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UNIVERSITA DI MILANO - BICOCCA

Abstract

Dipartimento di Fisica "G. Occhialini"
Doctor of Philosophy

Infrared properties of three dimensional gauge theories via
supersymmetric indices

by Emanuele Beratto

The thesis focuses on the study of various supersymmetric three-dimensional gauge
theories, mainly with at least N’ = 3 supersymmetry. We range between very different
theories and discuss several different aspects with the aim of validate our assumptions.
Therefore, the leitmotiv of this work resides not so much in the topics we cover, but
rather in the method that we use to obtain such results. This, in fact, consists in
analysing the gauge invariant operators of the theory forming the so-called chiral
ring. By having access to the chiral ring structure of the theory and to the operators
forming it, we gain insight to the properties that needed to confirm or debunk our
hypothesis. We will essentially use two different tools for counting and studying
such chiral operators: the Hilbert series and the three-dimensional superconformal
index. Thanks to the Hilbert series, we propose a quiver description for the mirror
theories of the circle reduction of four-dimensional twisted x(azy) theories of class
S. These mirrors are, in fact, described by "almost" star-shaped quivers containing
both unitary and orthosymplectic gauge groups, along with hypermultiplets in the
fundamental representation. On the other hand, by means of the superconformal
index, we investigate the N’ = 2 preserving exactly marginal operators of the so called
S-fold theories. In particular, we focus on two families of such theories, constructed by

gauging the diagonal flavour symmetry of the T(U(N)) and T[22’1122}}(SU(4)) theories.
In addition, we also examine in detail the zero-form and one-form global symmetries
of the Aharony-Bergman-Jafferis theories, with at least A/ = 6 supersymmetry, and
with both orthosymplectic and unitary gauge groups. A number of dualities among

all these theories are discovered and studied using the aforementioned tools.
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Chapter 1

Introduction

One of the most prolific sectors of modern theoretical physics deals with the research
of new dualities, i.e. some set of relations between apparently different theories.
These are indeed a spectacular feature of string theory and, usually, rely on some
transformation of the underlying brane systems describing the involved theories.
This phenomenon was first discovered in the N' = 4 super Yang-Mills (SYM)
theory in four dimensions [139], which, in the low energy regime, describes the world-
volume field theory of a stack of N D3-branes on flat space. In this case, it turns
out that the duality is based on the action of the SL(2,Z) group on the Type-IIB
brane setup. In fact, by considering an element M of SL(2,7Z), its action leaves the
D3-branes invariant, while transforms the (p, ¢) fivebranes as follows (see Section

(6.2.1))
<Z:> =M (2’) (1.0.1)

From the QFT point of view, looking at the holomorphic coupling 7 defined as in
(3.6.16), the action of the SL(2,Z) duality group can be described as follows

T —

a—+br a b
c+dr’ d

It is thus a natural consequence of (1.0.2) to think that N'=4 SYM theories with
different coupling constants could actually be dual [137] and that we can create a du-
ality web relating all these different regimes. This result has important consequences
on the knowledge we can extract from a theory. Suppose, in fact, that the original
theory is in its strongly-coupled regime (i.e. 7 is initially very large). Most of the
computations we could perform in such a QFT rely on perturbative expansions in 7.
These, however, become more and more inaccurate as the parameter increases and we
could miss some important features of the phenomena we are studying. To overcome
this problem, one can then imagine to apply a so-called S-transformation

) € SL(2,7) (1.0.2)

1
S T - (1.0.3)
T

The resulting theory now sits in its weakly-coupled regime, which we know how
to deal with. From this simple example, it is clear how dualities can in general help
in gaining insight about the strong-interacting regime of gauge theories. S-duality,
indeed, played a crucial role in string theory [150], by shaping it in the unified field
that we know today and making it possible for M-theory [110] to be discovered.

In this thesis, we will be interested in three-dimensional N = 4 supersymmetric
field theories. As the aforementioned four-dimensional case, these theories too enjoy
a rich duality web. For example, a large class of such theories can be engineered in
Type IIB string theory via Hanany-Witten brane systems [107] involving finite size
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D3-branes and infinite five-branes preserving eight supercharges (see Section (3.1)).
From this perspective, S-duality acts by swapping D5 and NS5 branes [36, 142| and
manifests field-theoretically as mirror symmetry [118]. This duality, relating pair
of theories with non-trivial fixed point, acts by exchanging the Higgs and Coulomb
branches of the moduli spaces of vacua. While the first branch is simply parametrised
by non-trivial vacuum expectation values (VEVs) of the complex scalar in the N = 4
hypermultiplets; the latter is parametrised not only by VEVs of the real scalar in the
vector multiplets but also by a new type of local operators, called monopoles. Thanks
to N/ = 4 supersymmetry both these branches enjoy hyperkihler structures that are
swapped under mirror symmetry. However, while the Higgs branch is classically exact
(and thus can be accessed using UV knowledge only), the coulomb branch instead
receives quantum corrections. The importance of mirror symmetry thus lies on this
fact: it allows to "trade" the hard-to-deal-with quantum effects for classical ones, that
are usually easier to treat.

These very simple examples already show us the importance of finding and study-
ing new dualities. For some three-dimensional N' = 4 supersymmetric theories, how-
ever, the Type [IB Hanany-Witten brane setup is not always available. In such cases a
new conjectured duality must then be proved (or at least strongly suggested) by other
methods. The one that we will prefer in the rest of this work consists in analysing the
gauge invariant operators (GIOs) forming the so-called chiral ring [47]. These are, in
fact, the GIOs that are annihilated by all the supercharges of one chosen chirality and
their VEVs parametrise the entire moduli space of the theory. Thus, having insight
on the chiral ring of the theory allows us to understand its moduli space structure
and, thus, its potential duality web by finding other theories with the same moduli
Space geometry.

We will see essentially two ways of counting and studying such chiral operators:
the Hilbert series [64, 65, 105, 135, 144| and the three-dimensional superconformal
index [3, 4, 32, 33, 71, 117, 122, 126]. Even if there are many ways of looking into
the chiral ring of a theory, the philosophy behind all these methods is the same and
consists of modifying the definition of the most common counting quantity, i.e. the
partition function

Z=Tr (e—iﬁH) " (tH) (1.0.4)

which counts all the operators of the theory without any distinction. Clearly, definition
1.0.4 can be refined by introducing other chemical potentials related to the mutually
commuting generators of the global symmetries of the theory. Once expanded in
powers of ¢, this refining allows us to recognise which operator is contributing at which
order in the expansion, thanks to the exponents of the other chemical potentials. These
are in fact nothing but the global charges of the operators. However, definition 1.0.4
can also be modified by inserting projection operators which restrict the trace and
change the final result of the operation. This is exactly the case for the aforementioned
Hilbert series and superconformal index.

The Hilbert series is indeed the chiral ring generating function, defined in (2.2.33)
as a sort of refined partition function restricted over the chiral ring. Even if it can
be computed as a whole, it is always more convenient to split its evaluation between
the two different branches of the moduli space. Thus, for the Higgs branch, which is
protected against quantum corrections, it can be computed using the so-called Molien
formula (2.2.53); while, for the Coulomb branch, which instead receives quantum
corrections, it can be evaluated using the so-called monopole formula (2.2.55). In
this work, we will compute both of them for a variety of three-dimensional N = 4
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supersymmetric theories obtained by performing an S-duality transformation on a
specific class of other theories. The aim of such computations is, thus, to provide
non-trivial checks of our proposed new mirror dualities. In fact, once computed, the
Coulomb branch Hilbert series of the mirror theory can be matched with that of the
Higgs branch of the original theory and vice versa, as follows

Hénirror — HH 7 H?I_rllirror — HC (105)

This fact allows us to conceal the tough geometric study of the moduli space in
a way more simple task, which amounts only to count the chiral ring operators in a
graded way.

The three-dimensional superconformal index, defined in (4.2.5) as a refined parti-
tion function restricted to the § = 0 states only, counts the BPS short multiplets up
to recombination. In this sense, it allows, in general, to have detailed access to both
the global symmetry and supersymmetry of a given theory. The underlying reason is
that, for three-dimensional superconformal field theories (SCFTs), it is possible to put
various short multiplets into equivalence classes according to how they contribute to
the index [146] (see also Scetion (4.5.5)). One can thus easily identify all the conserved
currents for the manifest global symmetries which, according to the case, can also en-
hance to a bigger symmetry group. For example, considering theories with at least
N = 3 supersymmetry, the index serves as a rather simple tool to spot the presence of
extra-supersymmetry charges, which gives rise to supersymmetry enhancement (see
e.g. [74]).

In this thesis, we will use this powerful tool to investigate the operators associated
with the N' = 2 preserving exactly marginal deformations in a large class of three-
dimensional SCFTs, known as the S-fold theories [14, 91, 94, 154]. These theories
are obtained by gauging the diagonal U(N) global symmetry of the T'(U(N)) theory
[85] with Chern—Simons (CS) level k and to couple it to matter systems. Indeed,
the T(U(N)) theory enjoys a U(N) x U(N) global symmetry, one factor acting on
the Coulomb and one on the Higgs branch. As a result of this gauging along with
the presence of the CS level, the description possesses N = 3 supersymmetry. The
conformal manifold, i.e. the space generated by exactly marginal deformations, has
been a long-standing subject of study in QFTs and has indeed led to a number of new
dualities [143, 145, 147]. Thus we provide a detailed study of the exactly marginal
operators in some S-fold theories.

Moreover, even if the three-dimensional superconformal index contains only de-
tailed informations about the global (zero-form) symmetries of the theory, it can also
be used to better understand its global one-form symmetry. The concept of one-form
symmetry (or g-form symmetry) comes from the generalisation of the standard notion
of symmetry. Given a standard (zero-form) symmetry group G there is in fact an
associated conserved Noether one-form current J; thus, considering now a generalised
g-form symmetry group G4, there will be an associated conserved Noether g-form
current J!9 in the theory!. Thus, since in three spacetime dimensions, gauging a
one-form symmetry yields a zero-form symmetry, and vice versa [87]; in many cases
the superconformal index allows us to indirectly study the one-form symmetry of the
original theory via the zero-form symmetry of the theory in which such a one-form
symmetry is gauged. Thanks to this fact, starting from well-known dualities between

'If the symmetry group G is not continuous we lack the Noether current .J. We can then recast the
symmetry transformation law of a set of charged operators {0} as the action of another operator U,
on them, with g a group element of the global symmetry G (see (6.1.5)). Thanks to this approach,
all the results for continuous symmetries can be translated to the discrete case.
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ABJ theories with orthosymplectic and unitary gauge groups |1, 54|, we try to gauge
their one-form symmetries (or subgroups). Computing the refined superconformal
index of both the ungauged and the gauged theories, we propose new dualities by
mapping the global symmetries of one theory to the other across the duality and,
thus, obtaining equal indices.

All these examples highlight not only the importance of finding new dualities, but
also the relevance of the operators indexing methods which allow us to discover and
confirm such dualities. Actually, without such methods, most of this work would not
exist.

The rest of the thesis is organized as follows. In Chapter (2) we will provide
an introduction to three-dimensional N' = 2 and N' = 4 supersymmetric theories.
For the latter, we will also describe most of the properties of the moduli space and
how to compute their Hilbert series. In Chapter (3), we will introduce the Hanany-
Witten brane construction along with mirror symmetry and we will define T (SU(IV))
theories and show how their Coulomb branch Hilbert series can be computed. Then, by
introducing orientifold Op planes in the brane setup, we will also define Ty (U S P (2N))
theories again with their Coulomb branch Hilbert series. Both these types of theories
will in fact serve us later when, after reviewing the basic ideas and results of the
class-S framework, we will compute the Hilbert series for some 3d mirror theories of
the circle reduction of twisted x(azy) theories of class-S.

Then, in Chapter (4) we will introduce the localization procedure and compute the
three-dimensional superconformal index. We will also give some explicit expressions of
the index that will be needed in the subsequent sections. In Chapter (5) we will study
the operators associated with the N’ = 2 preserving exactly marginal deformations
of some of the S-fold theories. In doing so, we will compute the superconformal
index of such theories and analyse the contributions of the short multiplets order by
order in the character expansion. As we will show, sometimes it will happen that
supersymmetry gets enhanced to a larger group. Finally, in Chapter (6) we will talk
about generalised global symmetries, focusing on the global one-form symmetries and
their possible gauging. Then, after introducing ABJM and ABJ-like theories with both
unitary and orthosymplectic gauge groups, we will propose new dualities between such
theories involving discrete one-form symmetry gaugings. We will then compute the
superconformal index for each of these theories to support the argued dualities.

We will conclude the thesis with a brief summary of the results, including some
possible future directions, in Chapter (7). For ease of reading, many technical details
are gathered in four appendices.



Chapter 2

3d supersymmetric gauge theories

The entirety of this work has as its cornerstone three-dimensional supersymmetric
gauge theories. This family of theories have been already widely studied in literature
but it could nonetheless be useful to collect some known concepts that will be used
later on. Thus, in this chapter, we will focus the discussion only on aspects of such
3d theories which are important for this thesis.

In particular, we will talk about the moduli space of vacua and its generators,
i.e. the chiral operators. The heart of the discussion will be the introduction of the
Hilbert series; one of the possible methods for indexing such chiral operators.

2.1 3d N =2 theories on flat space

The minimum possible amount of supersymmetry in three dimensions corresponds to
four real supercharges grouped together into two Majorana spinors Q. Equivalently,
we can consider two complex supercharges Q and Q subject to the reality condition

Q=0 (2.1.1)

so that, in this way, we can include in a single complex supercharge all the minimal
amount of real charges in 3d. Moreover, this notation turns out to be very useful
when considering dimensional reduction from the 4d case, in that the supercharges
are simply inherited and constrained by (2.1.1).

The supersymmetry algebra then reads

{Qa, Qp} = 29/ 3Py + 2icapZ (2.1.2)

where P, is the momentum, Z is the real central charge and y* are the Pauli matrices.
The R-symmetry group rotating these two supercharges is thus SO(2)gr ~ U(1)g
and acts as

Q — €Q, Qe Q (2.1.3)

The relevant matter multiplets of this theory can be easily found by dimensional
reduction of the 4d N' =1 case
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Content
Multiplet G

d=4 d=3

A,

Am
Az =0
Vector (V) Adjoint

(2.1.4)

< | || >
< (o | O] >

Chiral (®)

F F

where the 4d gauge vector Aj; decomposes into the 3d gauge vector A, and a real
scalar o, the fermions )\, ¥ respectively in the vector and chiral multiplet are Dirac
spinors, the vector multiplet scalar D is real and the chiral multiplet scalars ¢ and
F are both complex. Moreover, the vector multiplet transforms in the adjoint rep-
resentation of the gauge group G, while the chiral multiplet transforms in a given
representation R. Observe that F' and D are both auxiliary scalars, which equation
of motions are related to the construction of the moduli space of vacua.

Having all these fields, we can now construct our 3d N' = 2 Lagrangian spoiling
the superspace formulation of the 4d N = 1 case. This can be written as a sum of
several different components

L = Lsym + Lscs + Lr1 + Lotatter (2.1.5)

where

1. The super Yang-Mills Lagrangian is

1
Lsym = — /d29 Tr {WW,} +c.c =
o ) ) (2.1.6)
= Tr {4F“”FW + 5Duo Do — IMPDLA — iN[o, N] + 2D2}

where W, is the field strength superfield constructed using the N = 2 vector

multiplet and D, is the flat gauge covariant derivative.

2. The standard kinetic term for the vector multiplet can be supplemented in 3d
by a supersymmetric Chern—Simons term

k 2 —
Lscs = E Tr {5’“"0 (A#GVA,, + 3A“A,,Ap> — A+ QDO‘} (2.1.7)
where, for non-Abelian theories, the level k is quantised; for SU(N) or U(NV)

gauge groups it is quantised to be an integer when the trace is in the fundamental
representation.

3. The Fayet-Iliopulos Lagrangian is

L1 = 2gZ£A/d20d20VA =g» Dy (2.1.8)
A A
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where A =1,...,n labels the abelian U(1) factors inside G

4. Finally, the matter Lagrangian is

Latter = /dQGdQGZCI)(l)e?qu)(Z) +/d29w[@(1)] +/d2m/\)[q)(z)] _

= D0 DD — i i, @) — 5D — T Ry
+iv2g (6720 + 50X + g6 (o2 + D) 60+

OW _n OV 1 W 1 W —(i)—)
e R () o
T T 204004 ae0ag? P +3 550550 Y
(2.1.9)
where we sum over ¢,j7 = 1,..., Np labelling the total number of matter chiral

multiplets and W is the superpotential, which is a gauge invariant holomorphic
function of ® with R-charge 2.

2.1.1 Topological symmetry and monopole operators

To introduce a special feature of three-dimensional gauge theories, suppose now we are
studying the 3d Maxwell theory without supersymmetry. The 2-form field strength
FH gatisfies both the equations of motion and the Bianchi identity

1
dF = ia[p B ydat Ndx? Ndx? =0 (2.1.10)

1 17
dx F = Se" O Fyda* A da? =0 (2.1.11)

where the x represents the Hodge dual operator.
In this 3d case, the Hodge dual of F' is a 1-form current
J“

1
lop 1= (F) = S Ey (2.1.12)

that is conserved in virtue of Bianchi identity

dJiop = d+ F =0 (2.1.13)

The physical theory under study enjoys a symmetry not explicitly readable from
the Lagrangian and, thus, the associated current cannot be thought as a standard
Noéther current. We call such a symmetry an hidden symmetry. Moreover, the fields
which carry a non-zero charge associated with this symmetry are not explicitly present
in the Lagrangian.

This result can be generalised to each Lie group G which contains a U(1)* sub-
group. Then there will be as many different currents as the number of such U(1)
factors. This particular hidden symmetry is called topological symmetry.

The existence of such a symmetry is related to the fact that in d = 3 the photon
is dual to a scalar ¢ called the dual photon. Since the photon possesses only one
polarisation, it is thus natural to think of it as a simple scalar field subject to some
constraints.

Let us consider the QED partition function for the gauge field
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Z = /Q[AM] exp {i/d% — 4192@,,1?“”} (2.1.14)

We can trade the measure Z[A,] for Z[F,,] since the Maxwell action depends
only on the 2-form. We just have to take care of the Bianchi identity d x F' = 0 which
is not predictable from the action only. This can be done introducing of a Lagrange
multiplier ¢ such that now

, 1 L1 i
Z = /@[FW]Q[QO] exp {z/de— 4—92FWF“ + e Fp(,} (2.1.15)

We can now integrate out F),, by using its new equation of motion

2

o= —g—ﬂe“”f’apgo (2.1.16)

This leads to the following partition function

Z= /@m exp {z’/d%;;(augo)?} (2.1.17)

This new scalar ¢ is indeed the dual photon. By virtue of this duality, the original
equation of motion and Bianchi identity swap for ¢

dJ' = d(dp) = dJiop = d* F =dxdA =0

(2.1.18)
dx (dp) = d* Jiop = dF = d(dA) = 0

where clearly we have identified the differential of the dual photon with the topological
current of the previous dual theory:

2
g
JH=Jt, = —@augo (2.1.19)

which now realises the translation symmetry p(x) — ¢(z) + a.

The topological symmetry thus acts by shifting the dual photon ¢ of a periodic
scalar a.

Now we want to look for operators possessing a non-vanishing charge under such
a topological symmetry. We can notice that the conserved quantity associated to this
symmetry is simply the magnetic flux

1
Qtop = /dQZL‘JtOOp = % /d2$F12 (2120)

Thus we need to find a "special" local operator which represents unity of magnetic
flux. This can be achieved by editing the path integral and removing a single space-
time point z. Then a non-trivial boundary condition for the gauge field A, is naturally
required on any surface ¥ surrounding that point. Thus we can define the monopole
creation operator VT(z) as the defect operator which imposes the unity of magnetic
flux

1 2 v
47T/zd P E,, = 1 (2.1.21)

This is not a surprise, since in quantum field theory local operators do not have
to be described as polynomials in the fundamental fields [121]; they may also include
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disorder or defect operators, which are obtained exactly by performing the path inte-
gral with suitable singular boundary conditions. For the upcoming discussion we will
closely follow two very nice reviews [61, 155].

Thus one can compute correlation functions involving the new operator V(z) in
the usual way inserting it in the path integral.

So, in the presence of VT (x), the topological current is no longer conserved; instead
it has a source

Ol

top = (53(.%) (2122)

Equivalently, the monopole operator is charged under U (1)t so that

U(Dop: Vi(z) = e2Vi(z) (2.1.23)

Using the dual photon picture, where the symmetry is manifest, we can implement
a monopole operator directly in the path integral by simply adding a i¢(x) term

. 1 1 o
Z= /@[FW]@[@] exp {z/d% — @FHVF‘“’ + E(p&‘“p Foo + cp} (2.1.24)

This ensures that the topological current has a source and thus the equation of
motion for the dual photon reads exactly

0T = 0,,J"

iy =06(z) (2.1.25)

Thus in this picture a monopole operator corresponds to [5]

Vi) ~ e#® (2.1.26)

from which we can see that indeed the topological symmetry is realised as a translation
on the dual photon

U(1Dtop: €9V (z) ~ elP@)+e) (2.1.27)

Let us now examine in more details the features of the monopole operator in the
original theory. We will consider a generic gauge group G

By removing a point from R3, space-time becomes a manifold that cannot be
covered completely by one single patch. Since the minimum amount of patches is two,
we will parametrise the space with two emispheres

Uy = {pe0,2r],0 € [o,g+e}}
z (2.1.28)
Us = {p €[0,27],0 € [0,5 — €}

The corresponding two gauge connection develops a Dirac monopole singularity
[39] at the centre of the sphere z, i.e. the monopole insertion point

An(r) ~ @1 —.COSqub
7721 _181396089 (2.1.29)
As(r) ~ 5 ————d¢

2 sin 6

where m, a priori, is an element of the Lie algebra g of the gauge group G.
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The magnetic flux provided by these gauge fields must then be quantised accord-
ing to Dirac quantisation. For § # 0,7 we can relate the gauge fields by a gauge
transformation

Ay = tysAstng — itysding (2.1.30)

where txng is the transition function between the two patches of the bundle.
By requiring the transition function to be smooth and single-valued between the
patches, one finds the Dirac quantisation condition |73, 99|

exp{2mim} = 1g (2.1.31)

This condition requires m to belong to the weight lattice I' of é, the Langland
dual of the group G. However, we must consider the fact that the Weyl group Wg
acts on m as on any other weight vector and so, since we will always look at gauge
invariant monopole operators only (i.e. the one that are invariants under the Weyl
group), we should restrict to m € I's/Wg.

Moreover we can always choose a gauge where in each patch m is a constant
element of the Cartan subalgebra modulo the action of the Weyl group, which allows to

define the magnetic charge m = (mq,...,m;), my € Z,r = Rank G. Thus, considering
for example the case of G = SU(N) = G, modding out the action of the Weyl group
Wu(ny = SN we get that the magnetic charges satisfies my > mo > ... > m,, i.e.
m e ZN /SN,

Considering now the N' = 2 supersymmetric case [38], in order to have a BPS
monopole operator, one a priori has to assign similar singular behaviours to the matter
fields inside the vector multiplet. It turns out that, in order for the BPS monopole to
preserve the same amount of supersymmetry of an A/ = 2 chiral multiplet, one must
specify a boundary condition only for the real scalar o of the form

m
~ 2.1.32
7 2r ( )

In this supersymmetric setup, the BPS monopole operator gets the form

Vi(z) ~ @) Fo@) (2.1.33)

where the dual photon ¢ combines with the adjoint scalar o to form this new holo-
morphic operator.

2.2 3d N = 4 theories on flat space

In the next chapters we will study superconformal indices of N/ = 4 theories with
eight real supercharges, satisfying

—J ,
{QL, 05} = 261741, Py + 2icap 21
—I
Q'=29
which are the generalisation of (2.1.2) and (2.1.1) with I, J =1, 2.
The supercharges Q! and Q7 transforms in the vector representation of the SU(2) 1, x
SU(2)gr ~ SO(4) R-symmetry.
The previous discussion on N/ = 2 three dimensional theories already encloses
everything we need to construct a N' = 4 gauge theory. In fact, we can choose a

(2.2.1)
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particular N/ = 2 subalgebra inside the A/ = 4 one which allows us to remain in a
N = 2 formulation with a specific field content and action.

More precisely, the N' = 4 vector multiplets and hypermultiplets can be schemat-
ically decomposed in a N' = 2 language as follows

Multiplet
Content G
d=3N=4|d=3N=2
Ay
o
Vector (V)
A
Vector (V) D Adjoint
¢
Chiral (®) p (2.2.2)
f
H
Chiral (x) 0 R
F
Hyper (H) —
H
Chiral (¥) " R*
F

where the R* gauge representation of the A/ = 2 X chiral multiplet is the complex
conjugate of the R one of the N’ = 2 x chiral multiplet.

Moreover, it is interesting to observe how the various component fields combine
to give representations of the SU(2);, x SU(2)r R-symmetry group

Multiplet Content SU(2)L x SU(2)r
A, (0,0)
Vector (V) {o,Re¢, Im ¢} ©.1)
{D,Re F,Im F} (1,0)
(. H) (3:9)
Hyper (H) {v, 4} (33)
(F, F} (0,0)

Hence, the Lagrangian for a N' = 4 gauge theory can be written using the expres-
sions we introduced for the N' = 2 case. The expression is the same of (2.1.5), where
now

1. The super Yang-Mills Lagrangian is
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1 o
Lsym = gZ/dzéTr{Wo‘Wa} +cc.+ /d%d%ﬁ{%%%} -

1 1 _ _ 1
=Tr {4F“”FW + §DM0D“O' — IAMPDUA —iM[o, A] + §D2+
+D,u¢D" ¢ + ¢, 0][0, ] — ipy"Dyup — iplo, p| — FF+

+iv2g ($00 p} + {7, X10) + 9D10, 3

(2.2.4)

where now everything sits in an adjoint representation of the gauge group G.

2. The Chern—Simons Lagrangian becomes

2 . -
LG = ZSTTY{A/\ dA+ 5A% =3A+ 2Da} - Ajr/d?mr{q)?} Yo
(2.2.5)

where now the second contribution makes ® enter the superpotential in a new
way.

Note that this supersymmetric Chern—Simons term preserves only N' = 3 super-
symmetry, i.e. six real supercharges rotated by an SO(3) R-symmetry group.

