = T35 (G2 y,p e ).
This serves as a non-trivial test for the quadrality proposed in (6.3.4).
Let us label the chiral fields in (6.3.2) and their U(1) charges as follows.
(6.3.9)

Recall that for this theory we need to invert p and g in (6.3.7). The terms in the
coefficient coefficient C; correspond to the following gauge invariant quantities:
pi 1) X = RS

_ (6.3.10)
plqg:  Y:=PQ,.

SWe take the CS level to be generic; unless specified otherwise, we take its absolute value
to be larger than or equal to 2. When the CS level is taken to be 0 or 1, for example, the index
may diverge depending on the cases we are considering.
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wherei,j = 1,2and 7, ] = 1,2 are the flavour indices for the upper and lower square
nodes respectively, and «, = 1,2 are the SU(2)x gauge indices. These are relevant
operators. The positive terms in C, correspond to

Ptz XPX,
1;1]: X'y, (6.3.11)
pzq_zz Y?.

These are marginal operators. The negative terms in C; indicate that the global sym-
metry is SU(2)? x U(1)?, as is manifest in the quiver diagram.

The indices for the case of N =3
Let us take N = 3 and k > 2. The indices of (6.3.1) and (6.3.2) are given by

Zi632) (¥, 2, 1.9) = Lis31) (Y, 2, p )

6.3.12
=1+Ci(y,zp,9)x+Caly,z,p,9)x* + ..., ( )

where

Ci(y,zp,9) =pg '[1,0;0,1] +p7'q
Co(y,z,p,9) = P9 22,0;0,2] +2p~%¢* + p*q~*[0,1;1,0] +2[1,0;0,1]  (6.3.13)
—1[1,1;0,0] — [0,0;1,1] — 2 — p*g 2.

Here the notation [R3; Ry] denote a representation of the SU(3) x SU(3) flavour sym-
metry, where the first slot corresponds to the lower node and the second slot corre-
sponds to the upper node of (6.3.2) (which becomes the upper and lower nodes of
the dual theory (6.3.1)). Let us use the notation as in (6.3.9) and take N = 3. Now
the yellow node is U(2), whose indices will be denoted by 4,b = 1,2. The terms in
the coefficient C; correspond to

-1 i! aci'
pq [1,0;0,1] : Xi = R?S,,
1 Y = proy (6.3.14)
P q: =l
These are the relevant operators. The positive terms in C;, correspond to
p2372[2,0;0,2] : xix],
2022 Y2, ngnggg , (63.15)
p?q72[0,1;1,0] : €€ R{RISES)
2(1,0;0,1] : X'y, SiQIPERY.
These are the marginal operators.
On the other hand, the indices of (6.2.27) and (6.2.28) are given by
Ti6228) (Y, 2. 0.9) = Lie227)(y, 2,0~ g7 ) (63.16)

=1 +cl(y,z,p,q)x+cz(y,z,p,q)xz+... ,



6.3. A single duality wall 175

where

a(y,zp.q) =pg '[1,0;0,1]+p g
e (y,z,p,9) = p*q72[2,0;0,2] +2p~ 2% + [1,0;0,1] + (1 + p*372)[0,1;1,0] (6.3.17)
—[1,1;0,0] — [0,0;1,1] —2 — p*g 2.

Let us analyse theory (6.2.28). The relevant operators, corresponding to the terms in

c1, are

-1 i’ i ya
1,0;0,1]|: X! =B D¢,
pq [ ’ ] 1 aﬂ al (6318)
P q: Y :=A,C, .
The marginal operators, corresponding to the terms in ¢, are
p2372[2,0;0,2] : x{x!
2p 2 : Y2, ALCiANCh
[1,0;0,1] : X'y (6.3.19)
[0,1;1,0] : (¢ap)a(@Bc)i

p?q72[0,1;1,0] :

. H
eabecdDgD].bB;’ B

Let us now compare the two sets of results. Observe that the operators in (6.3.14)
are in correspondence with (6.3.18), and so as the first two lines of (6.3.15) and
(6.3.19). However, the last two lines of (6.3.15) do not agree with (6.3.19). In particu-
lar, in the former the representation [1,0;0, 1] appears with multiplicity 2, whereas it
appears with multiplicity 1 in the latter. For this reason we conclude that for N > 2,
the two sets of theories stated in (6.3.3) are not dual to each other.

Superconformal fixed points

Let us focus on N = 3, and assume that theories (6.3.1), (6.3.2), (6.2.27) and (6.2.28)
flow to superconformal fixed points. Due to the dualities (6.3.3), theory (6.3.1) flows
to the same fixed point as theory (6.3.2), and theory (6.2.27) flows to the same fixed
point as theory (6.2.28). Due to the previous discussion, we expect that the two fixed
points are different for N = 3.