3. The Fayet-Iliopulos Lagrangian is

Lyt=29) ¢* / d*0d°0Va =g "Dy (2.2.6)
A A

4. The Matter Lagrangian is

yilesaC y =) ~
Lilatter = Z {/d29d29(H( )20V ) 4 7 e=20V 04

N =)y
+ / d20v/2gHDSH O 4 / d*9/2gH <I>H()} -

=Y {[DutiOD D + g (o + D) HO+

+iv2g (F“)Aw@) n @(i)XH(i)H + [H@) = —fi@')] + (2.2.7)
_ M}(i) 7;LDME(i) _ w(i) U@(i) - F(i) Jom
V2 (2 HO o@D 2@ 7O 4 290 () 1
+HOGFO 4 FOSEO 4 ) fﬁ(i)) 1
+v/2g <H(i) — F(i), d— o, HYD fl(i)> }
where, again, we sum over ¢ = 1,..., Np labelling the total number of mat-

ter hypermultiplets; however the larger amount of supersymmetry now severely
constrains the form of the superpotential to be W = HO®H
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2.2.1 Moduli space of supersymmetric vacua

Consider a generic classical field theory. We can define an equivalence relation on the
set of all vacua (i.e. the states of minimal energy) in the following way: two vacua
and )y are equivalent if there exists a gauge transformation which sends 21 into Q5.
The moduli space is therefore defined to be the set M of all inequivalent vacua [134].

After quantisation the energy becomes a functional, namely the Hamiltonian.
Therefore, we say that a state is a vacuum state if the expectation value of the
Hamiltonian on such state is minimal. Since all the kinetic terms in the Hamiltonian
are quadratic in the derivatives of the fields, in a vacuum field configuration, all the
fields must be constants over spacetime. Then, the Lorentz invariant nature of the
vacuum forces all fields apart from the scalars to be not only constant, but identical to
zero in any vacuum configuration. Thus only scalar fields can assume non-vanishing
vacuum expectation values and these are exactly coordinates on the moduli space M,
turning it into a differentiable manifold.

One of the most interesting aspects of supersymmetric gauge theories is the possi-
bility of possessing non-trivial moduli spaces. This happens whenever it is possible to
find non-trivial configuration of scalar fields that make their respective scalar poten-
tials to be zero. For a generic N' = 4 supersymmetric theory, the expression of such
a scalar potential can be always written as a sum of squared quantities

2
Vo= > IFP?+ % S D’>0 (2.2.8)
N=2 N=2
chirals vectors

where F' and D come from the integration of the auxiliary fields in all the N = 2
chiral and vector multiplets respectively. They are the so-called F- and D-terms and
their form depends on the space-time dimension and on the amount of supersymme-
try. 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.

Considering our previous N' = 4 Lagrangian, i.e. (2.2.4)-(2.2.7), these equations
read:

6a(T")," HYY) = 0
H(i)n(Ta)nmqba -0

N k
pafpt) _ ~ o _
\/ﬁgZi:H T*HY — o =0

_ R k 2.2.9
916,80 — g S (A THO + B THY) - g — 5o =0 P
0,(T%),,"H =0
0a(T%),"HY = 0
[07 d)]a =0

Forgetting for now the Fayet-Iliopulos and Chern—Simons terms, the existence of
two different sets of scalars, the ones in the hypermultiplets { H @), H (i)}, and the ones
in the vector multiplets {o,, ¢4}, implies that the moduli space of vacua is composed
of two different parts (or at most three), called branches and joined together at the
origin:
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1. Coulomb Branch (CB):

HO — g6 — ¢

(2.2.10)
¢a,04 # 0
We can spoil the fact that the only remaining scalars reorganise themselves as
a unique real scalar 7; = (o, Re[¢], Im[¢]) transforming as a (0, 1) vector under
the R-symmetry group SU(2)r x SU(2)r.

Thus, the scalar potential can be written as

Vo(m) =Y Trg i n]” > 0 (2.2.11)

i<j

To obtain V,(7;) = 0 we must then take 7; to lie in the Cartan subalgebra of
the gauge group G.

Due to spontaneous Higgsing the gauge group is then broken down to its max-

imal torus U(1)" with r massless vectors and (Dim{G} — r) massive ones with

masses proportional to [n, Aﬂomken)].

In addition to the n;, there are then r massless photons. Since a photon is dual
to a scalar in three space-time dimensions, there is a total of 4r massless scalars.
They can combine together to form the scalar components of r hypermultiplets
that can be thought of as living on the Coulomb branch and which VEVs can be
taken as the coordinates on it. In the geometry of the problem this is reflected
promoting the Coulomb branch manifold to an Hyperkdhler maniofold.

Thus, for each gauge group G; we are considering in the theory, the classical
Coulomb branch gets an additional real dimension of 4 Rank{G;}, or simply
Rank{G;} if we express it in quaternionic units:

dimg{Mc} = Rank{G;} (2.2.12)

The classical Coulomb branch has then to be quantum mechanically corrected
by loop corrections and instanton effects [148, 149], but his structure always
remains Hyperkahler.

. Higgs Branch (HB):

7 7
HO,HY 70 (2.2.13)
Ga=0q=0

Nothing too general can be said about this branch since its explicit form depends
on both the representations of the hypermultiplets and their number of flavours.
The Higgsing changes accordingly. Indeed giving VEVs to these scalars breaks G
down to a certain subgroup G'*; clearly, when the number of hypermultiplets
is big enough, complete breaking occurs.

By construction, however, there are at least two complex scalars { H (@), H (i)} for
each N/ = 2 hypermultiplet. This automatically allows us to evaluate the Higgs
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branch dimension in quaternionic units and conclude that it must also be an
Hyperkéhler manifold.

Consequently the Higgs branch dimension is given by the number of N' = 4
hypermultiplets N; charged under every gauge group (; minus the number of
gauge fields that become massive due to Higgsing Dim{G;} — Dim{G}"*"}:

dimg{ My} = Z [Nl — (Dim{Gi} — Dim{G;lnbr})} (2.2.14)

where usually Dim{G"""} = 0.
It is widely believed that Higgs branch is not corrected at quantum level [11].

3. Mixed Branch (MB):

7 2
HO,HY 70 (2.2.15)

$as04a # 0
In the most complicated cases, also mixed branches can appear. This requires
to find the general solution for F and D-flatness conditions. This is challenging
in general but, however, it must be stressed that also in this case the two sets
of operators participate to the dynamics independently and the mixed branch
is actually a product of two manifolds.

An example of a discussion of mixed branches for three-dimensional N = 4
theories can be found in [48].

When Chern—Simons couplings are present, the story is slightly different.

In this case the Coulomb branch, i.e. where hypermultiplets vanish H®) = H® =
0, is completely lifted, since now F and D-terms would imply ¢, = o, = 0. On the
other hand, considering the Higgs branch where ¢, = o, = 0, it is left completely
unchanged with respect to the previous case where K = 0. Thus, the presence of
a Chern—Simons level can lift the Coulomb branch while the Higgs branch remains
untouched.

Moreover, the two sets of scalars can acquire expectation value at the same time
giving rise to mixed branches with complicated dynamics. Sometimes, the one with
maximal dimension is identified with the Coulomb branch of the theory. However, all
these branches are always Hyperkihler manifolds [36, 118, 148].

2.2.2 The chiral ring

We have seen that the vacuum structure of a supersymmetric theory is completely
characterised by the expectation values of all the scalar fields inside the theory (let us
call these collectively {¢'}) subject to F and D-flatness conditions. This schematically
reads

Ma = {(¢') | D=F =0} / gauge transf. (2.2.16)

where one should mod out by gauge transformations, since solutions which are related
by gauge transformations are physically equivalent and describe the same vacuum
state.



16 Chapter 2. 3d supersymmetric gauge theories

Generically it is not at all easy to solve the F and D-flatness conditions and find
a simple parametrisation of M|, but luckily there is another way of describing the
classical moduli space which can be found in the context of algebraic geometry. The
aim, naively, consists in find a new class of operators {O"} for which the constraints
due to F and D-terms and the modding by gauge transformations exchange, thus
obtaining

M = {(O") | gauge invariant } / F and D-flatness conditions (2.2.17)

This leads to the concept of chiral ring [133] that we now turn to discuss. In doing
so we will closely follow [9, 47]. Let us firstly define what a chiral operator is

Definition 2.2.1. Chiral operator
A chiral operator O(z) is a gauge invariant operator such that it is annihilated
by all the supercharges of one chirality.

Q5. O(x)} =0 VI (2.2.18)

For example the bottom component ¢ of a chiral multiplet ® is annihilated by Qi
but it is not a chiral operator because it is not gauge invariant in general. However,
given a gauge invariant chiral superfield its lowest component will always be a chiral
operator. Therefore, in order to build gauge invariant operators, one should generally
use different combinations of chiral fields enclosed in traces over the gauge group G.

One crucial property is that the VEV of any time ordered product of such operators
is independent of their spacetime positions. Consider for instance the quantity

O3 (01T (O1(21)Oa() ) 0) =

(2.2.19)
= (0[7 (101 (21)O2(22)) ) 10) + 8,0 (O[O (1), Oaf22)]0) 8 — )

where we used the definition of time ordered product

T(o1 (3:1)(’)2(:):2)> = 0(2? — 20)O1 (1) Oa(22) + B2 — 20)Os(22)O1 (1) (2.2.20)
and the fact that

8;9(56(1) — 29) = 6,00(z) — 29) (2.2.21)

The second term in (2.2.19) is zero because the equal time commutator vanishes,
the first is also null because, using the supersymmetry algebra

<O|0i01(x1)02(x2)|0> 0.8

_ 2.2.22
o (0] [Py, O1(21)]Oa(22)10) < (0][{Q7, Q"}, O1 (1)) Os()]0) ( )

The idea now is to spoil the Jacobi identity and the chirality of the operators O;
to bring @I to act on the vacuum state so that, if supersymmetric is not broken, it
vanishes. We have that
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{Q1, 2"}, 01(21)]Os(w) = {Q",[Q", 01 (1))} Os () (2.2.23)

and so

(02", 1Q", 01(21)]}02(22)[0) = (0{Q", [Q, O1(21)]}Oa(w2)}0) = 0 (2.2.24)

The manipulations above can be done for any number of chiral operators, thus we
can write

o/ (TT o)) 10 = ([T0n (2.2.25)

without specifying the positions x;. Using this invariance, we can take a correlation
function of chiral operators at distinct points, and separate the points by an arbitrarily
large distance. Cluster decomposition then implies

<0\T(H0i<zi>)|o> =11 (2.2.26)

Since objects of the type [Q,,- } do not contribute to the expectation values in a
supersymmetric vacuum, it is natural to define an equivalence relation between chiral
operators. Two chiral operators O;(z) and Oz(x) are then equivalent if there exist a
set of gauge invariant operators X () such that

O1(z) ~ Oz(x) + [OF, X%()} (2.2.27)

The set of equivalence classes of chiral operators forms a ring, known as the chiral
ring [133].

Definition 2.2.2. Chiral ring
Given the set of all chiral operators Cy, the chiral ring is defined to be the quotient
ring of Cy over the equivalence relation between chiral operators

CR =Co/ ~ (2.2.28)

A very important mathematical consequence of this construction is the existence
of a map from the chiral ring CR to the ring of holomorphic functions over the moduli
space

o: CR— C®(M)

L (2.2.29)
Ox)— f(z5,...,2™)

where f(z!,...,2™): M — C.

Moreover, when F and D-flatness conditions on chiral operators are taken into
account, this map becomes bijective.

Expectation values of gauge invariant combinations of chiral operators will play a
key role in the following sections when many moduli spaces of supersymmetric vacua
will be discussed in details.
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2.2.3 Monopole operators

We want now to discuss N = 4 BPS monopole operators. Luckily some of the results
of the A/ = 2 holds even in this case; indeed the very definition of the BPS monopole
operator is identical to the N' = 2 case, i.e. the scalars belonging to the adjoint chiral
multiplet ® do not have to acquire any singular behaviour.

However, we have the possibility to turn on a constant background for the adjoint
complex scalar ¢, on top of the N'= 2 BPS monopole background {Ay/g, 0}, while
preserving the same supersymmetry of an A/ = 2 chiral multiplet.

In the following we will refer to N' = 2 BPS monopole operators with a background
¢ = 0 as bare monopole operators, and to N' = 2 BPS monopole operators with non-
vanishing ¢ € g as dressed monopole operators. The Weyl group acts both on H and
¢, and gauge invariant monopole operators are again obtained by taking invariants
under the Weyl group in I'z/Wg.

Both classes of operators take expectation values on the Coulomb branch of an
N = 4 gauge theory and are needed to describe the chiral ring CR.

Monopole operators, which classically may only be charged under the topological
symmetry, can acquire nontrivial quantum numbers quantum-mechanically. The most
important quantum number for our future discussion is the R-charge. For a generic
non Abelian theory the R-charge of the monopole reads [18, 24, 85|

Afm) == 3 Ja(m)|+ > (1= 4) 3 [p(m) (2:2:30)

a€EAT PER;

where the first sum is over the set of all positive roots o € AT of the gauge group
G and represents the contribution arising from the .4 = 4 vector multiplets, while
the second sum is the contribution from the .4 = 4 hypermultiplets H®, A; is the
R-charge of the i-th hypermultiplet and the internal sum runs over the weights p of
their gauge representation R;. Here and in the following we will adopt the notation
a(m) := « - m and the same for p(m).

Using the nomenclature proposed by Gaiotto and Witten [85], according to the
value of A(m) a theory can be:

e good if all BPS monopoles satisfy A(m) > 3;

In this case all monopole operators will be coupled

e ugly if all BPS monopoles satisfy A(m) > 1;

The monopoles with A(m) = % which saturate the bound will be free decoupled
fields

e bad if there is one or more BPS monopoles which satisfy A(m) < %;

In this case A(m) does not correspond to the scaling dimension of the monopole
operators since R-symmetry mixes with other accidental symmetries and the
theory becomes non-unitary.

Moreover, the monopole gauge charge with respect to a simple group with Chern—
Simons level k has the following form

Qa(m) = —kma — Y > |p(m)|Q}, (22.31)
1 pER;

where the second term represents the correction due to the hypermultiplets H® and
p, as above, is the weight of their representations R; of the gauge group.
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Even the flavour charges get modified as follows

Fim) = -3 3 lo(m)|F, (2.2.32)

i pER;

where, now, Fj is the flavour charge of the i-th hypermultiplet H®.
How corrections (2.2.30), (2.2.31) and (2.2.32) arise will be clearer in Chapter (4);
for now let us just continue the discussion.

2.2.4 The Hilbert Series

By exploiting the correspondence between chiral operators O; and holomorphic func-
tions stated in the previous chapter, we could simply use the generators of the chiral
ring as coordinates on the moduli space.

However, it is often too hard to compute the whole chiral ring. Therefore, in this
cases, we shall limit ourselves to count the different chiral operators in a graded way,
so that we keep track of their different representations under global symmetries of the
theory.

This can be done, for example, through the Hilbert series [64, 65, 105, 135, 144].
It is defined as follows

Rank G Rank G
H(t,w,p) = Tr (tA IT « I “Z’Fi)cn (2.2.33)
a i

where the trace is taken over the chiral ring CR and is graded according to the R-
charge A, the topological charges J, and the Cartan generators F; of the flavour
symmetry G. t, we and p; are the corresponding fugacities.

This clearly reconstruct the character of the representation in which the chiral
operators at a given R-charge A sits; considering for example a flavour symmetry
group @, we get1

Rank G Rank G

> II W OZ_ZZ IT #=xSw (2.2.34)

{0:y 1 peER 1

where p is the weight of the flavour representation R;.

The gauge invariant chiral operators of the theory are 't Hooft monopole operators
Vi dressed by matter fields. Thus, to compute the Hilbert series, it is useful to
decompose the vector space of chiral operators in vector spaces of chiral operators of
fixed magnetic charge m. For each of these subspaces there is a unique bare chiral
monopole operator V;,, which however can be dressed by massless matter fields to
form gauge invariants. These are the matter fields contained inside all the N' = 2
chiral multiplets ® satisfying the condition

> Qima=0 (2.2.35)

where Q2 are the gauge electric charges of the chiral multiplet.

In order to obtain the powers of such residual matter fields, we need a function
that "counts" the symmetrized products of a given set of objects. This turns out to
be the plethystic exponential

!For all the group theory results of this section, we refer the interested reader to [158].
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Definition 2.2.3. Plethystic exponential

Given a function f: R" — R such that f(0,0,...,0) = 0, we define the
plethystic exponential of f to be

PE[f(t1, ..., tn)] = exp {i W} (2.2.36)
k=1

Moreover it enjoys the usual "sum to product" property of the ordinary exponen-
tial, which is

PE[f(#) + g(t)] = PE[f(t)] PE[g(¢)] (2.2.37)

The main idea is that this function keeps track of the cardinality of the set of
all symmetric monomials at generic degree. More precisely, given n basic monomials
{ai1,...,an}, consider the set S(n,k) Whose elements are all the possible symmetric
monomials of degree k. In general, the coefficient of the k-th power of ¢ in the Taylor
expansion of PE[nt] gives the cardinality of S, ;). For example

1
(1
where, for k = 2

5(3,2) = {a%a%?a?’n ajag, azas, asa; (2.2.39)
Then, the grading comes from the fact that the generator of symmetrisation for n

variables can be written as

n

H Ao H Z alti (2.2.40)

i=1n;=

This also is expressible in terms of plethystic exponents as

n n

H 1_% HPE a;] = PE[>_aj] (2.2.41)

i
Taking as generators a;t, we can then use t to count the degree of the symmetri-
sation through its exponent in the taylor expansion

n

H(l—lalt) = PE[( Z Z >, e (2.2.42)

k=0 SGS(" k)

where e(a;) is an element of S, )(a;).
Applying this reasoning to the residual matter fields, we get that the generating
function reads
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Rank G . Rank G o
PE Zaza%mmot% I =9 ] w' | =
[0} a 7
B 1
- RankG _Q® (yRank G  F
[To 05, gpmen (1= 3% TIE" 0 204 TIRRC )

(2.2.43)

We can make this expression more compact by noticing that the operators Qg
and F; when acting on matter fields transforming in the representation (R,R) of
respectively the gauge group and the flavour group give the components of their
weight vectors p, and p;.

Thus, introducing the notations

=[Ia . a):=a-b=> ab (2.2.44)

whenever such products are implied, equation (2.2.43) simplifies to

1
PE (5 t zP 2.2.45
Our strategy to compute the Hilbert series consists in evaluating (2.2.33) and
(2.2.45) for all the operators which are annihilated by the supercharges of one kind,
but are not necessarily gauge invariant and therefore not chiral. Subsequently, we
will restrict the sum over the gauge invariant ones by means of the Molyen-Weyl
projection, which consists in integrating the Hilbert series over the whole gauge group
and thus, in a certain sense, averaging away all the non-gauge invariant operators in
the sum.
To do so we make use of the Haar Measure of a compact Lie group?. By using the
Weyl integral formula, the Haar measure can be computed explicitly

le dzr ! af
.. || 1—||Zk 2.2.46
/ Ho = 27” fzﬂ 1 szﬂ 1 21 Zr ( K > ( )

at k=1

where the z; variables parametrise the maximal torus of the compact Lie group group
G, thus r = Rank G and o are positive roots of the associated Lie algebra.

From our physical point of view, the maximal torus variable z of the Haar measure
represents the fugacity associated to the gauge symmetry G. However, in the presence
of dynamical magnetic charges m, the gauge group G is broken to a residual gauge
group H,, of the same rank r, but given by the commutant of the magnetic charge m
in G. This implies that the Haar measure should be modified accordingly. This can
be achieved by simply modifying the definition (2.2.46) as follows

H% dzq (1 - Za)5a<m),0 (2.2.47)

—1 2Tz, et

where, for notational convenience, we introduced the space of positive roots A™.
Then we use orthonormality of characters to project the Hilbert series over states
with a given representation of gauge symmetry. Then if

2See footnote (1).
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[ dua(xr i () = b (2.2.48)

we can project onto states with given gauge representation R by integrating (2.2.33)
and (2.2.45) with the appropriate Haar measure and multiplying by xz(z;)

Combining all these results together, since we need to project on gauge invariant
states, i.e. state with trivial representation yz(z;) = 1, the Hilbert series finally reads
[63] (see also [61, (8.1)])

d
H(t,w, 1) = ZtA mF Hj{ 1271'?;

{m}

X H “(WOPE [Z Op(m),0t AP P ]

acAt+

(2.2.49)

where, whenever we consider a monopole operator with m # 0, we need to use the
correct expressions for its quantum numbers, i.e. (2.2.30), (2.2.31) and (2.2.32).

Up to now, in (2.2.49), we have considered the complete set of chiral operators,
namely Cp in (2.2.28). This coincide with the chiral ring CR whenever the chiral
operators are unconstrained by F-flatness conditions, i.e. whenever there is no super-
potential W = 0.

Whenever W # 0, equation (2.2.49) must then be modified to include the F-
flatness conditions and thus count only the chiral operators inside the chiral ring
CR. This can be done by including a polynomial factor N (t,z) that enforces F-term
equations. Clearly, according to the structure of F-term equations, N(t, z) can take
different expressions.

Luckily in our 3d N' = 4 case the superpotential is constrained to always have
the schematic form W = HO®H® . Thanks to this fact, the only relevant F-term
becomes

F, = gg\: - zi:Tr (H@ (Tﬁ)ﬁ(i)) =0 (2.2.50)

which is a second order relation in the fields {H ), H ()} and carries an adjoint index
of the gauge group G.
So, in (2.2.49), there shall be a factor

N(t,z) = PE [~ t2# T2k zPadi] (2.2.51)

for each different hypermultiplet that possesses an F-term equation (2.2.50). In fact,
if more than one gauge or flavour group is present, it is possible that different hyper-
multiplets are charged under the same gauge group. This fact can create dependences
among all the F-term equations, which reduce the number of independent ones, i.e.
the ones that generate a factor of the form (2.2.51).

Considering the group of independent F-term equations {F (0‘)}, we have that the
Hilbert series for a superpotential W # 0, becomes
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dz
H t = tA(m) % a 1— 64 5o¢(m),0
(t,w, ) E | I a1 2702 ( 2%) X
ac

{m} AT
Z 1) OtAZp

PE [Z (2 pr;f)]
Ha

where now the N(¢, z) factor takes into account the breaking of the gauge group G to

H,,.

Clearly this quantity is really hard to compute even for the simplest examples.
Since we will be only interested in the Coulomb and Higgs branch Hilbert series
separately (and we will also forget about mixed branches), it is useful to restrict and
simplify the expression (2.2.52) to just one of the branches.

(2.2.52)
x PE

e Higgs branch

Let us start from the simplest one, the Higgs branch. This amounts only to take
mg = 0 Va in (2.2.52) leading to the so-called Molien integral [46]

dzq o
tlu H%zﬂl 7"-leaa (172)X
ZtAZp Z (_t2AZPAdj)]

o] H«~

(2.2.53)

x PE PE

e Coulomb branch

On the Coulomb branch, the expression of the plethystic exponential in (2.2.52)
drastically simplifies and, after integration, give rise to a simple classical factor
expressed as

r

1
1=

which essentially counts the Casimir invariants with degree (i.e. R-charge) d;(m)

of the residual gauge group H,, left unbroken by the magnetic flux m.

This result is due to the fact that no hypermultiplet remains and consequently
the dressing of the bare monopole operators can only occur via combinations of
the complex scalar ¢ in the vector multiplet. These combinations are exactly
the Casimir invariants.

The Hilbert series (2.2.52) on the Coulomb branch takes thus the form of the
so-called monopole formula [64]

= > 2™ Py (t,m) (2.2.55)
{m}

In the following we will see some explicit example of this classical factor Pg(t, m).

When dealing with the monopole formula, once (2.2.55) has been evaluated
explicitly, it is useful to take the inverse of the plethystic exponential, called the
plethystic logarithm
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Definition 2.2.4. Plethystic logarithm

Given a function g: R” — R such that ¢(0,0,...,0) = 0, we define the
Plethystic logarithm of g to be the function

PLg(t1,... )] =Y M(/f) log(g(t%, ..., 1)) (2.2.56)
k=1

where p(k) is the Mébius function defined as

0, if k£ has one or more repeated prime factors
u(k) =<1, ifk=1 (2.2.57)
(=1)™, if k is the product of n distinct primes

This produces nothing but the exponent of the generating function of the Coulomb
branch and, thus, allows to better understand the chiral generators and the re-
lations among them. The generating function itself can be obtained taking the
plethystic exponent (as in the case of the Higgs branch Hilbert series.

2.2.5 Quiver diagrams

Quivers are a class of graphs with lines connecting different nodes and in which lines
starting and ending at the same node are also allowed. From a physical point of view,
quivers are extremely interesting since they provide a very compact way for writing a
Lagrangian.

An example of a quiver diagram could be

2
(o] 7 (ot )s1e

A (2.2.58)

The rule to read off the gauge group and the matter content of a theory from a
quiver graph is the following:

e Each circular node G};i of the quiver diagram corresponds to a factor G* of the
total gauge group with Chern—Simons interaction of level k;. This node thus
encode the vector superfield related to the gauge group G*;

e Each square node G of the quiver diagram corresponds to a factor G of the
total flavour symmetry of the theory;

e Each line corresponds to a matter superfield {4, B, C, ...} transforming in the
bifundamental representation of the two nodes between which it stretches.

Note that these rules do not fix the Lagrangian completely. One needs to specify
the superpotential, the mass terms and the Fayet-Iliopulos terms by hand, since they
cannot be read off the quiver. In our case we will always assume, unless explicitly
stated otherwise, that all these quantities are zero.

Clearly the content of the theory changes according to which amount of super-
symmetry we choose for the quiver. In our case, for example, it can be read both in
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N =2 or N = 4 languages considering in the first case the N = 2 vector and matter
multiplets, while the A = 4 in the other.

However, when viewed in a N' = 4 language, the quiver (2.2.58) can also be
rewritten in the N/ = 2 one drawing explicitly the AN/ = 2 multiplets composing the
N = 4 ones. We get

(2.2.59)

From the quiver we can easily read off the Coulomb and Higgs branch dimensions
by means of (2.2.12) and (2.2.14).

Moreover, in this A = 4 case, also the superpotential can be read off the quiver;
for each double line {H (a),f[ (0‘)}, i.e. hypermultiplet, and for each gauge group
connected by this line (at most two) we associate a term of the form

we@ — g@g, g _ ge@g, gl (2.2.60)

then the total superpotential W will just be the sum over such multiplets.

Thanks to this fact, we can also easily construct the Hilbert series (2.2.52), taking
into account the correct expression for the F-terms factor (2.2.51).

Now we have all the ingredients to see our first example.

2.2.6 Example: 3d N =4 U(N,) gauge theory with N; fundamental
hypermultiplets

We will consider as a first simple example the U(INV;) gauge theory with Ny hyper-
multiplets {Q;, Q'} of gauge charge 41, whose N’ = 2 quiver description is as follows

P Q Ny
Q
(2.2.61)
The superpotential of this theory is just
W=> QH%),'Q} (2.2.62)

wherei=1,...,Nyand a,b=1,..., N..
The fields relevant to our discussion are the one participating in the superpotential.
They have the following charges and representations (i.e. Dynkin labels)
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Field | R | U(1)gauge | SU(Ne)gange | U(1)favour | SU(N¢)favour
®),b |1 0 1,0,...,0,1 0 0

e L0, ] (2.2.63)
Qf |3 1 [1,0,...,0] -1 [0,...,0,1]

Q| 3] -1 0,...,0,1] 1 [1,0,...,0]

Thanks to (2.2.12) and (2.2.14), we can determine the Coulomb and Higgs branch

quaternionic dimensions; we have

dimg{My} = NyN, — N?