Under the assumption of the existence of the superconformal fixed point, the
negative terms in C; of (6.3.13) and those in ¢, of (6.3.17) correspond to the conserved
current of each set of theories. Both contain a term —p?q~2, which should correspond
toa U(1) conserved current and should appear in the index as 1 (since its character
is 1). Therefore our assumption on the conformality forces us to set p = q. The
terms 2p 2> — 2 — p*>q~? thus combine into —1, and we are left with the negative
terms —[1,1;0,0] — [0,0;1,1] — 1 in both C; and ¢,. These indicate that the global
symmetries of both superconformal fixed points are indeed SU(3) x SU(3) x U(1),
where the fugacity of such a U(1) symmetry is identified with p = 4. Another
possible interpretation of this phenomenon is as follows: if we deform theory (6.3.13)
or theory (6.3.17) by two real mass deformations, one associated with U(1), and the
other with U(1),, then we reach the aftermentioned fixed point only when the two
real masses are set to be equal.
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6.3.2 Zero external leg and quadrality

In this subsection, the two SU(N) global symmetry in each of the theories in (6.3.3)
are commonly gauged with CS level k», and let us denote the CS level k for the
former SU(N) gauge group by k;. We have introduced actually two of the resulting
theories in (6.2.25) and (6.2.26), whose skeleton diagram has genus two and zero
external leg. In this subsection we discuss the relation between the four theories
after such gauging.

We find that the indices of the following four theories are equal for any N > 2
and for kq,kp, > 2:

/// \ ’ 7\\\ /,/‘ \ ’ 7\\\

’\/ Nk@[\]){z \; C Nk‘i)@l\lkz D

where, for each quiver, there is a monopole superpotential due to the yellow node
and the cubic superpotential terms coming from every closed triangular loop that
contains one blue line as an edge. We thus claim that these four theories are related to
each other by a quadrality. Note that for the special case of N = 2, such a quadrality
is an immediate consequence of that discussed in (6.3.4).

Let us analyse such theories in more detail. For definiteness, we choose one of
the theories from the above list, say

(6.3.20)

(6.3.21)

with the superpotential
W=V, +V_. (6.3.22)

The case of N =2

Forkiy > 1Tand k > 2 (or k; > 1 and k; > 2), the first few orders of the power
expansion of the index are®

I(6.3.21)(x; u)=1+Ci(p,q)x+ Cz(p,q)x2 + Cg(p,q)x3 + C4(p,q)x4 +..., (6.3.23)

oWe find that for k; = k, = 1, the index is equal to unity, and if either k; or k; is zero, the
index diverges.
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where
Cilp.g)=pq ' +p g
C , — 2 72_’_1_’_ 22 2
2(p,q) (Z 013 g f q°) (6.3.24)
Ci(pq)=p’qa +p g
Ci(pg)=r*a*+p '+ +p 20 >+

with ¢y, ¢, a positive interger that depends on the values of k1 and k,. For example,
20 =1,¢ = 2fork > 3,and ¢y, x, = 3 for k1, k» > 3.

Using the assignment as in (6.1.14), we see that the relevant operators, corre-
sponding to the terms pg~! and p~!qin C(p,q), are

Xy = (A1) (A1)a, Xa := (Ag)w(A2)", (6.3.25)

wherea = 1,2,...,Nand «’ = 1,2,..., N are the gauge indices for SU(N);, and
SU(N)y, respectively. The marginal operators, corresponding to the terms p%q~2, 1
and p—2¢° in Co(p,q), are X%, X1 X, X3. The term —2 in C»(p, q), corresponding to
the conserved current, confirms that the global symmetry of the theory is U(1), x
U(1),. Note that due to terms in C4(p, q), it is not possible to rewrite the fugacities
p, g in terms of characters of SU(2) representations.

The case of N =3

For N = 3 with k1 > 2 and k, > 2, the first few coefficients of the index (6.3.23) are

Cilp.g)=ps ' +p g

! ) (6.3.26)
Ca(p.q) = (x,PP0 2+ 2+ 20,0 20°) — 2,
where
=4l itk=2 (6.3.27)
2 ifk>3

The term —2 in Cy(p, ) in (6.3.26) indicates that the global symmetry of the the-
oryis U(1) x U(1), whose fugacities are denoted by p and 4. Let us now explain the
other terms in C(p, q), as well as those in C1(p, 7).