2.2.64
dimH{Mc} =N, ( )

where Ny N, represents the total number of hypermultiplets {QY, Nfz} charged under
U(N.) and we supposed U(Ny) big enough to completely break the gauge group (i.e.
Ny >2N,).

We can also construct the Hilbert series (2.2.53) and (2.2.53) for both branches to

help us analyse their structure.

e Higgs branch

The results of the Higgs branch analysis for such a theory are presented in [100].

We have one relevant F-term only

ow u ~
9pA Z Qf(Ta),"Q} =0 (2.2.65)
which carries an adjoint A free index of U(N.), so that the N (¢, z) factor reads

N(t,2) = PE |~ (14009 () ] (2.2.66)

Then, the Higgs branch Hilbert series reads

U(N U(N.
Hy(t,p) = /d,UU(NC)(Z)PE [X[D,(,,,ﬁl](u)x[lf ,,,,)70}(2)t+

U(Ny) U(N.) SU(N¢) 2| _
+X[1707f’0} (M)X[07..,7071](z)t - (1 + X[LO,...,O,H(Z)> t :| -

q SU(Nf)( ) SU(Nc)

(2.2.67)
= /duU(l)(ww/‘SU(Nc)(Z)PE [(EX[O,...,O,I} H X[l,O,‘..,O](Z)_‘_

w SU(N S ¢ SU(N¢
FOG e @) ) ¢ (14300 )

-----

where we used the definition of the group character (2.2.34). In the first two
lines we took into account that @)§ and @fl transform in opposite representations
of U(N.) and U(Ny). In the second two lines we splitted the representations of
U(Ncss) into U(1)g/ x SU(N./¢) and defined the two U(1)s fugacities ¢ and w
of U(N.) and U(Ny) respectively. In this way, the fugacities z and p are subject
to the tracelessness constraint
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Rank G Rank G
Il 2= ] wm=1 (2.2.68)
a i

To do some explicit calculations, let us choose N, = 2; in this way we get

1 dwdz1— 22
Hy(t,p) = ——— =
wlt,p) (27i)?2 ?{Zw|_1 w oz 2z

q . SUNy) w, SUW) 1 2, L),
x PE wau,o,...fm(“) +—Xpq...01 ](u)> <z + Z) t— <2 + 2% + z2> t }
(2.2.69)

where we have used the fact that for SU(2) the fundamental and anti-fundamental

representations are equal Xﬁ?@)(z) =241

Then choosing, for example, Ny = 4 we get

1 dwdz 1 — 22 1
Hygt, 1) = f qwaz ZPE[<q<u1+“2+“3+>+
2mi lowl=1 W 2 % w w1 2 M2

1 1 1
+2 <+‘“+”2+u3>) (z+>t—<2+22+2>t2]
q \ M1 M2 U3 Z z

(2.2.70)

To extract some information from this quantity we need to preform the inte-
gration and then expand the Hilbert series in powers of ¢, finding the so-called
characters expansion, which is nothing but the initial trace (2.2.33). We get

S
Hu(t,p) =1+ X, 0(1]) ()t + (X[QUO(;‘]) (1) + Xo, 2(4]) (u)) t'+
U@)
]

SU(4) 6 SU(4) SU(4) SU(4) 8 .
+ (X[g 0 3] ( ) + X[l 2,1 (M)) "+ (X[4 0,4] (:u) + X[272,2] (U) + X[074,O] (,LL)) "+ =

- Z Z [n 2m n] t2(n+2m)

n=0m=0

(2.2.71)

First of all we can see that the ¢ fugacity of the U(1), factor of the flavour
symmetry U(Ny) does not enter the Higgs branch Hilbert series; this is a general
feature of this type of theories since, whenever we have a unitary gauge group
and a unitary flavour symmetry, an overall U(1) factor of the latter can always
be reabsorbed into a U(1) factor of the first, e.g. defining a new U(1) gauge
fugacity u := L.

w
Moreover, we can see form (2.2.71) that the Higgs branch is generated by an
SU(4) adjoint operator of R-charge 2. Since this gauge invariant operator must
be constructed starting form the chiral fields {Q?, @fl}, it is easy to see that this
is indeed the meson

M7 = QiQ;) (2.2.72)
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Such meson operator has to satisfy some conditions and to see them let us
return to the general case. First, since M is constructed taking the product of
two Ny X N, matrices, using the property

Rank AB < min{Rank A, Rank B} (2.2.73)

and the fact that Ny > 2N,, we thus get

Rank M < N, (2.2.74)

Furthermore, the F-term condition (2.2.65) imposes tracelesness and nilpotency
on M

TeM =Q{Q, =0, M =QiQiQiQ;=0 (2.2.75)

We have thus found that the Higgs branch of (2.2.61) is

My = {M € GL(Ny,C)|Rank M < N,,, Tr M =0, M?* =0} (2.2.76)

which is known in the mathematical literature as a nilpotent orbit closure of
SU(Ny); a space parametrised by a single (co)adjoint matrix with a nilpotency
condition (e.g. M? = 0) and potentially other relations (e.g. Rank M < N,).

Nilpotent orbits form an important class of hyper-Kéhler spaces, largely due to
their simplicity, and are often associated to the branches of the moduli space.

Coulomb branch

The results of the Coulomb branch analysis for such a theory are presented in
[64].

First of all, as we have already seen, for G = U(NV,) the magnetic charges m =
(m1,...,mp,) satisfy mi > mo > ... > my, with my € Z, i.e. m € ZNC/SNC.
Then we need to evaluate the monopole R-charge (2.2.30). For simplicity, when-
ever considering a weight of some representation R, we will express it in the basis

of weights vectors {p!, ..., pﬁc} of the fundamental representation. Let us start
from the first term.

Since we can write U(N.) = U(1) x SU(N,), the root system factorises as a
disjoint union of vector spaces Ay (y,) = Ay1)UAgy(n.) where Ay (q) is empty.
The root system Agyr(n,), expressed in the basis of fundamental weights, consists
of vectors in R¥e whose entries sum to zero, i.e. all the n(n — 1) permutations
of (1,—1,0,...,0) € R¥e. Then, the subset of positive roots is composed of all
those vectors whose first non-zero entry is 1.

Thus, the first term of A(m) reads

Ne
= Y am) == Ima —m (2.2.77)

+
O‘GASU(NC) a<b

We turn now to the matter contribution, i.e. the second term in (2.2.30). Since
we are considering Ny fundamentals, this simply reads
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Ny

2 detm)l = Y ma (2278)
So the total monopole R-charge reads
A(m):—ﬁam —mb|+Nf§C:|m\ (2.2.79)
a<b ’ 2 a ’ -

Since U(2) contains a U(1) factor only, the topological symmetry possess just
one fugacity w. The topological charge thus reads

Ne¢
Jiop(m) =Y mq (2.2.80)

Finally, to explicitly construct the classical factor Py, (t,m) we associate to
the magnetic flux m a partition of N,

Am)=(\(m), D Nm)=Ne,  X(m)>Na(m) (2281
j

which simply encodes how many of the fluxes m; are equal when we sum over
them.

For each such configuration (i.e. partition) of m, the residual gauge group which
commutes with the monopole flux is

Hy = [JU M (m)) (2.2.82)
J
The classical factor is then
Py(n.(t,m) = H Zifj(m) (2.2.83)
J
where
L |
zV = k>
k H 1—ti = (2.2.84)
=1
z§¥ =1

Now let’s take N, = 2 and Ny = 4 as in the example of the Higgs brach Hilbert
series computation.

We get that

3
A(m) = —|my — ma| + §(|m1\ + |mal) (2.2.85)

and
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1 _
Py (t,m) =  Gp=ey =1 2.2.86
U(Q)( m) { (1_1,5*)27 mi 7& mo ( )

So that the monopole formula reads

He(tw) = Y ¢immmeleslmbtimelymitms py g, 1,m) =
mi>ms (2.2.87)

=1+ xéﬁj@) (w)t? + (x%](?) (w) + xgj@) (w) + 1) 4

Taking the plethystic logarithm of such expression we get

PL [He(t,w)] = xpyy (@) (2 + ) — 0 — 13 (2.2.88)

which, inserted into a plethystic exponent, gives the following generating func-
tion

He(t,w) = PE |x3 @ (@) (2 + 11) — 16 — tg] (2.2.89)
from which we can read that the Coulomb branches has 6 generators (i.e. two
triplets under SU(2)¢op) with 2 relations.

First of all, this example allows us to introduce a general feature of topological
symmetry (and other symmetries in general). Indeed, even if at the classical level
topological symmetries consists of U(1) factors only, it can however enhance to
a non-abelian group in the IR. This happens whenever we consider a "balanced"
node, i.e. a gauge node whose charged hypermultiplets are exactly twice the
number of colours ), N} = 2N,. In such a case (as in this example) the classical
topological group U(1)" actually enhances to SU(r+ 1), thanks to the existence
in the IR of a monopole operator with conformal dimension A(m) = 1 which is
the lowest component of the superconformal multiplet containing this enhanced

conserved current. This is exactly the X%f@) (w)t? term in (2.2.89).
Let us now see in details what are all the generators of the Coulomb branch.

First of all we shall consider the classical Casimirs of the U(2) gauge group,
which can be written in terms of the ® adjoint field as single trace operators
Tr(®7) with j = 1,2.

Moreover, we already know that monopoles are labeled by the magnetic charge
with respect to the U(2) gauge group, Vi, m,. The whole magnetic lattice
can be covered by combinations of monopoles with lowest R-charge, in our case
Vi1 := V4. These can also be dressed by Casimir invariants of the H,, residual
gauge group which do not contain U(2) Casimir factors, and symmetrised by
the action of the Weyl group.

An explicit way to construct these operators is to go along the moduli space and
diagonalise the adjoint field ® = diag(¢1, ¢2) by a gauge transformation. Thus,
dressing for example the V3. monopoles we get

V:I:;(r,s) = Vig105 (229())
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The monopole generators of the Coulomb branch are precisely {Vi,4)} for
s = 0, 1; the other operators are not independent since various relations among
them can be found.

Organising all these operators by their R-charge we can construct the operators
forming the SU(2)top triplets in (2.2.89); these are

X D@ Vi ™e), V-

St (2.2.91)

X[Q} ( )(w)t4 : V—l—;(O,l) ) Tr((I)Q) ) V—;(O,l)
Everything we said about the Coulomb branch generators still holds in the
general case, i.e. quiver (2.2.61). In this case there are 3NN, generators, which

are
Te(®), j=1,...,N. (2.2.92)
Viirs) = Ve01(95 + ... + ¢},) + permutations , r=0,s=0,...,N.—1

(2.2.93)

and N, relations.

If Ny # 2N, the topological symmetry does not enhance. Otherwise, if Ny =
2N, the 3N, generators combines into N, triplets of the enhanced SU(2)top
symmetry of increasing R-charge.
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Chapter 3

3d mirrors of the circle reduction of
twisted y(asp) theories of class-S

This chapter starts by reviewing the basic concepts behind the Type IIB string theory
brane engineering of three-dimensional N' = 4 supersymmetric theories. These will
allow us to understand mirror symmetry and define 7} (SU(N)) theories. Then,
by introducing orientifold Op planes in the game, we will be able to define also
T7(USp'(2N)) theories.

These two families of theories will be important for the second part of the chapter.
Indeed, after briefly introducing the class-S framework, we will present our results
concerning the three-dimensional mirror theories of the circle reduction of the four-
dimensional y(azy) theories of class-S. It turns out that such mirror theories admit
an "almost" star-shaped quiver description built by "gluing" together three different
legs, each one being of the T (SU(N)) or T (USp'(2N)) type.

3.1 Hanany-Witten brane construction

Three dimensional N = 4 linear quivers can be realised in Type IIB string theory
through Hanany-Witten brane engineering [107].

We start considering systems of D3, D5 and NS5 branes spanning the following
space-time directions

Type | 0 1 2 |67 8 9

NS5 X X X X X X (3.1.1)
D3 X X X X

D5 X X X X X X

This precise configuration preserves exactly one quarter of the original 32 super-
symmetries, i.e. 8 supercharges. Moreover the D3 branes will always have finite size
L in the 2% direction, terminating either on D5 or NS5 branes. Thanks to this, the
effective quantum field theory living on the worldvolume of the D3 branes becomes
three-dimensional since, despite the four dimensional nature of such branes, the string
modes along z® become the Kaluza-Klein modes in a circle dimensional reduction of
radius r = % Thus, our 3d N’ = 4 gauge theories will always live on the D3 branes.

Notice that the Lorentz group SO(1,9) is broken by this brane setup to SO(1, 2)p12,
identified with the Lorentz group of the effective three-dimensional theory, and SO(3)345 X
SO(3)789, which can be identified instead with R-symmetry SU(2)r, x SU(2)g.

To simplify the notation in the following, we shall define two vectors z = (22, z%, 2%)
and w = (27,28, 27).

Graphically, a generic brane system has the following form:
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: ©

@ (3.1.2)

—0

where

e Each vertical line, representing an NS5 brane, has a fixed value of 2% and z and
spans w.

e Each horizontal line, representing a D3 brane, has a fixed value of w and z and

spans 29.

e Each circle, representing a D5 brane, has a fixed value of 2% and w and spans z.

To identify the effective N/ = 4 gauge 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. Thus, the exact positions of all the
branes in a given setup have important consequences on the underlying 3d theory. Let
us then start from scratch.

A single D3 brane suspended between two NS5 brane hosts a U(1) vector multiplet.
Now suppose we have instead a stack of N coincident D3 branes as in Fig. (3.1.3);
looking at the Chan-Paton factors of the spectrum of open strings stretching among
these D3 branes, we gain a U(N) vector multiplet. However, if some of the D3 branes
in the stack get separated in the w direction, the respective fundamental strings
acquire a non-trivial tension which is interpreted as the mass of a W-boson. This has
the effect of breaking the U(N) gauge group up to its maximal torus U(1)" when all
the N D3 branes get separated.

NS5 NS5 NS5 NS5

um~

x U(N) Higgsin,
ggsing :
z N D3 -
D3
(3.1.3)

This mechanism reminds of what happens on the Coulomb branch. It is thus
natural to expect that the different positions w, of the N D3 branes corresponds to
the VEVs (¢,) of the scalars in vector multiplets: the origin of the Coulomb branch
(i.e. (¢a) = 0) corresponds to the case in which all the D3 branes are coincident,
while separating them apart amounts to go on a generic point where some of the

NN
NN/
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VEVs are non-trivial. Thus, whenever D3 branes are free to move in the w direction,
a non-trivial Coulomb branch will be present in the theory.

Moreover, the coupling constant of such U(N) gauge theory is identified with the
distance along 2% of the two NS5 branes, i.e. the D3 brane extent L

912:L: |28 — 2§ (3.1.4)
In this sense, bringing the NS5 branes closer until they coincide is translated as
the strong coupling limit of the 3d QFT.
Let us now consider more than two NS5 branes and strings connecting the D3
branes in adjacent stacks as in Fig. (3.1.6). Chan-Paton factor suggest that the strings
fluctuations are nothing but bi-fundamental hypermultiplets degrees of freedom with

mass proportional to the branes displacement in the w direction

m o wd —wly (3.1.5)
NS5 NS5 NS5 NS5 NS5 NS5
w
U(M)
z6 U(N) U(M) Gaining MD

I3

D3 M D mass U(N)
N3
(3.1.6)

Similarly, a string that stretches between N coincident D3 and a D5 brane gives rise
to an hypermultiplet in the fundamental representation of the U(NN) gauge group with,
again, mass proportional to the w displacement between the two types of branes. If a
stack of M coincident D5 branes is present (Fig. (3.1.7)), we thus gain M fundamental
hypermultiplets, i.e. a U(M) flavour symmetry.

NS5 NS5 NS5 NS5

w U(M)

M D5
U(M)

6 M D5 ..
G
x U(N) /X\ alning U(N) (317)

W mass N D3

N

At the same time, D3 branes linking D5 branes are free to displace in the z
direction, see Fig. (3.1.8). This displacement can be thought again as a mass for the
W-bosons. Since we can always add an arbitrary number of D5 branes, i.e. arbitrarily
increase the flavour group, we can in principle completely break the gauge group. This
is exactly what happens on the Higgs branch of the theory giving VEVs to the scalars
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inside the hypermultiplets. Thus whenever a D3 brane is free to move in z direction,
a non-trivial Higgs branch is present in the theory.

NS5 NS5 NS5 NS5

U(M)
6 M D5

U(N Higgsi
(N) /‘\ 1ggsing

S
(3.1.8)

The last possibility to take into account consists of a D3 brane suspended between
a D5 and an NS5 brane, as in Fig. (3.1.9). However, as proven by Hanany-Witten,
this configuration can be changed into an equivalent one by moving the D5 through
the NS5 brane. This move makes the D3 brane disappear and we are left with two
disconnected D5 and NS5 branes. Clearly this equivalence also works in the reverse
situation.

NS5 NS5

D5 T~ PN D5

T Hanany-Witten
>
z D3

(3.1.9)
The reason of this equivalence can be better understood considering the setup of
Fig. (3.1.10). As we have seen, when the D5 brane is moved on top of the D3, the mass
of the corresponding hypermultiplet vanishes, providing a singularity corresponding
to the appearance of a massless state. If we could move the D5 brane through the NS5
brane without the creation of a D3 brane there would be no reason why a singularity
should appear. The problem is resolved conjecturing exactly the Hanany-Witten
move: a new D3 brane must be created, connecting the D5 and an NS5 brane. In this
setup a massless hypermultiplet can now appear whenever the original D3 inside the
NS5 branes and the newly originated one are aligned along the w direction.
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NS5 NS5 NS5 NS5

D5

6 . — ><> D5
Hanany-Witten D3

move D3

A4

(3.1.10)
The mathematically rigorous explanation of the Hanany-Witten move is related to
the conservation of the magnetic charge which can be assigned to either the NS5 or the
D5 brane, i.e. the conservation law for RR and NS three-form fluxes. For definiteness,
let us consider an NS5 brane and denote with Lps and Rps the number of D5 branes
to its left and to its right respectively. Similarly, Lps and Rps will denote the number
of D3 branes ending on the NS5 respectively from the left and from the right. Then
the total magnetic charge of the given NS5 brane, dubbed "linking number" in this
case, reads

1
Lnss = 5 (Bps — Lps) + (Lps — Bps) (3.1.11)

and similarly for the linking number of a given D5 brane.

Such magnetic charge must be conserved for each fivebrane after every other brane
has moved. Thus, considering the Hanany-Witten move setup of Fig. (3.1.10), this is
why a D3 brane must be crated when the D5 brane passes through the NS5.

Moreover, the sum of the linking numbers for all the branes involved in a certain
setup has to be zero, thus constraining the form of the entire brane system.

Other constraints come from requiring unbroken supersymmetry, such as the so-
called S-rule: given an NS5 brane and a D5 brane, there can be one and only one D3
brane connecting them.

Let us now take the very first example of Fig. (3.6.35) and try to read off the
quiver diagram. First of all we have to use the Hanany-Witten move twice on the D5
brane to the right. In this way both the D3 branes get annihilated and the D5 brane
now sits between the first two NS5 branes on the left. Separating all the D5 branes
from the D3 branes and making the latter align on the same value of w, we finally get
the following setup and the following associated quiver theory

N OO/ O

(3.1.12)
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Sometimes it is also useful to start from a known quiver diagram and find the
underlying brane construction. The reasoning is exactly the same, but reversed.

3.2 Mirror symmetry

A crucial feature in the study of three dimensional N = 4 theories is the so-called
mirror symmetry [118], a duality (rather than a real symmetry) relating pair of theories
with non-trivial fixed point that flow to the same point in the IR.

Thanks to our previous discussions, we know that, due to N/ = 4 supersymmetry,
both branches of the moduli space are hyper-Kéhler. Given a theory with an Higgs
My and Coulomb branch Mg, the duality thus conjectures the existence of a mirror
dual theory whose Higgs and Coulomb branch are exchanged

ngirror _ M’H , M%i”or = MC (3.2.1)

As a consequence, mirror symmetry also exchanges the role of the two SU(2)
factors of the R-symmetry group.

Moreover, the hard-to-handle quantum mechanical effects arising on the Coulomb
branch appear as simple classical effects on the Higgs branch of the mirror dual theory,
making mirror symmetry a very useful tools in the study of 3d N’ = 4 moduli spaces.

Interestingly, this symmetry is easily realised in string theory and, in particular,
in the Hanany-Witten brane setup [37, 142|. It relies in fact on the S-transformation
of SL(2,7) duality of Type IIB superstrings, whose elements can be written as

S = ((1) _01> : T = G 2) (3.2.2)

The S-transformation acts non-trivially on the two types of fivebranes by exchang-
ing them D5 «» NS5 (and their linking numbers too), while leaving the D3 branes
unchanged.

However, to obtain the correct mirror symmetry we also need to consider the
spatial directions spanned by the fivebranes. Thus, we need to supplement the S-
duality action with a rotation R of the spatial coordinates

w—z, z = —w (3.2.3)
In building the correct S-dual brane configuration we must perform various steps

(depicted in Fig. (3.2.4)):

1. Firstly, all the D5 branes must be aligned to the D3 branes (i.e. wps = wps)
and separated along the z° direction;

2. Then we can apply an S-transformation exchanging the D5 branes with the NS5
but without violating the S-rule and preserving the net number of D3 branes
ending on the fivebranes;

3. Finally, the newly obtained S-dual brane configuration can be refined using a
the Hanany-Witten move.
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O]O,

IS

o

o
1

N O.0.0:0

(3.2.4)

The theory on the left of Fig. (3.2.4) is nothing but the theory of the example

in Section (2.2.6), U(2) gauge theory with 4 fundamental hypermultiplets. On the

other hand, the theory on the right is its mirror dual. The quiver description of these
theories is the following

C: , Mirror symmetry, (3.2.5)

To check mirror symmetry, we can compute the dimensions of Higgs and Coulomb
branches of both the theories and see if they swap.
Thanks to (2.2.64), we find for the first theory

dimg{Mpp} =4 x2—-4=4, dimg{Mcp} =2 (3.2.6)

while for the mirror one, using the general formulas (2.2.12) and (2.2.14), we get

dimp {MBEOY — 1 x24+2x242x1-1-4—-1=2,

: (3.2.7)
dimg{Mgg™} =1+2+1=4

Thus, we find, as expected, that the dimensions of the Higgs and Coulomb branches
match between the mirror pairs as in (3.2.1). Clearly this is not a complete proof of
mirror symmetry, since this matching alone does not imply that the branches, as
singular spaces, coincide across mirror duality. A more detailed analysis is needed as,
for example, checking the matching also between the Hilbert series. We will not go
into details now as there will be lots of such examples in the following sections.

3.3 TJ(SU(N)) theories

Among all the possible NV = 4 supersymmetric theories, a notable class surely consists
of the so-called T (SU(N)) theories [69, 85]. Such theories will be important for the
discussion in the following sections so here we briefly review the crucial results.

First of all, their linear quivers are always of the form
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(3.3.1)

Each quiver is formed by ¢/ — 1 gauge nodes with gauge group U(XV;) and by ¢/ —1
flavour symmetries with group U(M;). The value of ¢/ and the exact form of the quiver
(3.3.1) are determined by two partitions of N p = (p1,...,pr) and o = (01,...,0y)
such that

4 A
o1>...>0>0, p1>...>pp>0, Yo=Y pi=N. (332
i=1 =1

There are two ways to find out the quiver described by the two partitions p and
o.

The first one [85] relies on the Hanany-Witten brane construction and the steps
are the following:

1. Starting from the left, draw a Hanany-Witten brane system consisting of £ con-
secutive D5 branes (at different values of w) and then ¢’ consecutive NS5 branes
along the 2% direction;

2. Considering then the elements of the o partition, o; represents the total number
of D3 branes ending on the more external D5 brane on the left, oo the total
number of D3 branes ending on the next one moving to the right and so forth;

3. Considering now the elements of the p partition, p; is the difference between
the number of D3 branes on the left of the more internal NS5 brane and the
number of D3 branes on its right. ps plays the exact same role for the next NS5
brane on the right and so on;

4. Finally, making use of the S-rule and the Hanany-Witten move, we can uniquely
fix such an initial configuration and read off the quiver.

Fig. (3.3.3) is an example of this process for T[[22’11 ’11]}(5' U(4)) theory, which we will
encounter again through this thesis.

P1=2 p3 =1
<« <«
O O ®
S-rule HW
( ) _ ( ) move
oo =1
O
o1 =2
<>
p2 =1

(3.3.3)
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Thanks to this construction we can easily see that under three dimensional mirror
symmetry, due to the swap of D5 and NS5 branes, p and o are exchanged too. So
that g (SU(N)) is mirror dual to T&(SU(N)).

The second method [69] for building the quiver diagram of such theories relies on
the fact that the two partitions p and o can be interpreted as two Young tableaux,
with their elements indicating the increasing length of their rows. Moreover, it is also
convenient to introduce the transpose tableau ol of the latter partition, which can
be built swapping the rows and the columns of o. It has the following properties

7
o' =(G,....6), G1=...25;>0, > &G=N. (3.3.4)
=1

The flavour symmetries U(M;) of the theory, with 1 < j < ¢ — 1, are thus
determined from the transpose o’ as follows:

M; =56, — 541 (3.3.5)

with o; = 0, for all 7 > 7+ 1. Thus M; =0 for i > 7+ 1, so that there are at most v
flavour groups.

On the other hand, the gauge symmetries U(N;), with 1 < j < ¢ — 1, are given
by

o 7
Nj= > p— > Gi. (3.3.6)

k=j+1 i=j+1

This implies that the theories 77 (SU(N)) are defined only for ol < p. This
constraint is sometimes referred as the dominance ordering of Young tableaux.

The Higgs branch global symmetry can be easily read from the quiver diagram
and, in this case, is

s{T[vag) | = | [TUog) /U(l) (3.3.7)
j=1 j=1

where, as in Section (2.2.6), we have modded an overall U(1) that can always be
reabsorbed into one of the gauge groups.

The Coulomb branch global symmetry group, on the other hand, consists at clas-
sical level of topological symmetries

-1
[T v@)Renkv®s (3.3.8)
7j=1

but, as in Section (2.2.6) it can enhance to a non-abelian group in the IR if one of the
gauge group happens to be balanced.

Throughout this thesis, we will focus on cases in which o = [1V], i.e. on theories
denoted by T,(SU(N)). The corresponding quivers will always reduce to
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where we redefined the number of gauge nodes as d := ¢ — 1 for later convenience.
In the following, we mainly consider the three examples of T,,(SU(2N + 1)).