Let us first consider the case of k1 = k» = 2, so that x;, = x;, = 1. A crucial
difference between the coefficient C,(p, q) for N = 3 and that for N = 2 in (6.3.24) is
that there is an extra marginal operator that carry zero charges under both U(1), and
U(1), in the former case. For N > 3, the relevant operators are similar to (6.3.25):

X = (ADX(A)L,  Xp:= (A2)%W(A)Y, (6.3.28)

where a,b = 1,2,...,N — 1 are the indices for the U(N — 1) gauge group denoted
by the yellow node. These correspond to the terms in the coefficient C1(p,q). In
addition to X%, X1 Xo, X%, there is an extra marginal operator given by

Q = (A1)2(A2)% (A2)F (A1), (6.3.29)

which is different from X; X, for N > 3, and is neutral under both U(1), and U(1),.
These four marginal operators correspond to the terms in the bracket in the coeffi-
cient C2(p, q).
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Now let us assume that one of k1 and k; or both are strictly greater than 2. The
left or right gauge nodes can be regarded as SU(3) with 2 flavours, where k is either
ki or k. To analyse this, we find that it is convenient to apply the duality (3.23) of
[119]. The dual theory is U (k — 1) _; _1 with 2 flavours g, g, the chiral field M in the
adjoint representation of the yellow U(2) node in (6.3.21), and the superpotential
W = Myq. Let us denote by M; and M, the adjoint fields of the yellow U(2) node
that arise from dualising the SU(3),, and SU(3)y, respectively. The gauge invariant
quantities tr(Mj) and tr(M>) in this dual theory can be mapped to X; and X, in the
original theory (6.3.28).

Let us consider the case of k = 2. The dual theory has the U(1)_1 gauge group.
The F-terms with respect to g and § are M?q” = 0 and M{g, = 0. Then, M can be re-
garded as a two by two matrix of rank 1, since M maps a vector to zero and so the di-
mension of its kernel is one. Since M has rank 1, it can be written as a product of two
vectors and it follows that tr(M?) = (tr M)?2. Therefore, in the case of k1 = ky = 1,
the operators X%, X1 X2, X3, Q can be mapped to tr(M%), tr(My) tr(My), tr(M3), tr(M;My),
where M , satisfy tr(M?) = (tr My)? and tr(M3) = (tr M)>.

However, when k > 2, the dual gauge group U(k — 1)_x has a higher rank.
On the contrary to the case of k = 2, M has rank greater than 1. As a consequence,
tr(M?) and (tr M)? are not identical and they correspond to two different opera-
tors. This explains the presence of xi, and xy, in C2(p,q) in (6.3.26). In particu-
lar, if k1, ko > 2, the marginal operators corresponding to the terms in the brackets
in Cy(p, q) are tr(M2), (tr My)?, tr(M3), (tr M2)?, corresponding to 2p?q—2 +2¢°p 2,
and tr(M;) tr(My), tr(M;1M3), corresponding to 2.

6.4 Two duality walls: using (6.1.7) as a building
block

Let us now consider the theories associated with two duality walls. As discussed
in section 6.2, if we use (6.1.7) as a basic building block, we obtain two theories
(6.2.5) and (6.2.9) from ®-gluing and S-gluing respectively. One can perform further
gauging to close the external legs and obtain (6.2.14) and (6.2.16). We discuss in
detail the four models in this section. One the other hand, we discuss the case of two
duality walls if we use (6.1.12) as a basic building block in section 6.5.

6.4.1 Indices of models (6.2.5) and (6.2.9) for N = 2
We first analyse model (6.2.9).

. \
—1
N} PN 2 i N (6.4.1)
B D
¢/ ¢

For k > 2, the index for N = 2 reads

T3 (5 YLy, yr) =14 Cix + Cox® + .. (6.4.2)
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where

C1 = ¢ 1[1;1,0,0; 0] +4[0; 0,0,1; 1],
Cy = 9722, 2,0,0; 0] +4%[0; 0,0,2; 2] + {[1; 1,0,1; 1] +[1; 0,0,0; 1]}  (6.4.3)
—[2;0,0,0; 0] — [0; 1,0,1; 0] — [0; 0,0,0; 2] — 1.

The unrefined index for this model is

Ihao)(xyr =1y =1yr =1) = 1+ 16x +102x> +288x° +396x* +... . (6.4.4)

The terms in C; in (6.4.3) correspond to ¢’ and ¢ respectively. The terms in the
curly brackets in C, come from the tensor product of the two terms in C;. The sec-
ond symmetric power of the representation g~ '[1; 1,0,0; 0] in Cy is g2[2; 2,0,0; 0] +
q_z[O; 0,1,0; 0]. However, the gauge invariant combinations e”‘/jfo]ﬁ7 with M ]ﬁ =

(¢")i (¢’ );3 associated with the latter representation vanish in the chiral ring, due to
the quantum rank condition (in the same way as in the Seiberg duality). This can be
seen by applying duality (6.1.3) to the left yellow node; we see that (¢’ )i is identi-
fied with B, P!, where B and P are the chiral fields (whose arrows are in the opposite
direction to B and P) in the dual theory, and so e M oZﬁ = e"‘ﬁBaBﬁPZP] = 0. This

is the reason why only g2[2; 2,0,0; 0] survives in the index. The similar argument
can be applied to the second symmetric power of 4[0; 0,0, 1; 1]. The negative terms
in C, tell us that the global symmetry of the theory is SU(2)? x SU(4) x U(1).