The partition p = [12V+1].  We denote this theory simply by T'(SU(2N + 1)) and
the corresponding quiver reads

Q 0 @ @ . (3.3.10)

In general T'(SU(N)), with any generic N, is invariant under mirror symmetry, i.e.
self-mirror. The Higgs and the Coulomb branches of this theory are both isomorphic
to the closure of the maximal nilpotent orbit, dubbed nilpotent cone, of SU(N), i.e.
the same space of (2.2.76) but with the additional constraints

Tr (MP) —0 Vp=1,....,N (3.3.11)

The quaternionic dimension of this space is therefore

dimg{M} = (N2 N) = %N(N —1) (3.3.12)

which in our particular case is dlmH{M} =2N(2N +1).

The symmetries of the Higgs and Coulomb branch are thus both SU(2N + 1); the
former is manifest as a classical flavour symmetry, whereas the latter gets enhanced
in the IR from the classical topological symmetry.

The partition p =[N + 1, N|]. The corresponding quiver is

@ (3.3.13)

which is just a simple U(N) gauge theory with 2N + 1 fundamentals (see Section
(2.2.6)).

3.3.1 The Coulomb branch Hilbert series

For a partition p of N, the Coulomb branch Hilbert series of the T,,(SU(N)) theory
can be computed from its quiver description using the monopole formula, described
in [64].

Alternatively, one can compute this quantity using the Hall-Littlewood formula,
without using the quiver description. This formula, involving the Hall-Littlewood
polynomials, was firstly conjectured in [67]'.

The Hall-Littlewood formula for the Coulomb branch Hilbert series of the T,,(SU (X))
theory reads

H[T,(SU(N))|(t; 1, ... xe5n1, ... nN)

3.3.14
= e (1 — )N K (@ 1) O (2t e t) ( )

n [152, section 6] the authors proved that the equivalence between the monopole and Hall-
Littlewood formulee in the case of maximal partition p = [1N | automatically implies the same equiv-
alence for any generic partition p.
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where the notations are as follows:

1.

Recall that the integer d + 1 is the length of the partition p, so that d = ¢ — 1
is the number of gauge groups in quiver (3.3.9).

. The Coulomb branch symmetry of the T,,(SU(N)) theory is

JU(1) (3.3.15)

| )
k

where 7 represents the number of times the part k appears in the partition p
and, thus, ), ry =d+1=/".

The fugacities associated to this symmetry are x1, 2, ..., 411, subject to the
constraint:
d+1
[[==1. (3.3.16)
i=1

. The power of t in the prefactor is

N
Suavy(n) =Y (N +1-2j)mn (3.3.17)
7j=1

. The Hall-Littlewood polynomial associated with the group U(N) is given by

n 1 txa 7 U(j)
\IIU(N)(xlw"wrNa E ZE O'(N) I | % . (3318)
oeSN 1<i<j<N + To@@)To()

. w, denotes the weights of the SU(2) representation of dimension 7:

w,=(r—-1,r-3,...,3—r,1—7r). (3.3.19)

Hence the notation t¥" represents the vector

or = (=D 4r=8) | (r=3) y=(r=D)y (3.3.20)
We abbreviate
E(N)(wtwpyt) - \Ijgl(llif) 7nN)(ajltﬁwpl7:62t’wp27 cee 7xd+1twpd+1 ’t) . (3321)

The prefactor Kg(N)(m; t) is given by [78|
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length(p™) o]

U(N 1
. S - a‘ak:
1=1 j,k=1 J

where p’ denotes the transpose of the partition p and

ab = q; P i=1,...,p;
o & (3.3.23)
aj, = xy "t i=1,...,pk
For example:
e For p = [1VV], we have p? = [N] and so
U(N 1 U(N
KW@t = [ ———=5 =PEALY @) . (3.3.24)

142
1§j,kSN1 xjr, t

e For the partition p = [N 4 1, N] of 2N + 1, we have p” = [2V,1] and so

N N
K[U]V(ijﬁrv?(:c, t) = PE |#*V 2 ¢ (zy25 " + zox7h) Z 9t 49 Ztm . (3.3.25)
j=1 =1

3.4 Orientifold planes

The Hanany-Witten brane construction realising three dimensional N/ = 4 theories
that we have discussed so far, can be enriched including additional objects provided
by string theory and called orientifold p-planes and denoted by Op [75, 161].

In string theory the discrete world-sheet parity transformation acts on the two
worldsheet coordinates (7,0) by reversing the orientation do A dr of the world-sheet
and, thus, by mapping the two end points of an open string to each other.

Such concept of orientability can be made precise by defining a unitary operator €2
which implements the above discrete diffeomorphism acting on the string coordinates
and thus reversing the orientation of the string. Hence, when considering a stuck of
N branes on top of each other, one has to take into account also the action of Q on
the Chan-Paton factors. At the massless level, this allows to trade the standard U (V)
gauge group with a given subgroup defined by the action of 2.

One can then dress the world-sheet parity transformation by additional Zy sym-
metries of the string theory. In this way one can define more general gauge groups.
These constructions are exactly the so-called orientifolds.

In particular, if one takes the additional Zs symmetry to be the spatial reflection

Ty xt— —2' Vi=p+1,...,9 (3.4.1)

(where for p = 2,3 mod 4 one has to include (—1)f% with Fy, the left-moving fermion
number), then the combination QZ, leads to orientifolds where the fixed locus of Z,
defines exactly the Op plane introduced above.
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One can think of these as non dynamical (at least at weak string coupling) de-
fects in space-time, which carry a mass-density and preserve the same amount of
supersymmetry of a parallel Dp brane.

In the presence of an Op plane a parallel physical Dp brane can split into two half
Dp branes, one being the image under the orientifold involution €27, of the other.

When p < 5, the Op planes come in four varieties

Type G q
Op~ SO(2N) —2p=5
Op*™ | USp(2N) 2P—5 (3.4.2)

Op | SO@N +1)| 1205

Op | USY@eN) | 20

where G denotes the gauge group associated to a stack of 2N half Dp branes sitting
on top of the Op plane, ¢ is their fractional Dp brane charge.

Observe that half Dp branes always come in pairs. In the case of a 5;0_ plane,
we get an additional half Dp brane stuck on the orientifold plane so that we shall

consider as the real 5}7_ plane the bound state between the plane and this half brane.
Moreover, there is no difference as Lie algebras between USp'(2N) and USp(2N);
they however differ in a global factor when considered as gauge theories.

In Hanany-Witten brane configurations, in order to preserve supersymmetry, we
can only insert O3 and Ob5 planes. The first must be parallel to the D3 branes, the
latter to the fivebranes. We will be interested in O3 planes only.

3.4.1 O3 planes

When an O3 plane is introduced in the Hanany-Witten brane setup [75], we can split
also the fivebranes into couples of half branes related by the orientifold involution Q73.
We can thus move the pair of half branes to touch the O3 plane where, in principle,
they can then move freely; see Fig. (3.4.3).

NS5 1 NS5 1NSs

D5 1 D5 1 D5

@ splitting 222 @ 222 @ (343)

Due to the conservation of the linking numbers (3.1.11) and the fact that O3
planes posses a D3 brane charge ¢, such splitting is a nontrivial dynamical process.
Thus, in touching the O3 plane, sometimes half D3 branes are created (or annihilated)
between the two half fivebranes. This different behaviour depends on which O3 plane
is present and how many half D3 branes are already attached to the initial physical
fivebrane.

Moreover the O3 plane change type when it pass through a half fivebrane. To
keep track of this behaviour and other properties, see the following table:
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Type G q | S-dual | half NS5 | half D5
03~ | SO@N) | -1| 03" 03+ 03
o3+ | USpen) | L | 03 | o3~ | 03" (3.4.4)
03 |soen+1)| L | o3 | 03" 03~
03" | usp@en) | 1| 03" | 03 03+

where the fourth column displays the O3 planes relations under the S-duality of type

IIB string theory (notice that O3~ and év?)+ are self-dual) and the last two columns
contain the type change of O3 planes crossing a half fivebrane.

In order to keep the linking numbers invariant between a half NS5 brane and a half
D5 brane connected by half D3 branes, we also need to modify the Hanany-Witten
move as follows. Suppose, as in Fig. (3.4.5), that we start with N physical D3 branes
connecting a half D5 brane on the left to a half NS5 brane on the right. Moving the
half D5 brane along z® to pass through the half NS5 brane, we get N physical D3
branes. Thanks to S-rule we know that both N, N =0, 1.

1 1
1 NS5 1 NS5

1 ps ~ ™ i 1 ps

2 2

Hanany-Witten
>
N D3 N D3

(3.4.5)
Thus:

e When the charge ¢q of the O3 planes at the exterior of the two half fivebranes is
the same, the conservation of the linking numbers requires

N+N=1 (3.4.6)
so that there is annihilation or creation of a D3 brane in crossing.

e When the charge ¢ of the O3 planes is the opposite, the condition reads

N=N=0 (3.4.7)

so that there can not be any D3 brane between the two half fivebranes both
before and after the crossing.

Thanks to the Hanany-Witten move, the rules of splitting physical D5 branes that
end on half NS5 branes is pretty easy. We can in fact simply split the physical D5
brane and move the two half D5 branes to left of the half NS5 brane by means of
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Hanany-Witten move, see Fig. (3.4.8). S-rule then prevents more than one physical
D3 brane to end on the same half NS5 brane.

1 1
1 NS5 1 NS5

03 Hanany-Witten 03
>

move

m o

(3.4.8)

In the following, we will make large use of this trick to split the physical D5 branes

attached to NS5 branes to avoid the much more complicated general rules of splitting
fivebranes in other setups.

N}
X
NI

3.5 T7(USp'(2N)) theories

As for the T (SU(N)) theories, the quiver diagram for Tg (USp'(2N)) is also linear
[69]. It however consists of alternating (S)O/USp groups depicted in (3.5.1), where
each red node with a label N denotes an O(N) or SO(N) group and each blue node
with an even label 2N denotes a USp(2N) group.

@ @ (3.5.1)

My

This alternating nature is due to the fact that, from the string theory perspective,
quiver (3.5.1) can be realised on the worldvolume of N D3 branes parallel to an

orientifold 55’)+ plane and ending on systems of half D5 branes and of half NS5 branes.
Similar to the T (SU(N)) theories, the partitions o and p determine how the D3
branes end on the half D5 branes and on the half NS5 branes respectively. In this
case both o and p are C-partitions? of 2N, of lengths ¢ and ¢ respectively.

In quiver (3.5.1), we defined

L:

-1 ¢ is even
(3.5.2)

v ¢ is odd

and if both Ny and M), are zero, the nodes are removed from the quiver and the
length of the quiver is L — 1.

The Hanany-Witten brane construction of such theories is subtle and the rules we
have previously seen for 77 (SU(N)) theories do change. Due to the presence of the
O3 plane, we are always forced to have an even number of half D3 branes suspended
between the fivebranes. This implies that, looking at the C-partitions, two things can
happen:

2A C-partition is a partition where every odd entry must appear an even number of times.
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e When we encounter an even term, i.e. (...,2k,...), the respective half D3
branes are simply attached to a half fivebrane;

e Whenever we encounter a couple of odd terms, i.e. (...,2k+1,2k+1,...), we
must attach the total amount of 4k 4 2 half D3 branes to the same physical
fivebrane instead of two different half fivebranes.

Thus, in principle, we should pay attention to the splitting rules of every physical
fivebrane sitting in the configuration.

Nonetheless, we can spoil the mirror duality properties of such theories to trade o
for p and vice versa to work with D5 branes only. In this way, since by construction
the physical D5 branes will always be attached to the NS5 ones, we can use the trick of
Fig. (3.4.8) to freely split them. Then, by means of S-duality, we can again exchange
the half D5 branes with the half NS5 and read the quiver more easily.

In Fig. (3.5.3) is depicted an example of this building technique for the 7| [[1242}] (USpP'(4))

theory. The steps are the following:

1. By means of S-duality, we take the C-partition p = (1,1,1,1) and consider a
sequence of two physical D5 branes attached by couples of half D3 branes to
some NS5 branes placed at infinity?. This construction is similar to the one
discussed in [39], except the fact that an O3 plane is put into the brane system

—~+
such that the semi-infinite D3 branes are on top of the O3 plane.

2. We can then freely split the physical D5 branes into half branes preserving the
number of half D3 branes.

3. Applying a mirror transformation, we can trade the half D5 branes for half NS5
and vice versa. Also the O3 plane transforms as in Table (3.4.4). In doing so, we
can now consider the newly transformed D5 branes that were previously placed
at infinity. Taking the C-partition o = (2,2), we can repeat the procedure
outlined in steps 1. and 2..

4. Finally, using S-rule and Hanany-Wittem move, we can read off the quiver dia-

gram.
D5 D5 3D5 iD5 1Ds 1Ds
| | | | 1 1 1 1
| | | | 1 1 1 1
] 103 1 1 1 1
[] «' 1 1 1 1
1, 1 1 1 1 1
] — 1 1 T
> . 1 p3 1 1 1 1 1 p3
L L 2 2 L 1 1 1 2 3
L] " _) 1 1 1 1 _>
| | | | 1 1 1 1
L L L 1 1 1
| | | | 1 1 1 1
5> [ ] 1 1 1 1
P2 ¥ 1 1 i T
<> 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1

3Since the NS5 branes are placed at infinity, we do not mind here if they are physical of half
branes.
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So that, looking at the last part of Fig. (3.5.3), the quiver diagram of the

[[124}]((]5]9 (4)) theory reads

(3.5.4)

The other building method of quiver (3.5.1) relies again on Young tableaux, as for
the T (SU(N)) theories [69].
The labels M;, with 1 < j < L, for the flavour symmetries are again determined

from the transpose o’ = (71,. .., 07), with 71 > ... > 5;> 0, of o as follows:

Mj =5; — 641 (3.5.5)

with &; = 0, for all i > ¢ + 1.
On the other hand, the labels N;, with 1 < j < L, for the gauge symmetries are
given by

1 ] . (2‘7 ;111)  for the /SO node , if £/ is even,

N, = :Ek,:jﬂ pk} ( i—jt10 ) for the USp node ,  if £ is even , 356
Do pk] - (0 517 %) for the 0/SO node , if ' is odd ,
:Ei/:jﬂ pk} ( i—jt10 ) for the USp node , if ¢/ is odd .

Again, we will only focus on the case in which & = [12"] and the theory in question
is denoted by T,(USp'(2N)). The corresponding quiver diagram reduces to

. @ ‘ @ @ (3.5.7)

As we justify in the main text, the red circular node with a label N in this quiver
should be taken as the special orthogonal SO(N) gauge group.
We will mainly consider the following two examples.

The partition p = [12V].  We denote the theory in this case by T(USp'(2N)) and
the corresponding quiver is
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@ . @ . @ . (3.5.8)

We remark this quiver is a ‘bad’ theory in the sense of [85]. Nevertheless, one can
use this description to compute many quantities, such as the Coulomb branch dimen-
sion and the Higgs branch Hilbert series. Moreover, we can bypass the ‘badness’ of
the quiver and compute the Coulomb branch Hilbert series using the Hall-Littlewood
formula as will be explained below.

Since p = o = [12V], the theory is indeed self-mirror in this case. In fact, both
Higgs and Coulomb branches of this theory are isomorphic to the nilpotent cone of
USp(2N), whose quaternionic dimension is

dimg{M} = % [;(2N)(2N +1) — N] = N? (3.5.9)

The partition p = [2N]. The corresponding quiver is

@_. (3.5.10)

where the red circular node denotes the SO(1) group, and so the gauge symmetry is
trivial in this case. This is simply a theory of free 2N half hypermultiplets.

3.5.1 The Coulomb branch Hilbert series

It is possible to compute the Coulomb branch Hilbert series from the quiver description
using the monopole formula [64], provided that the quiver is not a ‘bad’ theory in the
sense of [85].

Alternatively, for a given C-partition p of 2N, one can directly compute the
Coulomb branch Hilbert series of T,(USp'(2N)) using a simple modification of the
Hall-Littlewood formula [67], without drawing the quiver and regardless whether it is
‘bad’ or not.

The correct modification for the Coulomb branch Hilbert series in question is the
following:

HC[TP(USp/(2N))](t; T,N1,...,NN)

(3.5.11)
= then ™ (1 — )NKSN (2, 1) U8, (a(t, @) 1) ,
where the notations are as follows:
1. The power of ¢ in the prefactor is
N
Scy(n) = (2N +2—2j)n (3.5.12)
7j=1

2. The function \IJéN (z,t) is the Hall-Littlewood polynomial associated with the
Cn algebra and the partition A is subject to Ay > Ao > ... > Ay > 0, with all
A € N. Tt is given by
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3. The argument a(t,x), which shall be abbreviated as a, of the Hall-Littlewood
polynomial can be determined by considering the decomposition

N
2
xfund Z a; + (I fo nd $k X[Pk( 1)](t) (3513)
Jj=1

where the group G, depends on the part k of the partition p that appears ry
times and is defined as

Us if & is odd
pkz{ pr) 1 kis o (3.5.14)

SO(ri) if k is even .
For example, for p = [12V], we have a; = z; for j = 1,..., N, and for p = [2N],
we have a; = t2=1for j=1,...,N.

4. The prefactor KEN (z,t) can be determined in two steps.

First of all, we need to identify the representations R; of the group

Gp=[[Go. = [ USp(re) x ] SO() (3.5.15)
k

k odd k even

from the following decomposition:

C SU(2
Xay;(a) = Xa ()X (2) (3.5.16)
7=0,3,1,3,...
Once R; are determined, the prefactor in question is then given by
i G
KgV(@,t)=PE | > 7 (x))| . (3.5.17)
7=0,5.1,3 -
For example, for p = [12V], we have

KN (1) = PE [ng;j(@t?} (3.5.18)

and for p = [2N], we have
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K (@ t) = PE[t' + 6% + ...+ "] . (3.5.19)

For a given partition p, the Coulomb branch symmetry of T,(USp'(2N)) is Gp,
determined by (3.5.15). In the Coulomb branch Hilbert series (3.5.11), the fugacities
x are those associated with the symmetry G, and nq,...,ny are the background
magnetic fluxes associated with the flavour symmetry USp(2N) of the theory.

Note that in the special case of p = [2N], the Hall-Littlewood polynomial is

WA (21, anst) =t D GNHLI20m pE(NG2 gt 8 AN] (3.5.20)
and so the Hilbert series (3.5.11) becomes

He[Tion(USP' @N)(t; 2, na, ... ny) = tMFnettnn (3.5.21)

This is indeed the Coulomb branch Hilbert series of the theory of free 2N half-
hypermultiplets, as described in (3.5.10).

3.6 class-S primer

Throughout this chapter, we will be interested in the S' reduction of some four-
dimensional theories of class-S. So, first of all, let us briefly review what class-S
means [81].

Class-S theories are a large family of 4d N' = 2 SCFTs that may or may not admit
a Lagrangian description. In building such a theory we start from a six-dimensional
N = (2,0) superconformal field theory (SCFT) denoted by x(g), that is characterized
by a simply-laced Lie algebra g*. This theory possesses 32 real supercharges organised
in two multiplets Q' which transforms in the spinor representations (4,4) of the
Lorentz group SO(1,5) and R-symmetry SO(5)g respectively.

We then compactify x(g) on a Riemann surface Cy,, with genus g called Gaiotto
curve, while preserving 4d N' = 2 supersymmetry. The Riemann surface can have a
number n of codimension-two defects known as punctures at which boundary condi-
tions must be prescribed. These boundary conditions are encoded by some data D;
with7=1,...n.

Each choice of simply-laced Lie algebra g, punctured Riemann surface C,, and
data Dj; leads to a different 4d N = 2 class-S theory that we can dub T'(g, Cy.p, D;).

3.6.1 The partial topological twist

Performing the compactification on Cj,, too naively would break all the symmetries
apart the four-dimensional Poincare symmetry. However, there is a precise procedure,
called partial topological twist [83], which preserves the four-dimensional N' = 2
supersymmetry with any Riemann surface Cy .

When considering a field theory on a curved background, the metric g, acts as
a source for the stress tensor T#". In the supersymmetric case, T*" typically belongs
to the same superconformal multiplet of the R-symmetry current J#. The topological
twist [164, 166] amounts to mixing exactly these two currents as follows

4A simple Lie algebra g is simply-laced if all its roots have the same length. Thus, such algebras
are of the ADE type.
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TH =T 4+ Y (3.6.1)

twist

before placing the theory on a non-trivial background metric.

Since (3.6.1) shifts T" by total derivatives, it leaves untouched the corresponding
conserved charge, i.e. the momentum operator. However, it has a non-trivial effect
on rotations; a twisted rotation acts now by a standard rotation combined with an
R-symmetry transformation.

The supercharges become either scalars or vectors under the new rotations and
when we put the theory on a curved manifold, only the scalar ones are preserved.

In this sense, to obtain the correct amount of supersymmetry when placing the
theory on Cy ,, we can use a partial topological twist, mixing only some of the R-
symmetries with some of the rotation symmetries. In order to define the correct twist
let us decompose our six-dimensional flat space as R = R13 x R? so that the Lorentz
group becomes

SO(1,3) x SO(2)o1a C SO(1,5) (3.6.2)

In this way, each supercharge Q' decomposes into a pair of 4d Weyl spinors of
opposite chirality under SO(1, 3) and of opposite charges under SO(2),1q; which means

4 (2,1)2®(1,2)"2 (3.6.3)
We also decompose the R-symmetry as

SO(3)r x SO(2)r C SO(5)k (3.6.4)

so that now each supercharge Q' further decomposes into two SO(3)g spinors with
opposite SO(2)g charge; namely

45214272 (3.6.5)

We thus define the twisted rotations on R? as the diagonal SO(2)¢yist combination
of the SO(2)014 rotations and the SO(2)r R-symmetry subgroup; obtaining
SO(1,3) x SO(2)gr X SO(3)r x SO(2)twist C SO(1,5) x SO(5)r (3.6.6)

By construction, the SO(2)wist charge carried by the supercharges becomes the
sum of those under SO(2)qq and SO(2)g. So we conclude that, under (3.6.6), the
supercharges transform as

—aA —&A
Qe QoA Q" Qz
7\ 7\ N\

Ve

(4,4) - (2,1;2)@V @ (2,1;2) 720 0 (1,2:2)@0 0 (1,2:2) "2~ (3.6.7)

where o, & = 1,2 are spinor indices of SO(1,3) distinguishing between the two chi-
ralities and A = 1,2 is the spinor index of SO(3)g. Additionally, z is the complex
coordinate on R? representing the S O(2)twist charges +1.

As anticipated, when deforming R? to any curved Riemann surface Cy,n, only the

—aA
supercharges that are scalars under x SO(2)wist are preserved. These are {Q*4, Q%" }
which, in the limit where Cy ,, shrinks to a point, can be identified with the 8 super-
charges of the N’ = 2 supersymmetric theories on R'3.
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The R-symmetry indeed becomes
SU(Q)R X U(l)R ~ SO(3)R X 50(2)1?, (3.6.8)

3.6.2 Tubes and tinkertoys

Any Riemann surface Cy,, admits a variety of the so-called pants decompositions [51]
that deconstruct the surface into a series of three-punctured spheres, dubbed trinions,
glued together by connecting pairs of punctures with tubes.

1!I§-4IB"___' N (3.6.9)

The main building blocks of the T'(g, Cg.n, D;) class-S theories are thus:

e Theory on a sphere with two punctures, i.e. a tube.

Thanks to the partial topological twist of the previous section, once compactified
on Uy, the 4d theory depends only on the complex structure of the Gaiotto
curve. This quantity can be described by the "length" and "twist" of each tube
of a pants decompositions.

Let us consider a generic surface C,, with two punctures p; of local coordinates
z; and two disks &% surrounding them, as in Fig. (3.6.10).

(3.6.10)
We can trade the disks for semi-infinite cylinders thanks to the exponential map

e: I; x S' — o

(xiv 9) — 2 = eTiti0 (3611)

where I; = (—o0, L;] is a semi-infinite interval such that the radius of the disk
i is r; = eli (see Fig. (3.6.12)).
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0 X;
exp /v T
— ( ) (3.6.12)
I;
ST RS

By cutting the infinite ends of such cylinders at some finite cut-off, we can then
glue them together by identifying their finite ends. In doing so, we can also add
a twist to the tubes before the gluing. We thus obtain a single cylinder, starting
from the first puncture p; and ending on the second one ps. In terms of the
complex coordinates z;, such an operation reads

2122 =1 (3.6.13)

for some parameter n characterising the tube theory. Geometrically speaking,
in fact, its modulus 7| is related to the length-over-circumference ratio of the
tube, while its phase Arg(n) indicates how the two cylinders were twisted.

These two quantities are also related to the physics of the underlying 4d theory
on the tube as follows.

First of all, by compactifying the original 6d theory x(g) on the circle of length
27 L5 of the tube, we get a 5d N = 2 SYM theory with gauge algebra g and
coupling ggd o Ls. Then, this theory is further restricted to an interval of length
L4 o< —log|n|Ls which is nothing but the length of the tube. Thus, in the limit
where Cj 5, shrinks to a point, we get a 4d N' = 2 gauge theory with gauge group
g and gauge coupling

1 L
- x =+ o —log 1] (3.6.14)
91a  Y95d

On the other hand, Arg(n) is identified with the 6 angle of the four-dimensional
theory. This is because the Kaluza-Klein modes along the S! circumference of
the tube are identified with the five-dimensional instantons. These are in fact
charged under the current

J#

inst

— cHVPON Ty (F,,ng,\> (3.6.15)

which also generates the rotations along S! that are parametrised by the twist
Arg(n) o« 0.

In this sense, the tube theory gives rise to a four-dimensional N = 2 vector
multiplet in the adjoint representation of g with complexified gauge coupling

0 4w Arg(n) 4mi
ot = -
2T 954 27 log |n|

(3.6.16)

e Theory on a sphere with three punctures, ¢.e. a trinion.

Each trinion corresponds to a different class-S theory called "tinkertoy". Since
such tinkertoys range in complexity from free hypermultiplets to unknown SCFTs,
not much can be said in general about them.
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However, each puncture turns out to be associated with a flavour symmetry
of the underlying four-dimensional theory. In fact, for a given algebra g, there
exist different types of punctures carrying a different amount of global symmetry.
Thus, as we have seen, connecting two punctures by a tube amounts to gauging
a diagonal combination of the two flavour symmetries by means of a 4d N = 2
vector multiplet.

In this sense, the general theory T'(g, Cy n, D;) can be decomposed into such tin-
kertoys; each decomposition corresponding to a different regime in the coupling space
of the underlying 4d SCFT.

3.6.3 Punctures

As we already said in the previous paragraphs, there exist different types of punc-
tures. To correctly classify these codimension-two defects one must understand the
behaviour on the Riemann surface Cy ,, of a Lie algebra valued holomorphic one-form
field ® = ®.dz, called the Higgs field or Hitchin field [82]. In fact, the Casimirs {O;}
of this operator, with j7 = 1,...,Rankg, are exactly the chiral operators describing
the Coulomb branch of the underlying four-dimensional theory.