Now let us analyse model (6.2.5).

K/}\}k\\)
21 . <
I AL (645)
¢/ ¢
q’l q*'
The index for N = 2 and for k > 2 reads
Tho% (YL Y yr) = T+ ax+ox’ +... (6.4.6)

where

=g '1;,1,0,0; 0] +4'[0; 1,0,0; 1],
c2 =g 2[2;2,0,0; 0] +42[0; 2,0,0; 2] + {g2[1; 0,1,0; 1] + ¢ 2[1; 2,0,0; 1]}
+q_2[0; 0,1,0; 0] — q2 [0;0,1,0; 0] — [2; 0,0,0; 0] — [0; 1,0,1; 0]
—10;0,0,0;2] —1.
(6.4.7)

7Recall that we take N = 2. Here i, j=1,...,4are the SU(4) flavour indices, and «, B =
1,2 are the indices for the left SU(2) flavour node. Note also that, due to the definition of M,

M[ [%] , with an antisymmetrisation on i and j, can be written as P M, ij B
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The unrefined index of this theory turns out to be equal to that of (6.2.5), which is
given by (6.4.4):

Tias(yr=Ly=Lyr =1) =I5 (Gy=Ly=Lyr=1).  (648)
The interpretation for (6.4.7) is very similar to the above. The terms in c; correspond
to ¢’ and ¢. The terms in the curly brackets in c; come from the tensor product
of the two terms in ¢;. The term +42[0; 0,1,0; 0] can be conveniently explained
using another duality frame. If we dualise both left and right yellow nodes using
duality (6.1.3), the chiral fields ¢’ and ¢ disappear and we replace ¢ by a chiral field
X, whose arrow is in the opposite direction of ¢ and carrying the U(1), fugacity 4.
(The arrows for A, B, P, C, Q, D also reverse their directions.) We can construct the
gauge invariant quantity €., x7 X?/ where a,b = 1,2 is the SU(2); gauge indices and
i,j=1,...,4are the SU(4) flavour indices, in the representation 4-2[0; 0,1, 0; 0], as
required.

It is interesting to point out that even though the unrefined indices of the two
models are equal, their refined indices are different. In particular, the representation
[1;1,0,1; 1] +[1; 0,0,0; 1] that appears in the former but not the latter, and the rep-
resentation [1; 0,1,0; 1] +[1; 0,0,2; 1] that appears in the latter but not in the former.
Although their dimensions are equal and they both come from the tensor products
of the two terms of the coefficient of x, their characters are different.

Another important point is the negative term —g2[0; 0,1,0; 0] that appears in
c2 in (6.4.7). Since this is not the adjoint representation, it cannot correspond to a
conserved current. If we assume that theory (6.2.5) flows to a fixed point, this nega-
tive term cannot be there by itself. Indeed, if we set 4 = 1, such a term cancels with
another positive term (both are indicated in blue). After the cancellation, the nega-
tive terms indicate that the global symmetry of the theory is SU(2)? x SU(4) x U(1).
Since the fugacity g has already been set to 1, the index no longer has a manifest U(1)
fugacity, and we interpret such a U(1) global symmetry as emergent in the infrared.

6.4.2 Various dualities for any N > 2

Given models (6.2.5) and (6.2.9), we can generate a number of dualities that hold for
any N > 2 by applying duality (6.1.3) to each yellow node. For (6.2.5), we have a
triality between the following theories:

NN

AR

(”I;I,;\‘;

(6.4.9)
where the top and bottom left theories are related by dualising the left yellow node,
and the bottom left and bottom right theories are related by dualising the right yel-
low node. For each quiver, there is a monopole superpotential due to the yellow
node, the cubic superpotential terms coming from every closed triangular loop that
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contains one blue line as an edge, and there is also a quartic term for the bottom left
quiver coming from the middle triangle.
For (6.2.9), we have a triality between the following theories:

I SR
N

(6.4.10)

The superpotential for each quiver is in the same way as described above.

If we commonly gauge the two SU(N) flavour symmetry corresponding to the
left and right square nodes, we obtain models (6.2.14) and (6.2.16) and their duality.
We discuss this in detail below.