To understand what are these chiral operators, we have to study the moduli space
of vacua of the six-dimensional theory. which is dubbed "tensor branch". To do so,
let us first consider the simplest 6d N' = (2,0) theory, i.e. x(U(1)), consisting only of
a free tensor multiplet. This contains:

e Five SO(1,5) real scalars ¢ the (5) of SO(5)g;
e Four SO(1,5) Weyl fermions A in the (4) of SO(5)g;

e A SO(1,5) 2-form B singlet under SO(5)r and with a self-dual field-strength
H =dB.

It turns out that the tensor branch of a generic x(g) theory contains a U(1)Ranks
IR theory consisting of Rank g free tensor multiplets. Thus, similarly to the three-
dimensional cases of Chapter (2), it is parametrised by the VEVs of the scalar compo-
nents ¢ of such multiplets, belonging to the Cartan subalgebra of g modulo the action
of the Weyl group.

We can thus reconstruct the four-dimensional Coulomb branch from the tensor
branch of the parent 6d theory, by decomposing the components of the tensor multiplet
under the symmetry group

SO(1,3) x SO(3)r x SO(2)r x SO(2)014. (3.6.17)
We get that:

e The real scalars decompose as

¢: 1= g1 +igy — (1,151)O (3.6.18)
bz 1= ¢y — iy — (1,1;1)(O~1)
¢35 — (1,1;3)00)
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e The Weyl fermions decompose as

A = (2,1:2)@E2) @ (1,2;2) 3+ (3.6.19)

After compactifying the 6d theory on the Riemann surface Cy ,,, we are left with
the 4d N' = 2 supercharges {QQA,@QA} only. These transform under the symmetry
group (3.6.17) as

Q4 5 (2,1;2)372) Q™ 5 (1,2,2)22) (3.6.20)

We deduce that

Q. =0 (3.6.21)

because no component of A has the appropriate SO(2)gr charge % This is clearly

similar to the definition (2.2.18) of chiral operators, apart from the gauge invariance
property.

We thus expect the four-dimensional Coulomb branch to be parametrised by the
VEVs of gauge invariant combinations of ¢,. These are exactly the Casimirs of g,
i.e. some polynomials Py(¢.) of degrees d, for k = 1,...,Rank g. For example, as we
already saw in Section (2.2.6), if g = ay = su(N + 1), the Casimirs are simply Tr(¢?)
with j =2,..., N +1°.

We thus identify

(0j) = Pj(¢-) (3.6.22)
which are exactly the holomoprhic differentials of degree j encoded in the Casimirs of
the Hitchin field .

This Hitchin field ® is useful in classifying the Gaiotto curve defects since its
singular behaviour at the punctures p; fully describes their data D;.
These defects come in fact in two families:

e The so-called regular or tame punctures correspond to simple poles for the
Hitchin field [52]

Bo(z) = L 4. (3.6.23)

where the puncture is located at z = 0 and T is a semi-simple element of g
specifying the puncture group structure.

e The so-called irregular or wild punctures correspond to high order poles instead

[156]

d,(z) = +... (3.6.24)

with b € ZT,k € Z and k > —b.

Moreover, the Hitchin field ® can possess a non-trivial monodromy condition as
one circles the singualr point [52]. In fact, in the 6d A/ = (2,0) theory, one can also

5The Casimir for j = 1 does exist in the unitary case only since Tr(¢) = 0 for a SU(N) valued
field ¢.
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define codimension-one defects, dubbed twist lines, that connect pair of punctures
(see Fig. (3.6.27)). These twist lines correspond to the discrete global symmetries
associated to the outer-automorphism group Out(g) of the Lie algebra. This fact
further distinguishes the punctures types as follows:

e The so-called untwisted punctures have trivial monodromy condition

D, (e*™2) = g, - D,(2) (3.6.25)
for some inner automorphism o, of the Lie algebra g.

e The so-called twisted punctures have non-trivial monodromy condition

D, (¥2) =040 B,(2) (3.6.26)

for some composition of an outer-automorphism o and inner-automorphism oy
of g. These punctures can clearly be defined only when g has a nontrivial
outer-automorphism group Out(g) and, due to the presence of twist line defects
connecting them, they must always come in pairs.

(3.6.27)

Clearly, these different types of punctures put different constraints on the defining
data D;, which are

D; = (T;, ki, b;) (3.6.28)

where the elements T; belong to some subalgebras j; of g according to the type of
puncture. To each element T is then associated a different partition p; which reflects
the su(2) embedding inside j;.

In the following we will be interested in the case g = agy = su(2N + 1) only and
we will restrict ourselves to regular defects. We are left with two types of punctures
only, namely:

e The regular untwisted puncture, for which j = asy = su(2N + 1) and thus p; is
a standard partition of 2N + 1;

e The regular twisted puncture, for which j = ¢y = sp(IN) and thus p; is a C-
partition of 2NV.

For example, if N = 1, i.e. ay = su(3), the admitted partitions are listed in the
following table:
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Untwisted Twisted

pi | Tableau pi | Tableau

(3.6.29)
13 | 1 || (12, [

[2’ 1] B:] [2]t ll

where the principal su(2) embedding partition [3] does not appear in the untwisted
cases as it simply does not contribute to the flavour symmetry of the trinion theory.
On the other hand, for twisted punctures, even if the principal embedding [2];% gives
likewise a flavourless puncture, it however carries a non-trivial monodromy condition.

3.6.4 Argyres-Douglas theories within class-S

Argyres-Douglas theories [10] are a special class of 4d N/ = 2 supersymmetric theories
that are usually non-Lagrangian, possess dimensional coupling constants and have
Coulomb branch operators that are of fractional scaling dimension A.

Until the introduction of twisted punctures, it was a common lore that these the-
ories could only be obtained within the class-S framework considering, as a Riemann
surfaces Cy , a sphere decorated with irregular punctures in two possible combina-
tions:

e Only one (untwisted) irregular puncture;

e One (untwisted) irregular puncture and one (untwisted) regular puncture.

Indeed, the introduction of the irregular singularity on the sphere provides the
desired properties for the underlying 4d theory, which cannot be obtained using only
regular (untwisted) punctures.

Recently, with the introduction of twisted punctures, it has been proven by Beem
and Peelaers [20] that one can consider x(asn) theories defined on trinions with regular
defects only, to produce a number of different 4d Argyres-Douglas theories. These
defects, however, must necessarily be of both untwisted and twisted type and they
can only produce Argyres-Douglas theories whose Coulomb branch generators possess
half-integer scaling dimensions.

In their paper, they focused on the N = 1 case, for which we already listed the
allowed punctures in Table (3.6.29). With these punctures the allowed trinions are
the following:

7 1 \®? 1)
5u (3) 5u(>3) T5u(3 ® HM

| ! | |
=5
(3.6.30)

5Throughout this work, we use the subscript ¢ to indicate a twisted puncture.
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where for each theory we have used the labels of [20], denoting the rank-n su(3)-

instanton SCFT as Ts(f()?,)' So that, in particular, Ts(:()?,) is the (A1, D4) Argyres-Douglas
theory. Finally, HM stands for a free hypermultiplet.

Note that not all choices of punctures correspond to physical 4d SCFTs. A di-
agnostic to detect disallowed combinations is to check the superconformal index (see
Chapter (3)); if its expression diverges, the theory is designated as bad. This is the
case for the [2, 1], [12]¢, [1%]; theory.

In the following we will be interested in the the 3d mirrors of the S* reduction of
these twisted x(az) theories (and, when possible, twisted x(asxn) theories in general).
The results of [42] allow us to make progress in such direction and can be used as a
testing ground for our proposal. In particular, we heavily rely on the observation that
the Higgs branch of the underlying 4d SCF'T should match with the Coulomb branch
of the 3d mirror theory of its S' reduction, and that the rank of the 4d SCFT (i.e.
the complex dimension of the Coulomb branch) should match with the quaternionic
Higgs branch dimension of the corresponding mirror theory. For the former, we will
match the Coulomb branch Hilbert series of the 3d mirror theory with the Higgs
branch Hilbert series of the 4d theory. We also study the Higgs branch Hilbert series
of the mirror theory in detail. In some cases, there are more than one description
of the mirror theory for a given 4d SCF'T. The Hilbert series between those mirror
theories are matched and we conjecture that they are dual to each other. In this way,
we obtain new dual pairs between 3d N = 4 gauge theories that have not be studied
elsewhere in the literature.

3.6.5 3d mirrors of x(ay) tinkertoys

In constructing the quiver description of the 3d mirrors theories of the circle reduction
of twisted x(agn) theories of class-S, we were inspired by the method of [23].

In this paper the authors studied the non-Lagrangian x(ay_1) theories associated
to a trinion with untwisted regular punctures p;. By compactifying them on S,
which leads to 3d N' = 4 SCFTs when the radius tends to zero, and by applying
mirror symmetry, they found out that the 3d mirror of such tinkertoy theory always
has a Lagrangian description, i.e. a quiver.

Moreover this quiver is always a star-shaped quiver with 3 legs, each one deter-
mined by a different T,,(SU(N)) theory (whose quiver is depicted in Fig. (3.3.9))
and with their U(N) flavour nodes being commonly gauged as a central node. In this
star-shaped construction, an overall U(1) gauge symmetry needs to be modded out
and this can be done at the central node; in which case its gauge symmetry becomes

U(N)/U(1), see Fig. (3.6.31).

T3 e
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As we have seen in the previous section, the tinkertoys of our interest are the
twisted y(agn) theories associated with a sphere with one untwisted regular puncture
p and two twisted regular punctures o; and A;. Let us stress again that here p is a
partition of 2N + 1 and o and A are C-partitions of 2N (see Table (3.6.29)).

inspired by the method of [23], we thus propose that the 3d mirror in question can
obtained as follows:

1. As the 3 legs of the quiver we consider the following theories:

T,(SURN +1)),  TL(USP'(2N)),  Tr(USp(2N)) . (3.6.32)

The T,(SU(N)) theory was discussed in Section (3.3) and its quiver is depicted
in (3.3.9); On the other hand, the T,,(USp’(2N)) theory was discussed in Section
(3.5) and its quiver is depicted in (3.5.7).

2. To construct the star-shaped quiver, the USp(2N) symmetry from the flavour
symmetry of the theories listed in (3.6.32) are then gauged together. It thus
plays the role of the central gauge node in the star-shaped quiver as mentioned
in [23].
Note that in doing this, the USp(2N) flavour node of T, (U Sp/'(2N)) and T (U Sp'(2N))
turns into a gauge node in the star-shaped quiver in a straightforward manner.
However, since the flavour node of T,(SU(2N + 1)) is U(2N + 1), we need to
decompose the bifundamental hypermultiplet between the U(2N + 1) flavour
node and the gauge node next to it, say U(M), into

e One hypermultiplet under the U(M) gauge group;

e One bifundamental hypermultiplet between U(M) x USp(2N) (see Fig.
(3.6.33)).

@QNH — (3.6.33)

The latter USp(2N) flavour symmetry is then gauged.

3. The resulting 3d mirror quiver is an ‘almost’ star-shaped quiver with the central
node being USp(2N) and with one flavour of the fundamental hypermultiplet
under the unitary group U (M) located next to the central USp(2N) node.

We present here, as an example, the 3d mirror theory of the S reduction of the
Ry 5 theory, which is also known as the CoU; theory, in Fig. (3.6.34). This can be
easily generalised to all the other theories of the same class depicted in Fig. (3.6.30),
as demonstrated throughout the following sections. A feature of such mirror theories is
that the quiver description contains unitary, symplectic and orthogonal gauge groups.
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— 1 (3.6.34)

Let us now briefly comment on the motivation for using the T, (USp'(2N)).

First of all, a simple generalisation of the previously seen Rg 2 theory, consists
in considering the twisted x(agy) theory associated with a sphere with one minimal
untwisted punture [2N, 1] and two maximal twisted punctures [12V];. This is known
as the Ry on theory and was studied extensively in [53].

Each maximal twisted puncture gives rise to an USp(2N) global symmetry, whereas
the minimal puncture gives rise to a U(1) global symmetry. Moreover, the USp(2N)?
symmetry gets enhanced to USp(4N), and the Ry o theory has a resulting USp(4N) x
U(1) global symmetry.

In [152], it was pointed out that both the USp(2N)? global symmetries carried
by the maximal twisted punctures and the enhanced USp(4N) flavour symmetry of
the Ry 2N theory have a global Zy anomaly, introduced by Witten in [160]. This was
shown within the class-S framework by turning on the mass term associated with the
minimal untwisted puncture of the R on theory. In fact, in the IR, this flows to a free
theory that is described by the SO(2N + 1) gauge theory with 2N hypermultiplets in
the vector representation; here it is clear that the USp(4N) flavour symmetry of this
theory possesses a Witten anomaly. In this sense, the Ry on theory can be regarded
as the ultraviolet completion of the SO(2N + 1) gauge theory with 2N flavours.

The SO(2N + 1) gauge theory with 2N flavours admits the Type ITA brane real-
isation [165] (see also [152, section 4]) involving an O4 plane, D4 branes and two half
NS5 branes, in the following configuration:

1 1
1Nss INss

~+ ~
y y
O O
N D4 ‘ N D4 ‘ N D4

(3.6.35)
with N physical D4 branes stretched between two half NS5 branes on top of the
04 plane, and N other physical semi-infinite D4 brane on top of the O4 plane
terminating on each half NS5 brane. Note that the O4 plane, exactly as the O3 one,
changes sign every time it crosses a half-NS5 brane. The SO(2N + 1) gauge group

is realised on the D4 brane segment on top of the 04 plane. The N flavours of
hypermultiplets arise when two stacks of N physical D4 branes end on a half NS5-
brane from opposite sides.

Indeed, the worldvolume of each set of semi-infinite D4 branes on top of the 671+
plane realises a 5d USp(2N) symmetry with the discrete theta angle § = m controlled
by ma(USp(2N)) = Zo [111]. This also controls the Witten anomaly on the underlying
4d USp(2N) symmetry. Since there are in total 2N flavours of hypermultiplets trans-
forming under the vector representation of SO(2N + 1), the theory has a USp(4N)
flavour symmetry.
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As pointed out in [152], when the two half-NS5 branes are on top of each other, the
coupling of the SO(2N +1) gauge group become infinite and this brane system should
realise the Ry o theory. Indeed, the two half-NS5 branes becomes a full phyisical NS5
brane, corresponding to the minimal untwisted puncture, and the two semi-infinite D4
branes on top of (ﬁJr on each side of the brane system corresponds to each maximal
twisted puncture. This picture provides a nice way of realising the Witten anomaly
carried by the maximal twisted puncture.

Upon reduction on S', we expect that this construction corresponds to semi-

infinite D3 branes on top of the év?;Jr plane. This indeed shows up in the brane
configuration of the T, (USp'(2N)) as discussed in Section (3.5) and depicted in the
example of Fig. (3.5.3)7.

In the following sections, we demonstrate our proposal for the construction of
the 3d mirrors of the S' reduction of twisted y(agy) theories through a number of
examples.

3.7 Twisted x(a2) trinions

Let us begin by examining the circle reduction of the twisted x(a2) theories associated
with a sphere with three punctures.

3.7.1 Two copies of the (A4, D,) theory

The class-S description of this theory was proposed in [20] and was referred to as
Theory 5 in that reference. It can be constructed by compactifying 6d (2,0) theory of
the type x(az2) on a sphere with the following punctures:

1, 2, 2 (3.7.1)

where the subscript ¢ indicates the twisted puncture (see Fig. (3.6.30)). Upon
compactifying this theory on S', by adapting the prescription proposed in [23], we
conjecture that the 3d mirror theory admits a ‘star-shaped’ quiver description con-
structed by ‘gluing’ together the following theories:

Ty (SU3)) = (U1)) -
Tiy(USP'(2)) : (SO(1))
Tiy(USP'(2)) : (SO(1))

— [USp(2)] (3.7.2)
- (s
which were discussed in Sections (3.3) and (3.5).

By gluing, we mean gauging the common symmetry USp(2) of the above theories,
whereby it is the central node of the star-shaped quiver. Since U(1) is the commutant
of USp(2) in U(3), we should split the part (U(2)) — [U(3)] of Tj;3(SU(3)) into
U] - (U(2)) — [USp(2)].

Gluing together the above theory along USp(2) results in the following mirror
theory

"In fact, we remark that the 3d A" = 4 SO(2N + 1) gauge theory with 2N flavours can be written
as Tin2)(USp'(2N)).
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O-C g DR

Note that each of the two red circular nodes denotes the SO(1) group, and so the
corresponding gauge symmetry is trivial. We can therefore rewrite this quiver as

OnOn &

(3.7.4)

380

where the rightmost red square node denotes the SO(2) flavour symmetry.

In the following, we discuss about the Coulomb and Higgs branches of the mirror
theory (3.7.3) or (3.7.4). Since upon compactification on S! the Higgs branch of the
4d theory is expected to be the same as that of the resulting 3d theory, it follows that
the Coulomb branch of the mirror theory should match with the Higgs branch of the
4d theory, namely the product of two copies of the closure of the minimal nilpotent
orbit mingyy(3) of SU(3). Moreover, since the circle compactification of the (A, Dy)
theory is identified with 3d N/ =4 U(1) gauge theory with 3 flavours (see e.g. [168]
and [42]®), we expect that the Higgs branch of the mirror theory (3.7.3) or (3.7.4)
should be (C?/Z3)2.

Let us first comment on the enhanced Coulomb branch symmetry of quiver (3.7.4)
along the line of [85]. Observe that the U(1) and U(2) gauge nodes in (3.7.4) are
balanced. As a consequence, one expects an SU(3) enhanced symmetry in the IR.
Since the USp(2) gauge node is also balanced, according to [85, section 5.3|, this SU(3)
symmetry gets doubled and so the symmetry of the Coulomb branch is expected to be
SU(3)x SU(3). This is in agreement with the symmetry of (mingg3))?. Subsequently
we confirm such an enhanced symmetry using the Coulomb branch Hilbert series.

The quaternionic dimension Coulomb branch of (3.7.3) or (3.7.4) is

dimg{Mc[(3.7.3)or (3.74)]} =1+2+1=4. (3.7.5)

This agrees with the dimension of the Higgs branch of the 4d A/ = 2 theory, given

by 24(c —a) = 24 (3 — I) = 4, where a and c are the conformal anomalies given in

(3.65) of [20]. In particular, this is equal to the dimension of (ﬁSU(g)))Z. On the
other hand, the quaternionic dimension of the Higgs branch of (3.7.3) or (3.7.4) is

dimg{M[(3.7.3)or 3.7.4)]} =2+2+4 + %(2 x2)—(1+4+3)=2. (3.7.6)

This is in agreement with the fact that the S' compactification of two copies
of rank-one (A1, Dy4) yields a 3d theory with two quaternionic dimensional Coulomb
branch, whose mirror theory has two quaternionic dimensional Higgs branch. In
particular, this is equal to the dimension of (C2 / 23)2

8This reference studied carefully dimensional reductions for various Argyres-Douglas theories,
including (A1, D4), by utilising the reduction of the index in [43].
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Let us now study the Coulomb and Higgs branches of the mirror theory in detail
using the Hilbert series. For the Coulomb branch, we present two methods in com-
puting the Hilbert series, namely the monopole formula [64] and the Hall-Littlewood
formula [67, 68]. For the Higgs branch, the Hilbert series can be computed using
the Molien integral in the usual way [46] (see also [26]). All these expression were
discussed in details in Sections (2.2.4), (3.3.1) and (3.3.1).

The Coulomb branch Hilbert series

The Coulomb branch Hilbert series can be computed from the monopole formula
(2.2.55) and reads

HEM[(3.7.3) or (3.7.4)] (£ w1, wp) =

Z Z Z £280m10) Py ) (85m) Py oy (8 1) Pogpio) (8 @) wiwh 72

meZ ni>nz2>—o0 a=0

(3.7.7)

where we denote by m, n = (n1,n2) and a the magnetic fluxes associated with the
gauge group U(1), U(2) and USp(2) respectively; the function A(m,n,a) is the di-
mension of the monopole operator with magnetic fluxes (m,n, a)

2
1
A(m,n,a) fz[|m—ni\—{—|ni|—i—(]ni—|—a|—}—|ni—a|)]
2
i1 (3.7.8)
1 1
5y Clal+2 = al) = = na] — o — (~a)]

Pyy(t;m) = (1—2)7}
(1— tQ)*Q if ny # no
P, t; =
(1—t2)~1 ifa#0
P, t;a) =
Usp(2) (1 a) {(1 — ! ifa=0.

The variables w; and wq are the topological fugacities associated with the U(1) and
U(2) gauge group, respectively. Note that we turn off the background magnetic flux
for the flavour symmetry in the above expression. Upon computing the summation,
we may rewrite (3.7.7) as®

2

HPO(3.7.3) or (3.7.4)](t; w1, ws) [Z X (wr, wo )t | (3.7.10)

°In this notation, the adjoint representation of SU(3) is written as X[SlUl<]3)(w1,w2) =2+ w +
wi  Fwe +wy '+ wiwe +wp tws . In the convention where the fundamental representation of SU(3)
is written as Xi%(]a) (z1,22) = 11 +x2xf1 + x;l, this amounts to the change of variables w1 = z1x52

and wo = xzxfz.
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Note that the quantity in the square bracket is the Hilbert series of the closure of
the minimal nilpotent orbit mingg sy of SU(3) [26]. This result also agrees with the
Hall-Littlewood limit ¢ — 0 of the Macdonald index (3.66) of [20]. It can be seen that
the topological symmetry U(1) x U(1), associated with the fugacities w; and ws, gets
enhanced to SU(3). Note, however, that this SU(3) symmetry can be identified as the
diagonal subgroup of SU(3) x SU(3), which is an isometry of the product (ESU@))Q
and is also full flavour symmetry of the 4d N' = 2 theory. Indeed, the mirror theory
(3.7.3) or (3.7.4) only allows for the refinement of such a diagonal subgroup in the
Coulomb branch Hilbert series (3.7.7), and the rest of the full symmetry is ‘hidden’
in the part of quiver (3.7.4) containing the USp(2) gauge group in the same way as
[120]. A similar observation was made in the context of the punctures of the trinion
in the class-S description of the 4d theory; see the discussion below (3.67) in [20].

Let us now discuss the Hall-Littlewood formula for computing the Coulomb branch
Hilbert series. It reads

¢U1(3.7.3) or (3.7.4)] (8 y1, 2, y3) =
D IR g (8 a) X He[Tps)(SUB))] (01, 2, 93:0,0,—a)  (3.7.11)

He[Tio(USp' (2)))(t; a) He[Tiy (USSP’ (2))](t; a)

where the expression for each of the above Coulomb branch Hilbert series is given in
Sections (3.3) and (3.5).
We find that

HE((3.7.3) or (3.7.4)](t; w1, wy ', 1) = HF™[(3.7.3) or (3.7.4)](t; wy, wa) = (3.7.10) .
(3.7.12)
One of the advantages of the Hall-Littlewood formula (3.7.11) is that one only
needs the information about the partitions, corresponding to the punctures of the 4d
theory of class-S, and not the detailed information about the quiver of the 3d mirror
theory. Moreover, this formula takes the same form as the TQFT’s structure constant
of the Macdonald index [78-80, 84, 132, 136] of the 4d theory; see (2.9) of [20].

The Higgs branch Hilbert series
The Higgs branch Hilbert series (2.2.53) reads

Hy[(3.7.4)](t; 2, y)

d d d d
:]{ 2?7{ 2‘%% 2?(1_z2>}[ (1= 0)x
\u|—1 iU lgl=1 m™q |z|=1 Tz lv|=1 U

Hy[[1]u — [2lg,2] (5 u, ¢, 2) Hy[[l]e — [2]g,2](8 2, g, 2) % (3.7.13)
Hy[[2]g,- — [USP(2)]0](t; ¢, 2, v) %
Hy[[USp(2)]y — [SOQ2)]y](t;v,y) x

PE [-2t* — (22 + 1+ 2 )t — (v® + 1 + v )] |

where where PE denotes the plethystic exponential (2.2.36); = and y are fugacities for
the U(1) and the SO(2) flavour symmetries respectively; and



3.7. Twisted x(az) trinions 67

Hu[[1]u — 2.2t u, ¢, 2) = PE [t(ug " +u™'q)(z + 27 1)]
Hu[[2]g> — [USp2)]](t, ¢, 2,0) =PE [Hg ' + @) (z + 2 (v +v )] (3.7.14)
Hy[[USp(2)], — [SO2)],](t,v,9) = PE [t(v+v ) (y+y )] .

Evaluating the integrals, we obtain the Hilbert series of (C2?/Z3)? as expected:

Hy[(3.7.4))(t; 2, y) = H[C?)Z3](t; xy) H[C? ) Z3) (t; zy ) (3.7.15)
where H[C?/Z3](t;w) is the Hilbert series of C?/Z3 given by

H[C?/Z3](t;w) = PE [t* + t3(w +w™!) — %] . (3.7.16)

We emphasise that the SO(2) symmetry in quiver (3.7.4) arises due to the proposal
that each red circular node in quiver (3.7.3) is in fact SO(1), and not O(1). This
proposal is justified by the above Higgs branch Hilbert series, since it reproduces the
Hilbert series of (C2?/Zs3)? correctly. Note that if each red circular node in quiver
(3.7.3) were taken to be O(1), the quantities that carry fugacity 3(zy~! + 27 1y),
for example, would not be invariant under the O(1) gauge symmetry!®. This is also
a justification to take the red circular nodes in quiver (3.5.7) to be of the special
orthogonal type.

3.7.2 The (A, D,) theory with a free hypermultiplet

The class-S description of this theory was proposed in [20] and was referred to as
Theory 4 in that reference. It can be constructed by compactifying 6d (2,0) theory of
the type x(a2) on a sphere with the following punctures:

2,1, [, 2. (3.7.18)

where the subscript ¢ denotes the twisted puncture (see Fig. (3.6.30)).

The mirror of the 3d theory arising from compactifying such a 4d theory on a
circle admits a ‘star-shaped’ quiver description constructed by gauging the common
USp(2) symmetry of the following theories [23]:

T (SUB)) = (U(1) = [UB)]
T2y (USP'(2)) = (SO@3)) — [USp(2)] (3.7.19)
T(USP'(2)) : (SO(1)) — [USp(2)]

where USp(2) plays the role of the central node of the star-shaped quiver. Since
U(1) is the commutant of USp(2) in U(3), we need to first rewrite the quiver for
Tio1)(SU(3)) as [U(1)] — (U(1)) — [USp(2)] and then gauge the USp(2) group.