Duality between models (6.2.14) and (6.2.16)

Applying duality (6.1.3) to either of the yellow nodes, we find that models (6.2.14)
and (6.2.16) are dual to each other for any N > 2. Indeed, we find that the indices
for (6.2.14) and (6.2.16) are equal.

In particular, for N = 2 and ky, ko > 2, their indices are

a2 ay) = T3506 (0,y) = 14 0x +0x% +0x° + Cy(q,y)x* + ..., (6:4.11)

3

where the coefficients of x, x2, x3 vanish, and

S S — S _
Ca(q) = Xioa] (W) + Xpyaol W) + 282 + 7 Dxpo) (0) +4* +1+474,  (6412)

where y = (y1, Y2, y3) are fugacities of the SU(4) flavour symmetry and g is a fugac-
ity of the U(1) global symmetry.

The vanishing coefficient of x? in (6.4.11) deserves some explanations. Models
(6.2.14) and (6.2.16) in fact have the global symmetry SU(4) x U(1). The contribution

— )([Sﬁ)(;l]) (y) — 1 at order x? of the conserved current is cancelled by the contribution
X[SlLE)(All]) (y) + 1 of the marginal operators. For model (6.2.16), such marginal operators

are A*C, QiP]-, corresponding to the close path in the upper triangle. Note that these

are equal to —B¥ Dy QiP]', corresponding to the close path in the lower triangle, due
to the F-terms that are the derivatives with respect to P; of the superpotential (6.2.17).

6.5 Two duality walls: using (6.1.12) as a building
block

In this section, we consider the theories associated with two duality walls, using
(6.1.12) as a basic building block. We consider the theories arising from ®-gluing
and S-gluing and their dual theories. We finally compute their indices and discuss
the duality for the case of N = 2.
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d-gluing

The theory associated with the ®-gluing of two building blocks has already been
introduced in (6.2.21). We present such a theory, with the fugacities for U(1), x
U(1)y x U(1), x U(1)y for each chiral fields, along with its duals below.

where the bottom left and right quivers come from applying (6.1.3) to the left yellow
node and to both yellow nodes of the top diagram, respectively. There are monopole
superpotential terms, the cubic superpotential terms coming from each triangular
loop in the quiver that contains one blue line as an edge, and the quartic superpo-
tential term for the bottom left quiver coming from rectangular loop in the middle.
Such a superpotential imposes the following condition on the U(1) fugacities:

plgpd Tt =1. (6.5.2)

S-gluing

The theory associated with the S-gluing of two building blocks has already been
introduced in (6.2.22). We present such a theory, with the fugacities for U(1), x
U(1)y x U(1), x U(1)y for each chiral fields, along with its duals below.

where the bottom left and right quivers come from applying (6.1.3) to the left yellow
node and to both yellow nodes of the top diagram, respectively. There are monopole
superpotential terms, the cubic superpotential terms coming from each triangular
loop in the quiver that contains one blue line as an edge, and the quartic superpo-
tential term for the top and bottom right quivers coming from the rectangular loop
in the middle. Such a superpotential imposes the following condition on the U(1)
fugacities:

pg iy g =1. (6.5.4)
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6.5.1 The indices of (6.5.1) and (6.5.3) for N = 2

We focus only on the case of N = 2 and ky, kp, > 2.
Theory (6.5.3)
The index of this theory is
ooz (G ap d v ys) =1+ Cix+ G’ + .., (6.5.5)

where the coefficients C; are functions of p,q,p’,q',y1,...,ys. Here we report only
the two coefficients C; and C; in full:

pi|1 0 9]0 1

oo *5lo 1)

q

_pf1 0] 4 [0 1] (654
=il ol il 1
1 ,,[1 1] 1 [o o}
+ +——
p [1 1] PIPT Jo o) * papig 1 1 (6.5.6)

2 12
_pi2 0 q 0
Cz—qz[z o}w{o zF

=

N

[0} _fo 2] _[oo]_[o0]_, a
00 00 [20 |02 pq
~—~—

(65:4),

We have used the notation [Z b} to denote the representation [a; b; ¢; d] of the flavour

d

symmetry SU(2)* associated with each corner of the quiver. Upon setting p, q, ', q', y1, - -

to 1, the unrefined index for (k1,kp) = (2,2) is
1+ 8x +27x% +24x% — 14x* + ... . (6.5.7)

We now focus on gauge invariant combinations of chiral fields corresponding to
various terms in the index. For convenience, we consider the bottom right quiver in
(6.5.3) and label the chiral fields as follows:

(6.5.8)

Explicitly, the superpotential of the above quiver is W = V, +V_+ V| + V' +
CDC'D’. Let us use the indices L.f’;, nT’, Z ,] ,each of which takes values 1, 2, for the

flavour symmetry SU(2)* associated with each corner of the quiver. We use a,b =
1,2 and a’, b’ = 1,2 to denote the SU(2);, and SU(2);, gauge indices respectively.