The 3d mirror theory in question is then

%Tn this case, we would have to replace the factor Hy [[USp(2)] — [SO(2)]](t, z,4) by the square of
the Higgs branch Hilbert series of [USp(2)] — (O(1)). The latter is the Hilbert series of C?/Zs; see
(3.32) of [26]:

Hyu[[USp(2)] — (O(W))](t;2) = PE[* (2% +1+272) — '] . (3.7.17)

The result is no longer the Hilbert series of (C?/Z3)?. In particular, there is no generator of the
Higgs branch at order ¢3.
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(3.7.20)

1

As we have proposed and justified in the previous subsection, the rightmost red
circular node with the label 1 denotes the SO(1) group, and the corresponding gauge
symmetry is trivial. The line connecting it with the blue node thus denotes a half-
hypermultiplet in the fundamental representation of the USp(2) gauge group. In the
following we study the Coulomb and Higgs branches of (3.7.20). Since the Higgs
branch of the 4d theory is C? x ﬁSU(y)), we expect that the Coulomb branch of the
3d mirror theory (3.7.20) is isomorphic to this space also. Moreover, similarly to the
previous subsection, we also expect that the Higgs branch of (3.7.20) is isomorphic to
C2/Z3. Due to these properties of the moduli space, we also conjecture that theory
(3.7.20) is dual to the following quiver [36, 66, 142]:

. (3.7.21)

Note that the mirror of this quiver is the well-known ADHM gauge theory for one
SU(3) instanton on C?, namely the U(1) gauge theory with one adjoint and three
fundamental hypermultiplets [36, 66, 142]:

@} , (3.7.22)

The Coulomb branch of (3.7.20) is 1 + 1 4+ 1 = 3 quaternionic dimensional; this
is in agreement with that of C2? x mSU(g). On the other hand, the computation of
the Higgs branch dimension of (3.7.20) is more subtle than the previous subsection,
since the SO(3) gauge group is not completely broken at a generic point on the
hypermultiplet moduli space. In fact, it was argued in Footnote 7 of [69] that the Higgs
branch of the theory (SO(3)) — [USp(2)] is the equal to that of (O(1)) — [USp(2)]; the
latter turns out to be C?/Zs, which is one quaternionic dimensional. The quaternionic
Higgs branch dimension of (3.7.20) is therefore (1x1)+(1x2)+3(2x1)+1—(143) =1,
which is equal to that of C?/Zs. In the following we study both branches of the moduli
space in more detail using the Hilbert series.

The Coulomb branch Hilbert series

Since the SO(3) gauge group in (3.7.20) has only one flavour of the hypermultiplet
transforming under the vector representation, this renders quiver (3.7.20) a bad theory
in the sense of [85] (see the end of Section (2.2.3)). In this case, the monopole formula
diverges due to the presence of the monopole operators whose dimension is zero.
Nevertheless, it is possible to compute the Coulomb branch Hilbert series using the
Hall-Littlewood formula. This reads
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HC[(3 7.20)|(t; z1, 22,y) =
Zt—zla— - |PUSp( y(t;a) x He[Tio 11 (SU(3))](t; 21, 22; 0,0, —a) (3.7.23)

He[T2)(USP'(2))](t; y; a) He [Tio) (U SP'(2))](t; )

where the expression for each of the above Coulomb branch Hilbert series is given in
Sections (3.3.1) and (3.3.1), and the fugacities x1,z2 have to satisfy the constraint
(3.3.16):

iy =1 . (3.7.24)

Evaluating the summation, we obtain

He[(3.7.20)](t; 21, 22,y) = PE [(y +y 1) [Z X[k k] t%] (3.7.25)

where in this notation the character of the adjoint representation [1,1] of SU(3) is
written as

2
SU(3)
- “ 2249, 3.7.26
X (w) = wius + 2 o 1, ug + o + 2 U% + o 2 4 ( )

with

1 1
up = (w1y )3y, ug = (¢ '@2)3y . (3.7.27)

The Hilbert series (3.7.25) is indeed that of C2 x mingg ). Note that the free
hypermultiplet arises from the (SO(3)) — [USp(2)] part of the quiver. The can be
seen from the the fact that the fugacity y associated with the SU(2) symmetry of
C?, parametrised by the expectation values of the free hypermultiplet, comes from
the factor Hc[T}12)(USp'(2))] in the Hall-Littlewood formula. It is worth pointing out
that this SU(2) is not manifest in the description Tj;2)(USp'(2)) : (SO(3)) —[USp(2)]
but is enhanced in the IR; the reason for this is that the theory is self-mirror and that
its flavour symmetry is SU(2). Similarly, the SU(3) symmetry of the space ﬁswg)
is also not manifest in quiver (3.7.20) and is enhanced in the IR. As can be seen
from (3.7.27), the generators of the Cartan subalgebra of this SU(3) symmetry is a
linear combination of the generator of the Cartan subalgebra of SU(2), which is the
symmetry of C2, and a generator of the U(1) topological symmetry in (3.7.20).

The Higgs branch Hilbert series

The Higgs branch Hilbert series can be computed as follows:
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HH[(3.7.20)](t;w):f{ du f V1 ?)x

ul=1 2T J]y|=1 2TV

Hy[[1]u = []w](t; w, w) Hy[[1}u — [USP(2)]o] (t; 4, v) X

[
Hy[[USp(2)]y — (SO(3))](t;v) x
Hy[[USp(2)] — (SO(1))](t;v) x
[ 2 — (v2+1+v )tQ] ,
(3.7.28)
where
Hy[[1]y — 1] (t;u,w) = PE [(uw ™" + v w)t]
Hy[[1]y — [USp(2)].](t;4,v) = PE [(u+u"")(v + v )]
Hy[[USp(2)], — (SOB3))](t;v) = H[C?/Zs](t;v) = PE[*(v* + 1 4+ v7?) — ]
Hy[[USp(2)], — (SO(1))](t;v) = PE[(v + v )]

(3.7.29)

Note that, in the third line, we have used the fact that Higgs branch of the theory
(SO(3)) — [USp(2)] is isomorphic to C2/Zs. This has been discussed earlier.
Evaluating the integrals, we obtain the Hilbert series of C?/Z3 as expected:

Hy[(3.7.20)](t; w) = H[C?/Zs](t;w) = PE [ + *(w+w ™) —t°] . (3.7.30)

3.7.3 The rank-two SU(3) instanton SCFT

This 4d SCFT was studied extensively in [41], where it was dubbed Tx ! (see also [21]).
The class-S description of this theory was recently proposed in [20] and was referred

to as Theory 3 or ’TSSIZJ)(?)) in that reference. It can be constructed by compactifying 6d
(2,0) theory of the type x(az2) on a sphere with the following punctures:

%], [, 2. (3.7.31)

where the subscript ¢ denotes the twisted puncture (see Fig. (3.6.30)).
The mirror of the 3d theory arising from compactifying such a 4d theory on a circle
can constructed by gauging the common USp(2) symmetry of the following theories:

T (SU@) : (U(1) = (U2) - [U(3)]
Ti(USY(2): (SO3)) — [USp(2) (3.7.32)
Tiy(USP'(2): (SO(1)) — [USp(2)]

where USp(2) plays the role of the central node of the star-shaped quiver.
Similarly to the preceding subsections, the 3d mirror theory in question is then

1n fact, in [41, 44], the authors studied the '7; 3 theory, which flows to a free hypermultiplet and
the interacting SCFT called Tx. The Higgs branch of the 7;% theory is the full moduli space of two
SU(3) instantons on C?, which also includes the C? factor due to the centre of the instantons. Upon

decoupling the free hypermultiplet, the Higgs branch of the Tx theory is identified with the reduced
instanton moduli space.
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O-C g D

1

In the following we study the Coulomb and Higgs branches of (3.7.33). The ADHM
gauge theory of the moduli space of two SU(3) instantons on C? is the U(2) gauge
theory with one adjoint and three fundamental hypermultiplets:

@} \ (3.7.34)

The Higgs branch of (3.7.34) is C2 x .//\—/lv27SU(3), where ./{/IVZSU(;;) is the reduced (or
centred) moduli space of two SU(3) instantons on C2, and the Coulomb branch of
(3.7.34) is the second symmetric power of C2/Z3 [36, 106], denoted by Sym?(C?/Z3).
We thus expect that the Coulomb branch of theory (3.7.33) is isomorphic to ./(/lvzy SU(3)
and that the Higgs branch of (3.7.33) is isomorphic to Sym?(C2/Z3). Below we show
that these are indeed the case.

The Coulomb branch of (3.7.33) is 14+2+1+1 = 5 quaternionic dimensional; this is

in agreement with that of My gy7(3). On the other hand, the computation of the Higgs
branch of (3.7.33) can be performed similarly to the previous subsection, i.e. by noting
that the Higgs branch of the theory (SO(3)) — [USp(2)] is the equal to C2/Zs [69,
Footnote 7|, which is one quaternionic dimensional. The quaternionic Higgs branch
dimension of (3.7.33) is therefore (1 x2)+(2x 1)+ (2x2)+3(2x1)+1—(1+4+3) = 2,
which is equal to that of Sym?(C2?/Z3). In the following we study both branches of
the moduli space in more detail using the Hilbert series.

We now discuss the Coulomb branch. Since the SO(3) gauge group has one flavour
transforming under its vector representation, the theory is ‘bad’. As a result, the
monopole formula diverges. However, as in the previous subsection, we can use the
Hall-Littlewood formula to compute the Coulomb branch Hilbert series

Hc[(3.7.33)](t; x1, w2, 73, y) =
>t NPy g0t a) x HelTjs)(SU3))] (501, 22, 2330,0,—a)  (3.7.35)
a=0

He[ T2 (USY (2))](t;y; a) He [Ty (USP'(2))](t: a) |

where the expression for each of the above Coulomb branch Hilbert series is given in
Sections (3.3) and (3.5), and the fugacities x1,z2, 23 have to satisfy the constraint
(3.3.16):

T1T973 = 1 . (3.7.36)

Evaluating the summation, we obtain the Hilbert series of //\\/1/27511(3) (see 106,
(3.23)]):
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He((3.7.33)](t; 21, 72, 23, y)

(3.7.37)
= PE | (v @) + x P @) 2+ (T @y P £ -t

Let us now turn to the Higgs branch. The Higgs branch Hilbert series is given by

Hy[(3.7.33)](t; x)
\UI*1 2miu Jig=1 2miq J)z=1 2miz o|]=1 271V

Hy[1u = g1t us g, 2) Hul[1e — [2g.2] (5 2,4, 2)

(3.7.38)

1
Hy[[2]g,. = [USP(2)]o](t; q, 2,v) x
Hy[[USP(2)]w — (SO(3))](#; v)x
Hy[[US (2)] — (SO())](t;v)x
PE[-2* — (+ 1+ 2 )2 — (v + 1 +v )] ,
where the notations are as described in (3.7.14) and (3.7.29).
Evaluating the integrals, we find that
Hy[(3.7.33)](t;x) = % [(H[Cz/Zg](t;x))2 + H[C?/Z3](t%; 2% (3.7.39)

where the Hilbert series of C2/Zs is given by (3.7.16). This is indeed the Hilbert series
of Sym?(C?/Z3).
3.7.4 The Ry,y theory
The class-S description of the 4d Ry on SCEFT was proposed in [53]. This is a twisted
X(azx) theory associated with a sphere with punctures:

2N, 1], [12M],, [12M],. (3.7.40)

Let us first focus on the case of N = 1. This theory is also referred to as the CoUs
theory in the literature and it corresponds to Theory 2 in [20] (see also Fig. (3.6.30)).

Following the procedures described in the previous subsections, we obtain the
following 3d mirror theory upon reducing this theory on S*:

(3.7.41)

1

The Coulomb branch of (3.7.41) is 1 + 1 + 1 4+ 1 = 4 quaternionic dimensional,
in agreement with the Higgs branch dimension of the 4d theory which is equal to
24(c — a) = 24 (13 — 1) = 4, where a = 1 and ¢ = 1J are the conformal anomalies
of the 4d theory [53|. The quaternionic dimension of the Higgs branch of (3.7.41) is
(Ix1)4+(1x2)4+1+1—(1+3)=1, which is in agreement with the fact that the
CoU; theory is a rank-one 4d theory. In the following, we use the Hilbert series to

show that this Higgs branch is in fact isomorphic to C2?/Zg.
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We remark that the S' reduction of the CoU; theory has recently been investigated
in [40] using a different approach. In that reference, the theory in question was studied
using the magnetic quiver with a non-simply laced edge depicted in [40, Table 2|. We
will see that the Coulomb branch Hilbert series computed in that reference is in
agreement with ours.

The Coulomb branch Hilbert series

The Coulomb branch Hilbert series is given by the following Hall-Littlewood formula:

He[(3.7.41)](t; w1, 2, y, 2) =
Yt AT Py (ta) x HelTlp (SU3))]( 1, 2250,0,—a)  (3.7.42)
a=0

He[Ti12)(USP'(2))](t; y; a) He[Tj12) (U SP'(2)(t; 23 a)

where the expression for each of the above Coulomb branch Hilbert series is given in
Sections (3.3) and (3.5) and the fugacities z1, 2 satisfy the relation (3.3.16):

iy =1 . (3.7.43)

This Hilbert series can be written concisely in a closed form in terms of the highest
weight generating function (HWG) [104] as

HWG [He[(3.7.41)]] = PE [2(1 + 12) + 3 (w + w™ o + t*p3 — 1543] . (3.7.44)
where, upon computing the power series of this expression in ¢, )" pb? denotes the
representation [p1, p2], whose character written in terms of y and z, of USp(4). Here
w is the fugacity for the U(1) symmetry which can be written in terms of x1, z2 as

w = Toxy " . (3.7.45)

The highest weight generating function (3.7.44) is indeed in agreement with that
presented in [40, Table 11, row 3 with n = 2].

As can be seen from the coefficient of the order 2, the symmetry of the Coulomb
branch is indeed USp(4) x U(1).

Note that, in this notation, the adjoint representation [2,0] of USp(4) can be
written as

2 2 2
USp),\ _ U1 UL oo U5 Up 1.1 3.7.46
X (w) TR T T Tt (3.7.46)

with u; =y and up = yz. Recalling that the Tj;2)(USp'(2)) theory is self-mirror, we
expect the Coulomb branch symmetry of the two copies of it appearing in the quiver
(3.7.41) to get enhanced in the IR to SU(2) x SU(2), corresponding to the fugacities
y and z. From the above computation we see that this SU(2) x SU(2) symmetry
is, in fact, further enhanced to USp(4). Setting w = 1,y = 1,z = 1, we obtain the
unrefined Hilbert series, as presented below [53, (3)] with 7 = ¢? and [40, Table 3,
row 3|. The plethystic logarithm of the Hilbert series (3.7.42) can be obtain from the
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argument inside the PE in |20, (3.30)]!2 by taking the limit ¢ — 0 of that expression.
The generators of the moduli space and their relations were analysed in that reference.

The Higgs branch Hilbert series

The Higgs branch Hilbert series can be computed as follows:

HH[(3.7.41)](t;w)—f{ du f{ U1 2)x

ul=1 2T J)p|=1 2700
Hy[[1]u — [Huw](t; v, w) Hy[[1u — [USP(2)]0] (8 u, v) %
Hy[[USp(2)]o — (SO(3))](t;v)x

Hy[[USp(2)]o — (SO(3))](t;v)x

PE [t — (v + 1+ 0 )¢*] |

(3.7.47)

where the notations are as in (3.7.29).
Evaluating the integrals, we obtain the Hilbert series of C?/Zsg:

Hy[(3.7.41)](t;w) = PE [t* + (w + w™ " )t° — t"?] = H[C?/Ze)(t;w) . (3.7.48)

The appearance of C2/Zg can be understood by considering the S-fold realization
of the CoU; theory [8]: In the F-theory context this model arises by probing with a D3
brane a background which is obtained by combining a 7-brane of type Hy with a Zs
S-fold action whose effect is to act as a sign flip on the Coulomb branch of the Hy (or
(A1, Dy4)) theory resulting in a IV* geometry. Upon reduction to three dimensions the
Coulomb branch of the (Ay, D4) theory becomes the hyperkahler singularity C2/Z3
as we have seen before. We should then expect the Zy S-fold to act on this geometry,
resulting therefore in a C?/Zg singularity.

Mirror of the S! reduction of the Rs on theory

We propose that the 3d mirror theory in question is

©0 009000 00
o

(3.7.49)

Note that the Coulomb branch of this quiver is 2N? + N + 1 quaternionic di-
mensional, where we have used the fact that the Coulomb branch of g, 2wy is N 2
dimensional. This is in agreement with the Higgs branch dimension of the 4d theory
which can be computed from 24(c—a) = 2N?+ N + 1, where the conformal anomalies
are a = MNQE# and ¢ = % [53]. On the other hand, the Higgs branch
of quiver (3.7.49) is 2N? + 2N + 1 — $(2N)(2N + 1) — 1 = N, where we have used

2Note that the notation in [20] can be mapped to ours as follows: tihere = 2,5 and @® = w.
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the fact that the Higgs branch of Tygpyan) is also N 2 dimensional. This result is in
agreement with the fact that the Ry on theory has rank N.

Again, we remark that there is an alternative description of the mirror theory in
terms of a non-simply-laced quiver. This, together with the corresponding highest
weight generating function, were given in [40, Table 11, row 3|, with n = 2N.

3.7.5 The fg, or 7;87)2 theory

This theory was proposed and studied in [20]. It also recently appeared in [98] where

it was called 7;@2. It has the class-S description as a twisted y(az) theory associated
with the sphere with punctures (see Fig. (3.6.30)):

5 I S PR I & P (3.7.50)

Following the procedure described in the previous subsections, we obtain the fol-
lowing quiver description of the 3d mirror theory of the compactification of T3 on

' Do ee

1

(3.7.51)

The Coulomb branch of (3.7.52) is 1 +2+1+1+1 = 6 quaternionic dimensional,
in agreement with the Higgs branch dimension of the 4d theory which is equal to
24(c —a) = 24( — %) = 6, where a = % and ¢ = 3 are the conformal anomalies
of the 4d theory, as given in (3.1) of [20]. On the other hand, the Higgs branch of
(3.741)is (1 x2)+(2x1)+(2x2)+1+1—(14+4+3) =2, which is in agreement
with the claim in [20] that T; is a rank-two theory. Again, in this computation, we
have used the fact that the SO(3) gauge theory with one flavour has the Higgs branch
isomorphic to C2?/Zs, which is one quaternionic dimensional [69]. In the following, we
investigate both branches in more detail using the Hilbert series.

As in the previous subsection, the Coulomb branch Hilbert series can be computed
using the Hall-Littlewood formula:

HC[(3752)] (ta T1,22,23,Y, Z) =
Z t_2|a_(_a)|PUSp(2) (t;a) X He [T[ls} (SU(3))](t7 x1, %9, x3;a,0, —a) (3.7.52)
a=0

He[T2) (USP'(2))|(ty; a) He [Tz (USP'(2)(t; 2;a)

where the expression for each of the above Coulomb branch Hilbert series is given
in Sections (3.3) and (3.5) and the fugacities x1, z2, x3 have to satisfy the constraint
(3.3.16):

T1Tox3 = 1. (3753)

The highest weight generating function of the Coulomb branch Hilbert series up
to t'2 is
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PE [t2 (papo + V2 + 02) + t* (napovo + paps + 1)
+1° (Wvo + ppove + Bve + i + 153)
+ 8 (uivo + pvo) — 10 (u%ugua + pap3vo) (3.7.54)
— t2(uipar®o” + i p3Po® + pindvio’ + mpso® + pipsvo
+ 2ubpdve + ppsve + Epd) + .. }

where, upon computing the power series of this expression in t, Mf Y12 v" 0% denotes the

representation [p1, pa; r; 8], whose character can be written as X[p ;2)]( )X[r] U(2) (y)xi?@) (2),
of SU(3) x SU(2) x SU(2). This is indeed the symmetry of the Coulomb branch of
the theory. The plethystic logarithm of the Hilbert series (3.7.52) can be obtained
from the argument inside the PE in |20, (3.3)] by taking the limit ¢ — 0 of that
expression. The generators of the moduli space and their relations were analysed in
that reference.

Now let us examine the Higgs branch. The Hilbert series can be computed in a

similar way to the previous subsection; it is given by

HH[(3.7.52)](t;x):j|{ du 7{ dq_,

ul=1 2T J)q=1 2miq
dz 2 dv o
%I—1 2“2(1 )fim:l 27rz'v(1 )
o — [20q.2)(t;w, ¢, 2) Hy[e — [2)4.2] (5 2, ¢, 2) %
2]q,z — [USP(2)]o](t; 4, 2, v) x

USp(2)] — (SO@3))](t;v)
267 — (2 + 1+ 271 = (0 + 1407
(3.7.55)

#ll
#ll
#[[USP(2)]s = (SO3))](¢; v) %
il
[

where the notations are as described in (3.7.14) and (3.7.29). Here z is the fugacity of
the U(1) flavour symmetry. This can be evaluated and has the following closed form:

Hy[(3.7.52)](t; 2)

1
T (1= B2)2(1 — B2 121 + Ba)2(1 + B 1)2 5.7.56)
1+ 2+ 28435 + (5+ 22 + 2 ) + (6 + 22 + 2 )0 -
+ (5422 + 272 + ... (palindrome) ... + t*°
Setting x = 1, we obtain the following unrefined Hilbert series:
1T— 12 4 ¢4 4210 448 — 10 - ¢12
Hy[(3.7.52)] (b2 = 1) = + + + . (3.7.57)

(1=t A+ (A —t+2)* (14t +12)?

where the order of the pole at t = 1 confirms that the Higgs branch is 4 complex
dimensional, or equivalently 2 quaternionic dimensional as expected. The plethystic



3.8. Twisted x(a2) theories with four punctures 7

logarithm is

2 1
PL[Hy[(3.752)(t:zx) =+ 2+t (222 + = + 1)+ (22 + = +1
2 2
X X
12 2 1 14 2 2
—tP (2 + 5 +4) " (207 + 5+ 4 (3.7.58)
X X

1 1
— 16 <:L‘4+4+x2—|—2—|—2>+... .
X X

3.8 Twisted x(a2) theories with four punctures

In this section, we discuss the mirror theories associated with the twisted x(az2) theories
defined on spheres with four punctures. These can be obtained by gluing two of the
twisted x(az2) trinions in Fig. (3.6.30) with a tube theory; as we have seen, this
amounts to commonly gauge the flavour symmetries of two as punctures.

We consider two examples of such generalised class-S theories: the 7'2 33 and
7572 3 3 theories. Indeed the class-S description, without an irregular puncture, of

1272
such two theories has recently been proposed in [20)].

3.8.1 The 7;%% theory

The 4d N =2 ’7'2’%% SCFT was studied in [44] as an SU(2) gauge theory coupled to
a doublet of hypermultiplets and two copies of the (A1, Dy) theory, where an SU(2)
subgroup of the SU(3) global symmetry of each copy is gauged. In that reference, it
was proposed that this theory is dual to another 4d N' = 2 SCFT known as the Iy 4
or (Asz, A3) theory [168]. Upon compactifying the latter on S*, the 3d mirror theory
was proposed in [170, Figure 8] (see also |25] for a derivation) to be

o0
o%¢

where an overall U(1) needs to be decoupled from this quiver. Upon doing so, one
obtains the following equivalent description of the above mirror theory [44, (3.3)]:

(3.8.2)

This quiver has two interesting properties:

1. It is self-mirror.
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2. Both Higgs and Coulomb branches are isomorphic to the moduli space of one
SU(3) instanton'® on C2?/Z3 with the holonomy at infinity such that SU(3) is
broken to U(1)3/U(1) = U(1)2.

The first property can be understood from the Type IIB Hanany-Witten brane
construction [107] involving one complete D3 brane wrapping a circle and stretching
between three NS5 brane, with one D5 brane within each NS5 brane interval, as seen
in Fig. (3.8.3). The mirror symmetry can be realised by an action that involves
interchanging the NS5 and D5 branes, and this leaves the brane system invariant. We
thus conclude that (3.8.2) is self-mirror.

NS5 D5
®
D5 D5
® ® NS5 NS5
o Sdual (3.8.3)
NS5 NS5 D5 ® ® D5
© NS5
D5

The second property follows from [35, 36, 55, 56, 70, 72, 77, 131, 135, 138, 142,
162].
On the other hand, the 7, s s theory can be seen within the class-S framework, as
9272

a twisted x(ag) theory associated with a sphere with punctures

2,1, [2,1], [}, 2 — - - (3.8.4)
o m

Following the procedure described in the preceding section, we obtain the 3d mirror
of this theory compactified on S! as

(3.8.5)

Since the red circular node with the label 1 denotes SO(1), this quiver can be
rewritten as

13Strictly speaking, this should be called a PU(3) = PSU(3) instanton.
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1 m 2 3.8.6
W, (350

Indeed, we conjecture that theory (3.8.2) is dual to theory (3.8.6). It is thus
expected that the two properties discussed above also hold for theory (3.8.6). In the
following we provide some non-trivial checks for these statements.

The Coulomb branch of (3.8.6) is 1+1+1 = 3 quaternionic dimensional. The Higgs
branch of (3.8.6) is also 14+2+2(2x2)+2+1—(1+3+1) = 3 quatenionic dimensional.
These are also equal to the corresponding quantities of (3.8.2). The equality of the
Higgs and Coulomb branch dimensions is as expected from the property that the
theory is self-mirror. We now study both branches in more detail using the Hilbert
series

We first consider the Higgs branch Hilbert series of (3.8.6). This is given by

fobf nf o
luj=1 20U J|yp|=1 2w J}y=1 200

H’HH Ju = [Ha) (6w, @) Hy [ = [USP(2)]0] (85, 0) (3.8.7)
Hy[[1w = [Uy] (& u, ) Hy[[Uw — [USP(2)]o] (t w, 0)
Hy[[USp(2)]o = [SO(2)]](t; v, 9) %

PE [-2t> — (v + 1+ v 2)¢?] |

where the notations are as in (3.7.14) and (3.7.29). Here, z, y, ¢ are the fugacities
for each of the U(1) in the U(1)? flavour symmetry of the theory. Evaluating the
integrals, this can be written as

Hy((3.8.6)](t; 2, v, q)

1 T 1
ZPE[3t2+t3<q:c+q+++qy+q++y>
vy o9y q
+ ¢! +:c+ +Iy L
Y y xy (3.8.8)
6 ( 2 1 Yy oz 1
—20\ ¢+t s tey+ =+ -+ —+2
q Ty wy

1 =z 1
—3t7<qx+q—|—++qy+q+—|—y>—|—...}.
T qr q y o qy q

The closed form for the unrefined Higgs branch Hilbert series, whereby z = y =
qg=1,1s



80 Chapter 3. 3d mirrors of the circle reduction of twisted x(azpn) theories of class-S

Hy[(3.8.6)](t;z =1,y =1,g=1)
1 —2t+ 324263 — 21 4215 + 3¢5 — 247 418 (3.8.9)
(1= +6)2(1+£2) (1 +t+12) '

The order of the pole at ¢ = 1, which is 6, is indeed the complex dimension of
the Higgs branch, and the numerator is palindromic as it should be for a Calabi-Yau
variety. It can be checked using the method described in [70, 135] that this is indeed
the Hilbert series of the moduli space of the instanton mentioned below (3.8.2).