The terms in the coefficient C; corresponds to the following gauge invariant com-
binations:

= AB", (X)) ' B, (6.5.9)

m =

- Y4
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Indeed, X and X’ are the relevant operators. The positive terms of the coefficient C,
correspond to the following gauge invariant combinations:

n' s

xixl, (xhmxh,  xPxm,
ym .= AiC”D;B”” , Y .= B'D,C""B"

These are the marginal operators. From the negative terms in the coefficient C,, we
see that the global symmetry of the theory is SU(2)* x U(1)3. Indeed, the SU(2)*
symmetry is manifest as the four square nodes in the quiver, and the three copies of
U(1) correspond to the fugacities p, q, p/, q' subject to (6.5.4).

Theory (6.5.1)
The index of this theory is
s a v, d vy =1+ax+ o +..., (6.5.11)

where the coefficients c; are functions of p,q,p’,4',y1,...,ys. We report only ¢; and
o in full:

810+E/01(6§2) B 1
TTgl o Tglo 1] T 10 Tylo 1
p>[2 0]  p?Jo 2] pp 1 ,,11 00
=7 q{z 0}+v/’202+vm 11 o) T par |1 1
_20_02_00_00+£f4pq
0 0 00 20 0 2 7 p? qp

(652)

(e)

1
(6.5.12)

Uponsetting p,q,p',9',y1, - - ., ya to 1, the unrefined index of this theory for (ki, k) =
(2,2) is
1+ 8x +27x% +24x3 — 14x* + ... . (6.5.13)

From (6.5.7) and (6.5.13), we see the unrefined indices of theory (6.5.1) and theory
(6.5.3) are equal to each other.
Let us consider (6.5.12) in more detail. Notice that the coefficient ¢, contains

2
a negative term —%. If we assume that theory (6.5.1) flows to a superconformal
fixed point, the negative terms in c; must correspond to a conserved current. Let us
proceed with this assumption. The — % term should correspond to a U(1) conserved

current and should appear in the index as 1 (since its character is 1). Therefore our
assumption on the conformality forces us to set p = g. It follows from (6.5.2) that
p' = q'. Therefore (6.5.12) can be rewritten as

10 0 1
C1—[1 0}4—[0 J,
_ 1?0 0 2 11 2n|1 1 1 [0 0
€= [2 0}4'[0 2}4'[1 1]-1-]9]7 [0 0]4—}92]9,2[1 1} (6.5.14)

Ed-bg-fa-lsa-=
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For the coefficient c3, we report the result only fory; =y =y3 = y4 = 1

_ 2n, 1 pPFr”
cz=8+16|pp +p2p’2 -8 W—i_? . (6.5.15)

It can be see from the negative terms in ¢, that the theory has a global symmetry
SU(2)* x U(1)3. Although SU(2)* is manifest in the quiver, not all three U(1) sym-
metries is manifest. Since we have two fugacities p and p’ appearing in the index,
only two U(1) symmetries is manifest. We conjecture that the other U(1) global
symmetry emerges at the superconformal fixed point in the infrared.

In fact, it is important to emphasise that the indices of (6.5.3) and (6.5.1) are equal
ifwesetp=gand p’' =¢":

I(Iggzl)(x;p =q,0 =9,y1,...,y4) = 1(1\6];23)(9(; p=q,0 =4q,y1,...,y1) . (65.16)

We have checked this relation up to order x° for various (ki,k2). We conjecture
that theories (6.5.1) and (6.5.3) are dual to each other, in the sense that they flow
to the same fixed point in the infrared. For (6.5.3), the global symmetry SU(2)* x
U(1)3 is manifest in the quiver description, and it is therefore possible to refine all
of the corresponding fugacities in the index. For (6.5.1), the global symmetry is also
SU(2)* x U(1)%, but among all global fugacities, it is possible to refine only two
U(1) fugacities in the index, since the other U(1) is emergent in the infrared. This
interpretation is consistent with the relation (6.5.16). An immediate consequence of
this conjecture is that we have six dual descriptions, namely

(65.1) %NS % (6.5.3). (6.5.17)

Let us end this subsection by briefly discussing the case of N = 3. We find that
the indices of models (6.5.3) and (6.5.1) are not equal, and so the two theories are not
dual. In particular, for N = 3 and (k1, k2) = (2,2), their unrefined indices are

(6.51): 1+ 18x +136x% +562x° + ...

_ , ; (6.5.18)
(653):  1+18x+154x% +832x° +... .
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Chapter 7

Summary and perspectives

In this thesis we have studied various properties of three-dimensional supersym-
metric gauge theories whose origin comes from the existence of S-duality domain
walls in four dimensions. The main character four dimensional theories have been
the N' = 4 SYM and the N' = 2 SU(N) theory with 2N flavours, that give rise
respectively to the class of T(G) theories and to the 3d N/ = 2 U(N — 1) theory
with 2N flavours and a linear monopole superpotential. The general idea has been
to take the aforementioned theories as basic building blocks to construct a variety of
quiver theories, and analyse various aspects, such as their moduli spaces and their
symmetries in the infrared, either global or supersymmetry itself.

In chapter 3 we studied the moduli space of quiver theories arising from the
Hanany-Witten brane system, with an insertion of S-folds. We find that such theo-
ries have the Higgs and the Coulomb branches, the former given by the hyperKéahler
quotient description, and the latter computed in a similar way to the usual 3d N = 4
gauge theories, with the remark that the vector multiplets of the gauge nodes linked
by T(U(N)) are frozen and do not contribute to the Coulomb branch. Such a rule
has been dubbed “freezing rule”. We check that this proposal is consistent with
mirror symmetry. Moreover, in the case of J-folds, we examine the moduli space
of the abelian theories with T(U(1)) links and non-zero Chern-Simons levels sys-
tematically. With the inclusion of bifundamental and fundamental hypermultiplets
into the quiver, the moduli space can be non-trivial, and in many cases the vacuum
equations admit many branches of solutions. Finally, for the case of non-abelian
theories with T(U(N)) links and non-zero Chern-Simons levels, we do not have a
general prescription to compute the moduli space of such theories. Nevertheless, we
demonstrate the computation of the Hilbert series for an example that belongs to a
special class of models arising from multiple M2-branes probing Calabi—Yau 4-fold
singularities.

In chapter 4 we propose new classes of three dimensional S-fold CFTs and study
their moduli spaces. We explored the possibility of replacing T(U(N)) by a more
general T(G) theory, where G is self-dual under the S-duality, restricting our atten-
tion to the cases where G is taken be SO(2N), USp’(2N) and G,. For G = SO(2N)
and USp’(2N), we propose that the quiver can be realised from an insertion of an
S-fold into a brane configuration that involves D3 branes on top of orientifold three-
planes, possibly with NS5 and D5 branes [21]. In which case, the S-fold needs to be
inserted in an interval of the D3 brane where the orientifold is of the O3~ type or
the 03" type for G = SO(2N) or USp’(2N), respectively. The resulting quiver con-
tains alternating orthogonal and symplectic gauge groups, along with a T(G) theory
connecting two gauge groups G in the quiver. Moreover, we also obtain the mirror
theory by performing S-duality on the brane system. Under the action of latter, the

O3~ and 63+ planes, as well as the S-fold remain invariant. Hence the resulting
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mirror theory can be obtained from the S-dual configuration discussed in [21], with
an S-fold inserted in the position corresponding to the original set-up. The freezing
rule conjectured in the first chapter has been successfully tested by study the mod-
uli spaces of various quiver theories and their mirrors. The results turned out be
nicely consistent with mirror symmetry, namely the Higgs and Coulomb branches
of the original theory get exchanged with the Coulomb and Higgs branches of the
mirror theory. We perform similar consistency checks. We find that the freezing
rule still holds for the quiver with T(SO(2N)) and T(USp'(2N)) and the results are
consistent with mirror symmetry. Such consistency supports the statement that the

S-fold can be present in the background of O3~ and o3 planes. Following the same
logic, we also investigate the presence of the S-fold in the background of orientifold
fiveplanes. In particular, we examine the insertion of the S-fold into the brane config-
urations involving orientifold fiveplanes, studied in [25]. The corresponding quiver
contains several interesting features such as the presence of the antisymmetric hy-
permultiplet, along with the T(U(N)) link connecting two unitary gauge groups.
The mirror configuration consists of an ON plane that gives rise to a bifurcation in
the mirror quiver [24], with the S-fold inserted in the position corresponding to the
original set-up. An important result that we discover for this class of theories is that,
in order for the freezing rule to hold and for the moduli spaces of the mirror pair to
be consistent with mirror symmetry, the S-fold must not be inserted “too close” to
the orientifold plane; there must be a sufficient number of NS5 branes that separate
the S-fold from the orientifold plane. This suggests that the NS5 branes provide a
certain “screening effect” or “shielding effect” in the combination of the orientifold
plane and the S-fold. We hope to understand this phenomenon better in the future.
Finally, we propose a novel class of circular quivers that contains the exceptional G,
gauge groups. In particular, the quiver contains alternating G, and USp’(4) gauge
groups, possibly with flavours under USp’(4). Although the Type IIB brane config-
uration for this class of theories is not known and the S-fold supergravity solution
for the exceptional group is not available, we propose that it is possible to “insert
an S-fold” into the G, and/or USp'(4) gauge groups in the aforementioned quiv-
ers. This results in the presence of the T(G;) link connecting two G, gauge groups,
and/or the T(USp'(4)) link connecting two USp’(4) gauge groups. Furthermore,
we propose the mirror theory which is also a circular quiver, consisting of the G,
USp'(4) and possibly SO(5) gauge groups if the original theory has the flavours
under USp’(4). To the best of our knowledge, such mirror pairs are new and have
never been studied in the literature before. We check, using the Hilbert series, that
moduli spaces of such pairs satisfy the freezing rule and are consistent with mirror
symmetry. This, again, serves as strong evidence for the existence of an S-fold of the
Gy type.