We now focus on the Coulomb branch. Since theory (3.8.6) is ‘good’ in the sense
of [85], the Coulomb branch Hilbert series can be computed using either the monopole
formula or the Hall-Littlewood formula. Here we present the latter:

He[(3.8.5) or (3.8.6)](t; 1, x2; Y1, y2) =

o0

Dt Py (1 0)
a=0

Hel[Ti911(SU(3))](t; 21, 725 @, 0, —a) He[Tj2,11(SU(3))](t; y1, y2;5 @, 0, —a) X
HelTiy(USp ()] (t50) HelTio (U ()] (1:0)

(3.8.10)
where the fugacities x1,z9 and y1,y2 are subject to the conditions:
2 _ 2, _
rira =1, yiye = 1. (3.8.11)

After imposing these conditions, we see only two U (1) fugacities appear in formula
(3.8.10). They represent the two U(1) topological symmetries associated with each
U(1) gauge node in quiver (3.8.6). From description (3.8.2) and the Higgs branch
computation we expect, however, that there should be three U(1) global symmetries.
The other U(1) symmetry is indeed ‘hidden’ in the above Coulomb branch computa-
tion, in a similar way as described in [120]. In order to match (3.8.8) with (3.8.10),
we need to unrefine one fugacity in the former:

Hy[(3.8.6)](t; 2%, y3,q = 1) = He[(3.8.5) or (3.8.6)](t; 1, 27 % 91,9, 2) - (3.8.12)

It is also interesting to compare these results with the Higgs branch Hilbert series
of the 4d 7, s s theory. Recall that the Higgs branch of the (A, D4) theory is the
b 2 b 2

closure of the minimal nilpotent orbit of SU(3), whose Hilbert series is [26]

Hfmingy)(tu) = > xion? (w)t? | (3.8.13)
p=0

where w = (u1,uz) are the fugacities of SU(3) such that the character of the funda-
mental representation [1,0] is written as uy 4+ ugu; " + uy *. We now take two copies
of the (A1, Dy4) theory, gauge a common SU(2) symmetry and then couple it to one
flavour of the fundamental hypermultiplets. For each copy, we need to decompose
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representations of SU(3) into those of the SU(2) x U(1) subgroup. This amounts to
using the following fugacity map:

1/3

up=x"'°z, up = a3z (3.8.14)

where z is the SU(2) fugacity, = is the U(1) fugacity, and the power 1/3 is the
normalisation of the U(1) charge such that we have the following decomposition:
[1,0] — [1]% + [0]§

The Higgs branch Hilbert series of the ’75 33 theory is then

Hu[T55 31t 2,9, 9)

- f{H lerjz(l - ) PE [_ﬂquz?m(z)} PE[(z+2 Y(g+q )] x  (3.8.15)

Himinggs)|(t; 232,27 V32) Hmingg ) (4 y' /32,47 1/32)

where z is the SU(2) gauge fugacity, and each of =, y and ¢ is the U(1) fugacity.
Evaluating the integral, we find that

Hy[Ty 3 3]t 3.y, q) = Hy[(3.8.6)|(2,y,q) (3.8.16)

33
12032

which is given by (3.8.8).

3.8.2 The 75,5 s theory

The 4d N'=2 75,3 3 SCFT was studied in [44] (see also [41]). It admits two known
k) ’2’2
descriptions:

e An SU(3) gauge theory coupled to two (A1, D4) theories with three flavours of
fundamental hypermultiplets,

e an SU(2) gauge theory coupled to the (Aj, D4) theory and the 757% theory!4,

where the Higgs branch of the latter is the full moduli space of two SU(3)
instantons on C2. These two descriptions are related by the Argyres-Seiberg
duality [12].

In [44], it was proposed that the 75, s s theory is dual to another 4d N' = 2 SCFT
147999

known as the IT725 221 theory. Upon compactifying the latter on S!, the 3d mirror
6,6 Y ymng

theory can be obtain using the method described in [168| and the result was presented
in [44, (4.3)]:

"‘ (3.8.17)

MEquivalently, this is an SU(2) gauge theory coupled to the (A1, D4) theory and the 7;%)(3) theory
(see Section (3.7.3)), with a half-hypermultiplet in the doublet of the SU(2) gauge group.
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where an overall U(1) needs to be decoupled from this quiver. Doing so from one of
the U(1) gauge node, we obtain the following equivalent quiver:

(3.8.18)

AnOROak
The class-S description of the 75, s 3 theory (see [20, (5.1), (5.2)]) can be seen as
b 7272
a twisted x(ag) theory associated with the sphere with punctures

%7, 2,1, 2k, 2 — - ” (3.8.19)
P om

Following the procedure described in the preceding sections, we obtain the 3d
mirror of this theory compactified on S* as

O &

(3.8.20)

05
©e -

Since the red circular node denotes SO(1), this quiver can be rewritten as

P Res:

v em
We conjecture that theories (3.8.18) and (3.8.21) are dual to each other. In the
following we provide number of non—tr1v1al checks.
The Coulomb branch of (3.8.21) is 1 + 2+ 1 4+ 1 = 5 quaternionic dimensional.
The Higgs branch of (3.8.21) isalso 2+2+4+1(2x2)+2+1—(1+4+3+1) =4
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quatenionic dimensional, in agreement with the fact that the 4d 7}),27 83 theory is a
rank-four theory. Note that these are also equal to the corresponding quantities of
(3.8.18). We now study both branches in more detail using the Hilbert series

As in the previous subsection, the theory is ‘good’ and so we can compute the
Coulomb branch Hilbert series of (3.8.21) using either the monopole formula or the
Hall-Littlewood formula. The latter reads

Hc[(3.8.21)](t; x1, w2, 35 Y1, Y2) =

Z t_2|a_(_a)|PUSp(2) (t;a) He [T[ls} (SU(3)))(t; 1, 22,35 0,0, —a)
a=0

(3.8.22)
HC [T[Q,l] (SU(3))} (t7 Y1, Y2; a, 07 —CL) X
He[Tyy (USP'(2))](t; a) He[Tip (USP'(2))](t; a) -
with the following conditions on the fugacities due to (3.3.16):
rirar3 =1,  ylyp=1. (3.8.23)

Upon evaluating the summation, the result of (3.8.22) can be summarised as the
highest weight generating function up to order t® as follows:

HWG [Hc[(3.8.21)]]

1
=PE [(NLUQ +1)t% + (b + b) £+ 2z + 1) ¢

(3.8.24)

1
+ <b + b) ppiat® + (205 + popn + 2p5 — 1) 1

1
+ <b+b) (M?+M%)t7+(M?*2M2H1+M§)t8+---] ;

where, upon computing the power series of this expression in ¢, uJ"ub? denotes the

representation [pi, pa], whose character written in terms of x1, x9, x3, of SU(3). Here
b is the fugacity for the U(1) symmetry which can be written in terms of y;, yo as

b=y " . (3.8.25)

As can be seen from the order ¢?, the Coulomb branch symmetry of this theory is
U(3). This is in agreement with that of theory (3.8.21) and the flavour symmetry of
the 4d theory.

The Higgs branch Hilbert series is
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Hy[(3.8.21)](t; x,y,b) =

7{ du f dw 7{ dq o
\u|:1 2miu |w|:1 2miw |q|=1 27Tiq

dz dv
f 5 (1—22)?{ 5 (1 —0v?)x
|2|=1 272 |v]=1 2TV (3.8.26)

Hy[[Uu = [2]g.21(6u, ¢, 2) Hy[[Ue — [2]q.:](5 2, ¢, 2) %
Hy[[2]q,. = [USPp(2)]](t; ¢, 2,v) Hy[[1]w — [USP(2)]0] (#; w, v) %
Hy[[How = [1](8 w, y) Hu[[USp(2)]o — [SO2)]6](; v, )X

PE [-3t> — (v +1+0v )2 — (22 + 1+ 2727 ,

where the notations are as in (3.7.14) and (3.7.29). Evaluating the integrals, we obtain

Hy[(3.8.21)](t; z,y, b)

br b

b1
:PE[3t2+t3 br+ -4+ —+
x by b

b1
+by+y++y>

1 1 3.8.27
—|—t4<b2+2+xy+y+x++1> (3:8.27)
b T Yy xy
b 1 =z
tlbr+—+—+=)—...|.
+ <$+x+bx+b> }

The order ¢? indicates that the Higgs branch symmetry is U(1)3. Setting 2 = y =
b =1, we obtain the closed form of the unrefined Hilbert series as

Hy(3.82D)](t;z=1,y=1,b=1)

<1 — 2t + 3% + 23
(1I— 031+ ) 1+ 2)2(1 — t + £2)(1 + £ + £2)3 [ T (3.8.28)

— 2t + 617 +3t5 — 2t7 + 12t — 2¢7 + ... (palindrome) ... +t'¢| .

This Higgs branch Hilbert series is in agreement with that for (3.8.18).

3.9 Twisted y(asy) theories with N > 1

In this section, we discuss the generalisation of our results for the twisted y(az) theories
to the case of x(agy) with N > 1.

3.9.1 The Dy[SU(2N + 1)] theory with N free hypermultiplets

The class-S description (without an irregular puncture) was proposed in |20, (6.3)].
It is a twisted x(azn) theory associated with a sphere with punctures

[N +1,N], [12V], [2N]; . (3.9.1)

For N = 1, this was discussed in Section (3.7.2), where the low energy theory is
the (A1, Dy) SCFT with a free hypermultiplet.. For a general N, the 3d mirror theory
of the reduction of the 4d theory in question on a circle admits the following quiver
description:
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09 e @

(3.9.2)

The Coulomb branch of (3.9.2) is N —1—2?;1 2j = N2+2N quaternionic dimension.
This is in agreement with the Higgs branch of the 4d theory: the Higgs branch of
Dy[SU(2N +1)] is N(N + 1) quaternionic dimensional (see Appendix (A)), and the
Higgs branch of the theory of N free hypermultiplets is N quaternionic dimensional;
in total we have N2 + 2N quaternionic dimensions. The Higgs branch of (3.9.2) is
N +2N?% 4+ N + dimg H[T(USP'(2N))] — N? — 3(2N)(2N + 1) = N, where we have
used the fact that dimyg H[T'(USp'(2N))] = N2. This is in agreement with the fact
that Do[SU(2N + 1)] is a rank N theory.

The Coulomb branch Hilbert series of (3.9.2) can be computed using the Hall-
Littlewood formula as follows:

HC[(392)](t7 T1,T2,Y1,Y2y -+, yN) -
T AR Sty )

n1>nz2>nn >0

Pyspin)(tini, ... ,nn)x

3.9.3
He[Ting1,n)(SU (2N + 1))[(t; 21, 22;n1, 02, .. . ,nN, 0, —nN, —nN—1, ..., —N1) X ( )
Hc[T[12N](USp/(2N))](t; Y1,Y2, -+, YN; N1, N2, . .. ,nN) X
Hc[T[gN](USp/(QN))](t; ni,... ,’I’LN) y
where
NN =1, (3.9.4)
Evaluating the summations, we obtain
[(3 9. 2)](t T1,22,Y1,Y25 - - - 7yN)
(3.9.5)

N
=PE | ) (yj+y;")| x HID2ASU@RN + D)](z1,22,51,--,yN)
7j=1

where the first factor is the Hilbert series of HY = C2?VN and the second factor is
as described in Appendix (A). We have tested this expression for N = 1,2,3. This
confirms that the moduli space of the Coulomb branch is a product of HY and that
of the Higgs branch fo the Dy[SU (2N + 1)] theory, as expected from the 4d theory.
The Higgs branch Hilbert series, on the other hand, can be computed as follows:
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Hy[(3.9.2)](t: ) = / Ay (2) / djuyrsp(any () X

Hy[[1]e — [N]z] Hu[[N]: — [USp(2N)]o]x
He[T2vy (USP'(2N))](#;050,0, ... ., 0) Hy[[SO(1)] — (USp(2N))w] X (3.9.6)
PE | — i zizj_l - XUSP(QN) (v)?]

[2’07-“70]
3,7=1

where we have used the fact that Tjj2n(USp'(2N)) is self-mirror and so the Higgs
branch Hilbert series of such a theory can be computed from the Coulomb branch
one. Here

k=1 k=1

N N
Hyl[[l]z — [N]:] = PE l(mlzzj +1'sz1) t]

Hy[[N]. = [USp(2N)]»] = PE [

izj + iz1> (ivk + iv,ﬁ) t}

N
USp(2N _ - _ -
X[2,01,).(..2,0])(U) =N+ E (2 + v + E (viv; +v; lvj Ly 0V} v tey) (3.9.7)
j=1 1<i<j<N

N
dpyspen (v) = Hv_l(l —v3) H (1 = viy) (1 = viv; )

j=1 1<i<j<N
N

dpy vy (z) = H z;t H (1- Zizfl) :
J=1  1<i<j<N

In the case of N = 2, for example, we have

HH[(3.9.2)N:2](t; $)

3.9.8
=PE[®+ @+ )P +t*+(@+a )P - -0+ .. ] . (3.98)

It can be checked that this is in agreement with the Higgs branch Hilbert series
of (A.0.1), with N = 2. This is indeed the Coulomb branch Hilbert series of the S*
reduction of the Da[SU (2N + 1)] theory.

3.9.2 Two copies of the Dy[SU(2N + 1)] theory

The class-S description (without an irregular puncture) was proposed in [20, (6.4)].
It is a twisted x(agn) theory associated with a sphere with punctures
[PV, [2N]e,  [2Ne (3.9.9)

The 3d mirror of the reduction of this 4d theory on S' can be described by the
following quiver:
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1

(3.9.10)

Since the red circular node is SO(1), this quiver can be rewritten as

OGO -0-0-08

1

(3.9.11)

For N = 1, we recover quiver (3.7.4). The Coulomb branch of (3.9.11) is Z?ﬁl Jj+
N =2N(N + 1), in agreement with the Higgs branch dimension of a product of two
D,[SU(2N +1)]. The Higgs branch of (3.9.11) is Y72, ' j(j+1) + 2N +4N2 + 2N —
Z?fl j2 — N(2N + 1) = 2N, in agreement with the fact that Do[SU(2N + 1)] is a
rank N theory.

Similarly to the case of quiver (3.7.4), we can see the enhanced Coulomb branch
symmetry of quiver (3.9.11) using the observation of [85]. Since all of the U(s) gauge
nodes, with s = 1,...,2N, in (3.9.11) are all balanced, one expects an SU(2N +
1) enhanced symmetry in the IR. Moreover, since the USp(2N) gauge node is also
balanced, according to [85, section 5.3], this SU (2N +1) symmetry gets doubled and so
the symmetry of the Coulomb branch is expected to be SU(2N+1)xSU(2N+1). This
is in agreement with the Higgs branch symmetry of a product of two Dy[SU (2N +1)].
Shortly we confirm this using the Coulomb branch Hilbert series.

The Coulomb branch Hilbert series of (3.9.11) can be computed using either the
monopole formula or the the Hall-Littlewood formula. The latter reads

Hc[(3.9.11)](t; L1y - ,:L‘QN_H) =

Z =250 2054 iy en (i Hnitng )] Pyspn)(tint, ..., ny)x
ni1>nz2>nn>0
He[Tjon ey (SURN + 1) 21, - Tan1371, 02, -+, N, 0, =0, =N -1, -, —T01) X
(3.9.12)
where
1L+ TIN+1 — 1. (3.9.13)

Evaluating the summations, we obtain

Hc[(3.9.11)](t; Tlyeo- ,JZQN_H) = [HH[DQ[SU(QN + 1)“(%1, .o ,IL’QN_H)]z , (3.9.14)

where the Higgs branch Hilbert series Hy[D2[SU(2N + 1)]] of Do[SU(2N + 1)] is
given in Appendix (A). We have tested this expression for N = 1,2,3. Similarly
to the remark below (3.7.10), the full Coulomb branch symmetry is expected to be
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SU(2N + 1)?; however, it is possible to see only the diagonal subgroup SU(2N + 1),
corresponding to the fugacities x1,...,xon41 in the Hilbert series.
The Higgs branch Hilbert series, on the other hand, can be computed as follows:

Hy[(3.9.11)](t;2,y) = /dMU@N)(Z) /dMUsp(zN)(U)X
H[Thyan) (SU2N))] (8 2) x
Hy[[1]; — [2N].] Hy[[2N]z — [USp(2N)]v] %

(3.9.15)
Hy[(USp(2N))» — [SO(2)]y]x
2N
PE |- Z ziz;1 t? — ngf.(_?ﬁ) (v)*]
ij—1

where the Higgs branch Hilbert series of Tj;2n)(SU(2N)) is given by [105, (3.4)]

2N 2N
Hy[Tjj2n(SU@2N)) (5 2) =PE [ ) zz:t| (1 —#) . (3.9.16)
3,j=1 p=1

For example, in the case of N = 2, we obtain

Hy[(3.9.11) n=2](t; 2, y) = Hy[(3.9.2) n=a] (t; 2y) Hy[(3.9.2) n—2] (29 ™), (3.9.17)

where H[(3.9.2) y=2](t; ¥), which is the Coulomb branch Hilbert series of the S*
reduction of the Do[SU (2N + 1)] theory, is given by (3.9.8).

3.9.3 A sphere with punctures [N + 1, N|, [N + 1, N]|, [2N];, [2N];

We study a USp(2N) gauge theory coupled to one flavour of the fundamental hyper-
multiplets and two copies of the Dy[SU (2N + 1)] theory, where a USp(2N) subgroup
of the SU(2N + 1) global symmetry of each copy is gauged. The class-S description
(without an irregular puncture) was proposed in [20, (6.5)]. It is a twisted x(azn)
theory associated with a sphere with punctures

[IN+1,N], [N+1,N], [2N],, [2N];. (3.9.18)

The case of N = 1 was studied in Section (3.8.1). The 3d mirror of the reduction
of this 4d theory on S' can be described by the following quiver:
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V()
N

O

(3.9.19)

0

Since the red circular node denotes SO(1), this quiver can be rewritten as

) (3.9.20)

The quaternionic dimension of the Higgs branch dimension of the 4d theory is
2N(N + 1) + 2N — 3(2N)(2N + 1) = 3N, where N(N + 1) is the Higgs branch
dimension of the Dy[SU(2N + 1)] theory. The Coulomb branch of quiver (3.9.20) is
N + N 4+ N = 3N quaternionic dimensional, in agreement with that of the Higgs
branch of the 4d theory. The Higgs branch of quiver (3.9.20) is N + 2N? + 2N?2 +
N +2N — [N? + N?2+ L(2N)(2N +1)] = 3N. This is in agreement with the fact
that each copy of the Da[SU(2N + 1)] theory is of rank N and the USp(2N) gauge
group has rank N, and so in total we have 3N dimensional Coulomb branch as expect.
Observe that the Coulomb and Higgs branches of (3.9.20) have the same dimension.
Indeed, as we shall discuss below, theory (3.8.21) is self-mirror for any N, where the
case of N =1 was indeed self-mirror as shown in Section (3.8.1).

Let us first examine the Higgs branch. The Higgs branch Hilbert series of (3.9.20)
is given by

Hy[(3.9.20)](t; 2, y,q) =

/d,UU ~ny(u) /dMU(N w /dMUSp 2N (V) X
Hy[[N]o — [12](t; u, ©) Hy [N — [USP(2)]0] (£ u, v) %

Hy[[Nw — [y (t; u, 2) Hy[[Nw — [USp(2)]y] (t; w, v) x (3.9.21)
Hy[[USp(2)]s — [SO(2)]q] (¢ v, q) %
N N
D wigt |2 | 37wt | = x50 @)
1,7=1 i,j=1

Let us compute the integrals in the case of N = 2, we obtain
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Hy[(3.9.20) =2 (t; 2, y,q) =

1 T 1
PE[3t2+t3(qx+Z+x+q+qy+q++y>

q
+t* 5+ +1+ 1oy, L

- T

4 YT <y (3.9.22)
+2t5<qx+ +—+ pia +— y)
y q

(34 oy Ll ]

q Ty xy

On the other hand, the Higgs branch Hilbert series of the 4d theory is given by
Hy,[4d theory](t; 2,y,q) =

USp(2N USp(2N _
/d:UJUSp(2N)( )PE t2 [2 017)(270])(Z)] PE[ [1 0{;(270])('2)(51“"] l)t] X

1 . (3.9.23)
Hy[Do[SU(2N + 1)]](t;m§(z1, 2N ) T3 (2 2y, 8 )X
Hy[Da[SU 2N + 1)]J(t:y5 (21, 2n) 3 (21 Yoo 2 )y )

where each of z,y,q is a U(1) fugacity and z = (21,...,2n) are the USp(2N) gauge
fugacity. The expression for Hy[D2[SU(2N + 1)]] is given in Appendix (A). Here,
under the decomposition SU(2N +1) D SU(2N) x U(1) D USp(2N) x U(1), we have

SU(2N +1) — USp(2N) x U(1) 509
[1,0,...,0] — [1,0,...,0]1 +10,...,0]2w . (3.9.24)
3 3
If we write the character of the fundamental representation [1,0, ..., 0] of SU(2N+
1) as YoMy (with TN

) and that of the fundamental representation
N _
[1,0,...,0] of USp(2N) as ijl(vj +v; !

), then a fugacity map is

Gog, k=1,2,...,N
U = q%v;_lw Ek=N+1,N+2...,2N

2N

(3.9.25)
qs3 , k=2N+1,

where ¢ is the fugacity for the U(1) symmetry. Since theory (3.9.20) is self-mirror, its
Higgs branch Hilbert series can be equated to that of the 4d theory as follows

Hy[4d theoryl(t; x,y, q) = Hx[(3.9.20)](¢; 2, v, q) - (3.9.26)
The Coulomb branch Hilbert series of (3.9.20) can be computed using either the
monopole formula or the the Hall-Littlewood formula. The latter reads
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HC[(3920)} (tv Tr1,T2,Y1, yQ) =

Z t—Q[Z;Nzl \an|+21§i<j§N(|m—nj\+|ni+nj\)]PUSp(2N) (t; ni,... ,TLN)X
ni>n2>ny >0
3.9.27
He[Ting1,n)(SU (2N + 1)[(t; 21, 22;n1, 02, .« -, N, 0, =1, —nN -1, ..., —N1) X ( )
HC[T[N+1,N](SU(2N + 1))](t’ Y1,Y2;m1, N2, ..., NN, Oa —NN, —NN—-1,---, _nl)><
Hc[T[QN](USp/(QN))](t; ni,... ,TLN) Hc[ﬂgN](USp/(QN))](t; ni,...,NN) ,
where
NN = NN — 1 (3.9.28)

Taking into account these constraints on the fugacities, we see that there are only
two U(1) fugacities that are manifest in the Hilbert series (3.9.27), whereas the full
Coulomb branch symmetry is U(1)3. This phenomenon is similar to what we have
encountered in Section (3.8.1). In order to match (3.9.21) with (3.9.27), we need to
unrefine one fugacity in the former:

He[(3.9.27)](t; 2N, o= N1 Ny~ N0
= Hy[(3.9.20)](t; 2>V 2N g = 1) (3.9.29)
= Hy[4d theory](t; *N T 2Nt g =1) |

where we have checked this relation for N =1, 2.
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Chapter 4

The superconformal index

This chapter will be entirely dedicated to the study of the 3d supersymmetric index,
which we shall refer to as the index for brevity, in the framework of 3d N = 2
superconformal field theories (SCFTs).

This supersymmetric invariant quantity is nothing but the supersymmetric parti-
tion function on S? x S! with a peculiar periodic boundary condition for the fields
along S' and counts the number of BPS operators. Since it is also an RG flow invari-
ant, it can be easily computed in the UV and can nonetheless give interesting insights
about the IR fixed point. Moreover, whenever the theory admits a superconformal
point, it is referred as superconformal index and thus counts the BPS short multiplets
up to recombination. As we will see, signals of supersymmetry (or global symmetry)
enhancement can be quite easily found by computing the index.

In the following, we will review the basic ideas behind the definition of the index
and we will see how to explicitly compute this quantity throughout a technique called
supersymmetric localization.

4.1 3d N = 2 superconformal algebra

Since we are interested in computing the 3d supersymmetric index for 3d N' = 2 su-
perconformal field theories (SCFTS), let us briefly review their superconformal algebra
and multiplets in the notation adopted by [59].

In three dimensions the Lorentz group is SO(3) ~ SU(2), thus its representations
are denoted by [j] where j is the integer-valued Dynkin label of su(2) and is linked to
the third component of the angular momentum j3 by j = 2j3.

Thus the conformal group is just SO(3,2) and in a given representation, since in
radial quantization the dilaton D can be identified with the Hamiltonian H of the
system, we will always diagonalise D. Its eigenvalue A is called the scaling dimension
and thus we write [j]a to denote the SO(3,2) representations.

The N = 2 superconformal algebra is thus 0sp(2]4) which R-symmetry is SO(2)g ~
U(1)g. Including the eigenvalue R of the R-symmetry, a generic representation is then
denoted by

JYP with jeN, A,ReR (4.1.1)

The 4 real supercharges of 3d N = 2 theories are recast into two independent Q
and Q supercharges transforming as

—~

oe, gepiV (4.1.2)

1
2

N

since
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Lagzég,fa@z

Thus the 4 real supercharges are explicitly

0 (4.1.3)

N |

—

of =[+1, of =[x

2

Requiring the non-negativity of the norm of the fields contained in a supercon-
formal multiplet, we get the following unitarity bounds and shortening conditions for

Q

(4.1.4)

D=

Name | Superconformal primary | Unitarity bound | First conformal primary null state
L 1% A>21j-R+1 -

Ay 78, 521 A=3j-R+1 - 135

A U A=-R+1 055"

B, Uy A=-R fivn

N .1.5)
and analogous ones for Q

Name | Superconformal primary | Unitarity bound | First conformal primary null state
78" A>3j+R+1 -

A 78, 521 A=3j+R+1 RN

A U A=R+1 Uy

B U A=R ey

—(@16)
Then the N' = 2 superconformal multiplets must obey both Q and Q unitarity

bounds and shortening conditions. Not all the possible choices are however mutually
compatible and the consistent ones are:

LZ, LZl s LZQ R L§1 s Alﬁl R AQZQ R A2§1 s 31§1 (4.1.7)

and their barred counterparts.
The N/ = 2 LL long multiplet is displayed in figure (4.1.8).
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HW, A>Li-R+1

-

o [ =10 of: [j =1
070 : [V 010z 28y, @ 0F Qy: [ 287, ofor: [\

. o

Q o ot [+ 1L

/

e

0rotor:[j+ 1](AR++%1>

3

Q70 0ot 1%,

>
+Z

(4.1.8)

The superconformal primary is the topmost state [j](AR) while all the other states

are the conformal primaries. The arrows show schematically the action of the 4 real
supercharges inside @ and Q on such highest weight states. This is the most generic
situation for A > % j — R+ 1. For small values of A we would get short multiplets,
in which some of the conformal primaries would be missing according to the first
conformal primary null states of Tables (4.1.5) and (4.1.6).