In chapter 5 several properties of 3d S-fold SCFTs have been investigated us-
ing supersymmetric indices. We have found several theories whose indices exhibit
supersymmetry enhancement, due to the presence of extra-supersymmetry current
multiplets. Dualities between different S-fold quiver theories have also been ex-
plored and the indices allow us to establish the operator map between such theories.
Moreover, we studied S-fold theories whose gauge symmetries have different global
structures, namely SU(2) and SU(2)/Z,. We found that the indices of the latter re-
veal interesting properties regarding the discrete topological symmetry as well as
supersymmetry enhancement in a certain case.

Finally, in chapter 6, we study 3d N/ = 2 gauge theories associated with S-duality
walls in the 4d V' = 2 SU(N) gauge theory with 2N flavours. Motivated by [1], we
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propose a prescription in gluing theories associated with multiple duality walls as
well as self-gluing for arbitrary number of walls. The analog of the geometric view
point of [1], involving Riemann surfaces, is presented using the skeleton diagram.
Using supersymmetric indices, we find a number of dualities between different the-
ories, some of them hold only for N = 2 and many of them are true for all N > 2.
In particular, we find that for an even number of walls, if all external legs of the
skeleton diagrams are closed, the theories associated with the same topology of the
skeleton diagram (for given rank and CS levels of the gauge groups) are dual to
each other, independent of the way we glue the basic building block (6.1.7). The
gluing that has been used can also be viewed as a generalisation of the S-fold theory
[80, 81, 124, 126, 14] associated with duality walls in the 4d N/ = 4 super-Yang-Mills
to a theory with lower amounts of supersymmetry, which is the 4d N/ = 2 gauge
theory in our case.

Let us end with some future perspectives and open questions. First of all, it
would be nice to find a general prescription to compute the moduli space of non-
abelian theories with T(U(N)) links, non-zero Chern-Simons levels and possibly
with bifundamental and fundamental hypermultiplets. One could ask if it is possi-
ble to replace the T(U(N)) link between two U(N) gauge groups by the TZ (U(N))
link, with an appropriate o, between two G, gauge groups (where G, is a subgroup
of U(N) that is left unbroken by o). Since T (U(N)) is invariant under mirror sym-
metry, we expect this to be a good candidate to replace T(U(N)) in the quiver di-
agram. Observe that we restricts ourself to models with equal-rank gauge nodes;
this avoids problem arising from non-complete Higgsing of the gauge symmetries.
It would be interesting to generalise all the result to the unequal-rank cases. This
amounts to consider S-fold configurations with fractional branes. Moreover, regard-
ing the analysis of S-fold theories with T(G) with G # U(N), we have taken the
Chern-Simons levels of all gauge groups connected by the T-link to be zero. It would
be interesting to study the moduli spaces as well as the duality between theories with
non-zero Chern-Simons levels. Finally, it should be possible to generalise our result
on the G, group to other exceptional groups, including F4 and Eg 7 g, which are also
invariant under the S-duality. It is natural to expect that the S-fold associated with
such groups should exist and, in that case, it should be possible to find quivers as
well as their mirror theories that describe such S-fold CFTs. It would be nice to find
a string or an F-theoretic construction for such theories. The investigation of theories
involving the 79n as a component have also led to a number of open problems that
deserve a further investigation in the future. First of all, it would be interesting to
understand the geometric origin, such as compactification of a higher dimensional
theory, for our theories and, in particular, the skeleton diagrams. Another related
line of future research would be to understand the holographic dual of this class
of theories along the line of [14, 141]. Finally, it would interesting to understand
properties of the moduli space of vacua of the 3d A = 2 theories along the line of
[50], as well as to generalise our result to 4d N/ = 2 gauge theory with orthogonal,
symplectic and exceptional gauge groups in analogy to those studied in [51].
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