By acting with the translation operator and Lorentz generators on each conformal
primary state we can then get the infinite tower of descendants, i.e. the non-highest
weight states in the conformal representation.

4.2 The Witten index

In a theory with interactions, the partition function usually cannot be computed so
easily due to the presence of the interacting terms in the Lgrangian. Nevertheless, if
the theory possesses supersymmetry, the 3d supersymmetric index can be computed
exactly even when interactions are turned on.

The starting observation that lead Witten [163] to define such a quantity is that all
the supersymmetric states with energy E # 0 are two-fold degenerate: one state is in-
deed bosonic and the other fermionic. This is simply a consequence of supersymmetry,
for which the Hamiltonian operator H always commutes with the supercharges

[Q,H]=[Q,H]=0 (4.2.1)

Thus, given any Hamiltonian eigenstate [¢)) with eigenvalue E # 0, if we consider
the state |¢y) := Q|¢)) obtained by acting on [¢)) with the supersymmetry charges,
then

Hlpy) = HQ ) = QH |[¢) = EQ[Y) = E¢y) (4.2.2)

This implies that both |¢) and |¢,) posses the same Hamiltonian eigenvalue E #
0, which means that the spectrum is paired whenever the energy is different from
zero. This pairing of non-zero energy states is a very robust phenomenon, solely
based on supersymmetry and is thus expected to hold even when the theory possesses
interactions that preserve it.
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Therefore, as we turn on the interactions, the spectrum of the theory obviously
changes; the excited states of the original free theory can become zero energy states
for the new interacting theory (or vice versa) but, thanks to supersymmetry, they
always move in couples so that, in the end, the new excited states are still paired.

Thus, slightly modifying the definition of partition function, we can building an in-
variant quantity under supersymmetric deformations called Witten index and defined
as follows

Rank G

[=Tr ((—1)FxH I1 ,,Lfi) (4.2.3)

where I is the fermionic number, counting the number of fermions in a given state. u;
are the fugacities with respect to the Cartan generators {F;} of the global symmetry
G of the theory, keeping track of the different representations of the states of the
theory under G. One can always get the unrefined index by setting pu; = 1 Vi.

The insertion of the (—1) operator inside the partition function allows for can-
cellations of bosonic and fermionic contributions at non-zero energy. Thus the Witten
index gets contributions only from zero energy states of the supersymmetric theory
and thus it does not depend on z.

Moreover, since this quantity is invariant under smooth supersymmetric deforma-
tions of the theory, it can be computed for any interacting theory by simply forgetting
about all the interactions and setting their contributions to zero.

Let us now turn our attention to the superconformal case |32, 33].

In a SCFT the Witten index is defined as everything else in radial qunatization,
thus the Hamiltonian of the system is replaced by the dilatation operator D. In radial
qunatization, this operator does not commute with the supercharges (see (4.1.3)), but
we can always define a new operator § which both commutes with D and preserves
the aforementioned pairing property. Then, in refining the index, we shall turn on
only the fugacities for those mutually commuting operators that also commute with ¢;
in this way the cancellation between the supersymmetric states with § # 0 still holds.
This implies that we will be considering only the maximal tori and Cartan generators
of the superconformal group.

In the 3d N/ = 2 superconformal case, selecting one of the real supercharges of the
theory O, we can define the pairing operator as

§:={Q,0}=A—R—j3 (4.2.4)

where A is the scaling dimension (i.e. the eigenvalue of the Hamiltonian D in radial
quantization), R the SO(2)gr R-charge and j3 the third component of the angular
momentum.

The only commuting operator with ¢ in Osp(2|4) is thus A + js.

Thus, in this setup the Witten index becomes the so-called superconformal index
that reads

' ‘ Rank G
T=Tr ((—1)Fx1A_R_J3x2A+j3 I1 ufi) (4.2.5)
)

where, since, by construction, only states with § = 0 contribute to the trace, the index
will not depend on x7.

It is well known that the partition function of a theory can be explicitly computed
as the path integral of the same theory defined on the background curved space
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S3: the same thing happens with the superconformal index for which, however, the
background is S? x S! [117, 126]. Moreover, in some favourable cases, such path
integral only receives contributions from particular constant field configurations and
it can be reduced to a finite-dimensional ordinary integral. The technique behind this
enormous simplification is called supersymmetric localization and will be the main
topic of the following sections.

4.3 Supersymmetric localization

The computations we will present in the next chapters have their foundations in the
localization procedure, so it is useful to review the main ideas behind this powerful
technique. We will mainly follow [62], more details can be found in [140, 141].

Let us consider a theory with a fermionic symmetry generated by a Grassmann
odd charge 2. We will focus on BPS observables Oppg, i.e. gauge invariant 2-closed
operators which are preserved by the supercharge 20ppgs = 0. Note that we are not
interested in all the other properties of Oppg. In this sense it may be both a local or
a non-local operator, or even a product of such operators; moreover it could also be a
line operator, as a supersymmetric Wilson loop, or a surface operator and so on.

Suppose now we want to compute the expectation value of a Z-exact observable
Y = Z20; this however vanishes due to

)= 20) = [

DX](20)e-SX] — / DX]2(0e 5 — ¢ (4.3.1)
F

F
where, the first equality holds due to the fact that the action is 2-closed, i.e. 25[X] =
0, and the latter produces integral of a total derivative in field space, which is zero
provided that there are no boundary terms.

Then, any path integral with some insertions of such BPS 2-closed observables
only depends on the 2-cohomology class [Oppg] of the BPS operators

(Opps + 20) = (Opps) (4.3.2)

for any gauge invariant operator O.

Suppose now Oppg = S[X]; such a deformation by a 2-exact observable does not
change the path integral (up to a boundary contribution). This idea is the starting
point of localization and, to understand how this technique works, let us compute
(OBps)-

Firstly we require that the path integral is well-defined. This can be easily achieved
by placing our QFT on a compact manifold.

Since the expectation value (Oppg) only depends on the 2-cohomology class
[Opps], we may add to the classical action S[X] the 2-variation of a fermionic func-
tional Vg without changing the quantity; in fact

(OBPS)sy v, = / [DX|0ppse SKI2Vr — (Oppge V) g = (Opps) Vi
y

(4.3.3)

If we choose Vp in a clever way, the fact that (4.3.3) holds for any value of the
parameter ¢ can help us in evaluating (Ogpg). We can in fact try to simplify the path
integral by taking a particular limit of ¢. Indeed, assuming that the bosonic part of
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the deformation term 2Vp|y is positive semi-definite and ¢ > 0, we can then evaluate
(Opps) by taking the limit

(Opps) = lim [ [DX]Oppge SXI-2Vr (4.3.4)

t——+oo F

In the limit (4.3.4), the integrand is dominated by the saddle points of the so-called
localising action Siyc[X] = 2Vp.

In a given supersimmetric QF T, there is always a canonical choice for the localizing
Lagrangian density, which is

Lioe =2 (20)¥ + T(27)) (4.3.5)
{v}
where the sum runs over all the fermions of the theory {W}.
Considering the bosonic and fermionic parts of Lj.

Lioclp = Y_(120] +|2TP) (4.3.6)
{v}

Lioclp =D _((220)T +T(2.27)) (4.3.7)
{v}

it is easy to see that this localizing Lagrangian density possesses a saddle points space
which is nothing but the so-called BPS locus

Fo={XeF|U=0 2U=0} (4.3.8)

which is made of BPS configurations, where all the fermions of the theory and their
Q-variations are set to zero.

In evaluating the path integral (4.3.4), we will use a method similar to the semi-
classical approximation with A = %

Firstly we expand all the fields X of the theory about the saddle point configura-
tions

1
X =Xo+ —=6X 4.3.9
ot 7 (4.3.9)

Then, by substituting (4.3.9) into the action, we get the semiclassical expansion
1
(620 1= 5[] + 5 [ [ Fsixolex?

2
spx) = spx+ 5 [ [ S
(4.3.10)

where all higher orders in ¢ vanish in the ¢ — 400 limit because they are weighted by
negative powers of t.

Finally, we can integrate out the fluctuations § X normal to the localisation locus
7 9; this is easily done since their contribution gives a gaussian integral.

X=Xo

e For fermionic fields, the integration just gives the standard determinant det [53(5 [X0] ‘ F}
of the fermionic part of §% S[Xo).

e For the bosonic fields, on the other hand, it can be carried out by transforming
the deformations 6X to diagonalize the bosonic part of 6% S[Xo]. In this way,
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the bosonic Gaussian path integral is reduced to an infinite product of standard
Gaussian integrals which return the inverse of the determinant det [5%5 [X0] ‘ B] .

Thus we are left with the ratio of the determinants of the operators appearing at
quadratic orders in the bosonic and fermionic fluctuations respectively, which is called
1-loop super-determinant

_ det [6%S[Xo]| ]

Sdet [0%S[X0]] := 4.3.11
Finally, putting all together, we get the so-called localisation formula
1
Opps) = DXy O _y, e Sl 4.3.12
R /%[ ol Onpshe—xo € g ot 02 ST (#3.12)

Note that there is some freedom in deriving the supersymmetric localisation for-
mula (4.3.12):

e We can use any of the multiple conserved supercharges {Q} to define BPS
observables and perform localisation technique;

e Once we have chosen a localising supercharge Q' = 2, we can still have the
freedom to suitably choose the fermionic operator Vg, which do not necessarily
need to be the canonical one (4.3.5).

These different choices clearly affect the localisation locus %9 and, therefore, the
1-loop super-determinant. However, the result is always the same when the integration
in (4.3.12) is carried out.

As anticipated in the previous section, the superconformal index (4.2.5) can be
computed thanks to localization as the path integral of a theory defined on the compact
curved background S? x S! [117, 126]. Thus, in the following sections, we will review
how to define 3d NV = 2 theories on three manifolds.

4.4 3d N = 2 theories on a three manifold

So far, we only discussed 3d N' = 2 theories on flat space. To make use of the
localization technique, however, we need to understand how such theories behave
when defined on compact curved spaces.

In general, by naively substituting flat metric and ordinary derivatives with curved
metric and covariant derivatives, one does not obtain a supersymmetric theory on a
curved space. Indeed there are two different strategies to define rigid supersymmetry
on a curved space:

e By correcting flat space supersymmetry by trial and error;

e By non-linearly coupling the supersymmetric QFT to supergravity and then
take a rigid limit which makes supergravity non-dynamical.

We will follow the latter strategy, originally outlined in |76], briefly reviewing its
main ideas. Thus, to define a supersymmetric QFT on a curved space M

1. We couple the theory to supergravity, so that the flat metric is replaced with a
supergravity multiplet, typically containing a fluctuating metric g,,, the grav-
itino 1, and other auxiliary fields;
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2. We take a rigid limit (i.e. Gy — 0) where dynamical supergravity decouples: all
the bosonic fields {¢p} inside the supergravity multiplet are fixed to background
values while all the fermions {¢r} are set to zero.

Since, thanks to point 2., the supersymmetric variations d. of the bosonic fields
inside the supergravity multiplet automatically vanish

(0epB) ~ (dF) = (Yu) =0 (4.4.1)

requiring such a background multiplet to be supersymmetric invariant only amounts
to set

<6€¢F> = <5ewu> =0 (4.4.2)

which leads to the famous generalised Killing spinor equations for the supersymmetry
parameters €. Since we are interested in 3d N’ = 2 theories, in solving such equations,
we will require that our supersymmetric field theories preserve four real supercharges
and a U(1)g R-symmetry [57, 127].

Recall from Section (2.1) that, for 3d A/ = 2 theories, we can consider as super-
charges two real Majorana spinors Q(IX or, equivalently, a complex spinor @ and its
conjugate Q, related by a reality condition (2.1.1). Since in the following we will work
in Kuclidean signature, this latter notation is more convenient, because spinors and
scalars which are conjugate in Minkowskian signature are complexified and treated
as independent. So, we will highlight the fact that they must actually thought as
independent by a tilde, e.g. Q and é

Let us now consider the 4d N/ = 1 gravity supermultiplet and dimensionally reduce
it to the 3d N = 2 case

Content
Multiplet
d=14 d=3
h;u/
Py fau = Clu (4.4.3)
has := Re{H
Gravity (/) “ )
M Yy
AR
Ay £
Ag:=Im{H}

where h,,, is the three-dimensional metric, C), is a gauge field often dualised into a
conserved vector V# = ie#??9,C, and the scalar H is Hodge dual to its field strength
H = 5etP79,,B,,. Finally, Aﬁ is the R-symmetry gauge field.

In the rigid limit, the supersymmetry condition (4.4.2) can thus be explicitly
written as [57]

. . H 1

(D, — zAff) €= (—’LV# — 5 26#pUVp’yg> €
(4.4.4)
. R\ ~ . H 1 o ~
(Du + ’LAM) €= (+iV, — 57M + §€MPUV Yo | €
where the supersymmetry parameters € and € becomes Killing spinors of R-charge 1
and —1 respectively, as highlighted by the different signs in front of Al}f. Here D, is

the linearised version of the curved covariant derivative acting on spinors
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7

4

7

D, =
1 a.u D)

Wuab€ e = 0y — =7 O\hppVo (4.4.5)

with spin connection w;,qp.

In the following, we will find suitable background fields {h,.,,A,,V,, H} for a
given curved manifold M, such that there will exist at least one non-trivial solution
to the Killing spinor equations (4.4.4).

4.4.1 The three-sphere 53

Let us first consider the three-sphere S with radius 7. One can check that the
background given by

AB—v, =0, H:—% (4.4.6)

possesses 4 linearly independent killing spinors, splitting into 2 Killing spinors e/ and
2 Killing spinors €’ solving

.

Dyel = EWGI (4.4.7)
I

D, = Z'yﬂel (4.4.8)

Since, thus, every supersymmetry parameters can be identified with a different
killing spinor, the round S% is a maximally supersymmetric background for a 3d
N = 2 supersymmetric theory.

Viewing S3 as the SU(2) group manifold, we can choose a frame with vielbein
such that

1
2r
so that the Killing spinor equations are solved by constant spinors in this particular
frame.

The supersymmetry transformations § = d. + 0z of a vector multiplet on S3 are

[57, 159]

Dy=0u+ v — Ol =0,:=0 (4.4.9)

0A, = —i(eyP N+ EyF )
00 = —eX + e\

o 1
0N = (Z(D + =) — =P F ooy —i(D a)fy“) €
A g (4.4.10)

=2 (=iD+ %) = 3 s + Dy
_ 1 _ _
0D =iD,(ey" X — eY'X) + — (e — €X) + i(e[o, A| — €[o, A])
r

where F),, is the field strength of A, and D,, = V,, —iA,, is the curved gauge covariant
derivative.

On the other hand, the supersymmetry transformations of the charged chiral mul-
tiplet are
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3¢ = V2ey)
8¢ = V2ep
61 = V2eF 4+ /2i(0 — ig)&l) — V2iey" Do

5 = V2eF — V2i(o + z?)e@ +V2iy"eD,é (4.4.11)

R—-2

§F = /(o — i )& + 2ieAd — V2iD,, (")

OF = \/2i(0 +i )b — 2iene + V/2iD,,(vy'e)

r

where R is the R-charge of the multiplet.
The most generic Lagrangian (2.1.5) for such a background gets modified as fol-
lows:

1. The original super Yang-Mills Lagrangian (2.1.6), becomes

1 1 —
Lsym = Tr {4F“VF,W + §DNO'D“U — IAYFD A+
1 X (4.4.12)
—iXo, N+ =(D+ 2y + }
2 T
where now D,, is the curved gauge covariant derivative.

2. The supersymmetric Chern—Simons term Lgcs does not get modified by the
curved background and happens to be equal to the flat one (2.1.7).

3. The flat Fayet-Iliopulos Lagrangian (2.1.8), becomes

Lo =iy & (D . E)A (4.4.13)
A

r

where A =1,...,Rank G labels the abelian U(1) factors inside G

4. Finally, the matter Lagrangian (2.1.9) gets modified as follows

Luatter = Dp¢DF¢ — iy Dy — FF+

o 2R — 1
+iV2 (GM + YAG) — i) (U—i o >¢+ (4.4.14)
+3(D+o? =2 te R g

r r

where R is the R-charge of the chiral multiplet. For the sake of simplicity we
suppressed the flavour indices 7, j, turned off the superpotential W = 0 and
redefined the vector multiplet fields to reabsorb the coupling constant g.

Since both Lagrangians Lgyy (4.4.12) and Lpagter (4.4.14) with no superpotential
are Q- and Q-exact expressions, namely

eeLsym = 0.0 Tr {A\ — 2Do } (4.4.15)
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€eLmatter = 0c0z <¢¢ — 2ipog + 2R;1¢¢> (4.4.16)

the most common choice for the localising supercharge is 2 = Q + 0. In fact, since
our localising action must be the 2-variation of a 2-exact observable, both Lsyy
and Lpnatter can act as localising Lagrangians.

Alternatively one can always make the canonical choice (4.3.5), leading again to
Lsym (4.4.12) for the vector multiplet and to

€eLipe = 6c0z (Y1) — 2igog) (4.4.17)

for the chiral multiplet.

As we have seen, the saddle points of these actions must coincide with the BPS
configurations (4.3.8) for the localising supercharge 2 [123].

For the vector multiplet this reads

A=0 (4.4.18)

oA = (i(D + %) - %e“meﬁp - iDMU'y“) e=0 (4.4.19)

The vanishing of d\ thus requires

1
S = =Dyo (4.4.20)
p=-2 (4.4.21)

T

By acting on the first equation with a covariant derivative and using the Bianchi
identity (2.1.11) of the field strength F),,, we get

e"PD,F,, =0 =—D,(D’c) (4.4.22)

This implies that the scalar ¢ must be covariantly constant, namely

D,o =0 (4.4.23)

and thus, by means of (4.4.20), that F,, = 0.

We may then pick a gauge in which A, = 0, so that the gauge covariant derivative
D,, becomes just the standard curved derivative V. In this way, (4.4.23) is satisfied
when o = gg, with ¢ a fixed element in the Lie-algebra g of the gauge group G.

Hence (4.4.21) implies

D= f% (4.4.24)

On the other hand, for the chiral multiplets we have

(4.4.25)
(4.4.26)

(e%)

< <

T

@)

wﬁ‘
o

[«%)
<
I

—V2i(0op + z%)e@ + \@i’y”epua =0 (4.4.27)
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The vanishing of 6.1 and 6.t thus require

F=0 (4.4.28)

—V2i(o0 + i§)$ +V2iy" D, = 0 (4.4.29)

With the same reasoning as for the vector multiplet (but a little more work), the
solution of (4.4.29) requires simply ¢ = 0.

In the end, the saddle points of the localising action (2.1.5) involve vanishing chiral
multiplets and are determined by a constant background for the real scalar ¢ in the
vector multiplet. Since all matter fields vanish, the precise choice of the superpotential
W does not matter, provided it ensures superconformal invariance on the quantum
level.

4.4.2 S? x S! curved background

Since we are interested in evaluating the index (4.2.5), we will now consider the curved
background S? x S'. As we will see, this is the correct background for evaluating the
index with the localizing procedure. In the following we will adopt the same notations
of [117]; thus, let » and Br be the radius of S? and the period of S!, respectively.
According to the case, we will use coordinates z% with a = 1,2 for S? and 23 for S*
separately or z* with u = 1,...,3 when referring to S? x S! collectively.

Luckily most of the results of the previous section for the S3 background still hold
with minor modifications. Indeed, before considering the compact space S? x S, let
us consider S? x R insted. We will compactify the "time" direction R to S' later on.

The four linearly independent Killing spinors on this non-compact background
split into two couples satisfying

1
Dyel = —E%rygef (4.4.30)

D, = %fymzf (4.4.31)

if for S we could use any holomorphic or anti-holomorphic supersymmetry as

localizing supercharge 2, in computing the index (4.2.5) we should use only the anti-

holomorphic ones. This is due to the fact that the index encodes the spectrum of BPS
operators Ogpg for which QO0pgpg = 0 only.

In this case, the localizing supercharge 2 should then be a component of Q. With
such a choice we only preserve the € supersymmetry parameter, thus letting e = 0.

If we now consider two linearly independent Killing spinors €' and €2, they form a
doublet of the SO(3) isometry of S? and thus we can assume they have j3 eigenvalues
:i:%, respectively. Our localising supercharge 2 will be the one associated to €'.

In compactifying the "time" direction R, since the Killing equation (4.4.31) implies

23
& (a3) x e (4.4.32)

the €' supersymmetry parameter cannot satisfy the standard periodic boundary con-
dition along S'. Instead, it satisfies

,gl(xg + BT) _ eggl(xg) (4433)
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B8 . . .
where the extra factor e2 represents the insertion of a twist operator.
By using the Killing spinor quantum numbers

~ ~ 1 o~
RE)=-1, p@E)=5, FE)=0 (4.4.34)
we can rewrite the twisted periodicity condition (4.4.33) as

&2+ pr) = e PL(B+13) of2js g Figh (z3) (4.4.35)
where (1, B2 , and «; are real parameters satisfying 5 = 51 + Bs.
For consistency, the same boundary condition (4.4.33) should be imposed on all
the fields {X} of the theory
X(z3 4+ pr) = 6_51(R+j3)662j3eo"'FiX(:c?’) (4.4.36)
Then it is easy to see that the path integral over S? x S with exactly this twisted
boundary condition gives the index (4.2.5) when we define
z1i=e P gy i=e , M= e (4.4.37)

The standard choice for the localizing Lagrangians on such a background with
such Killing spinors are

€L = 0.0-Tr {—;)\)\} (4.4.38)
€Ll = 8.0+ (—;¢F> (4.4.39)
which explicitly give
€L = %F“”Fm, — €upo F*°Dyo + D,yoDFo + 712024-

2543 _ _ 1—
+ La(eupm" —D,0) + D — 209D, A — 2X[o, Al — = A3 (4.4.40)
T T

L or = — DL D' b + o p + ip D+

— Py Dutp — Porp — V2(PX)p — V2( M) + FF+
1-2R 1—R_

_ 1_
+ (¢Ds¢ + 51/1731/1) + R 2 0lo) (4.4.41)
If we define a vector V), as
1
V, = iglupo'Fpo' - DNU — 6/:30' (4442)

then the localizing Lagrangian for the vector multiplet (4.4.40) heavily simplifies to

~ — _ 1—
LN =V, VF + D? — 204# D\ — 2X[o, A] — ;)\73)\ (4.4.43)

Repeating the same reasoning of the previous section for S, one can find that
the path integral localizes around V,, = 0 which implies the following monopole back-
ground solutions
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l m S
0 _ 3 _ o

A dxtt = Edw +mBgdx® , o9= % = (4.4.44)
with all the other fields vanishing. Here, after an appropriate change of variables, the
Wilson line [ around S*, the magnetic charge m of the Dirac monopole B; and s := =

2
all take values in the Cartan part of the Lie algebra g of the gauge group G.

4.5 The superconformal index
As we have already anticipated, the index (4.2.5) is just the S? x S' localized path

integral

1

S det [7525(;;%)(0]}

7= / [DX]e 5ol (4.5.1)
7q

where Z( is the BPS locus (4.3.8), {Xo} are the values of the fields at the saddle
points configurations (4.4.44) and Sdet stands for the super-determinant (4.3.11) of
the localising action constructed form the Lagrangians (4.4.42) and (4.4.41).

Using the results of the previous section, the above formula becomes

=), RaﬁG dl. | det Je—Stiama) 46t Dtoclla, Mall ¢ (4.5.2)
{m } a det Aloc[laa ma”B -

where J is the Jacobian of the appropriate variables change for the Wilson line [ and

the monopole magnetic charge m of (4.4.44) to lie in the Cartan of the gauge group

2
G. Here, for simplicity, we defined Ay := 55(;OTC£X0]'
0

The easiest way to compute the super-determinants of these operators Ay, is
diagonalize them and then take the product of all their possible eigenvalues [117,
126]. In this section we will see how to do so.

a

4.5.1 Chiral multiplet contribution

To obtain the chiral multiplet contribution to the A,. operator in (4.5.2), we need
to substitute the field expansions about the saddle points (4.3.9) in the localizing
Lagrangian (4.4.41). Considering the quadratic terms only, that are the ones that
contribute to Ay, we get for the chiral multiplet

~ Aloc — 1- 1-R—, 1-2R—
LS or ~ —OD'Dpp + —¢s>¢ + R—5— o + D3¢+
T r (4.5.3)
5 vy + FF

1_ _
+ st — Py Dy +

Integrating out the auxiliary field F', we get a constant factor that can simply be
dropped.

The scalar field ¢ contribution Let us consider the scalar field ¢ first; performing
the derivatives, we get the operator

52 1-R 1-2R
_|_

AP = —D3sDs —D,;D; + - T R D5 (4.5.4)
T

loc r2 r

¢

Now we need to diagonalize A, .
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First of all, whenever a D3 operator appears inside a 4A;,. operator, it should be
understood as its eigenvalue. By taking the twisted boundary condition (4.4.36) into
account and the form of the gauge field (4.4.44) along S', the eigenvalues of D3 are
thus given by

D3 = Blr <2m'n —ip(l) = (R+ j3)p1 + j3P2 + ﬁ(a)) with ne€Z (4.5.5)
where p and p are respectively the weight vectors of the gauge and flavour representa-
tions (R, R) of the field and we made use of the same notation of (2.2.44) (see Section
(2.2.4)).

The hard part of diagonalizing the Aj,. operators thus comes from the gauge
covariant derivative D; and its combinations. However, on the S? space, the gauge
covariant derivative acting on a generic field X becomes

D; = VESQ) —ip(m)B; = 0; — iow; — ip(m)B; (4.5.6)
(5?)

where V,
its spin.
Thanks to the fact that on S? the Dirac monopole B; is related to the spin con-

nection w; by

is the curved covariant derivative on S? with spin connection w; and o

1
B; = §Wi (4.5.7)
we can rewrite the covariant derivative as
1
D; =V = 9, —ioeqw; with ooy =0 + §p(m) =0+ p(s) (4.5.8)

We have thus transformed the monopole contribution p(m) into a spin shifting
p(s). In this way we get an effective curved covariant derivative VT without a gauge
component, but with modified effective spin o induced by the monopole background.

The diagonalization process of such effective curved covariant derivative V?H and
its combinations is well known in the literature and can be performed thanks to
harmonic expansion [116]. Indeed, on S? we can always expand a generic field X with
spin o into the so-called generalised spin o harmonics 27¢f whose exact form and
properties depend on the original spin o of the field [167]. These, by construction, are
in fact the eigenfunctions of the combinations of Vfﬂ appearing in the kinetic terms
of the Lagrangian on the S? background.

For example, the scalar field ¢ with 0 = 0 can be expanded using the generalised
spin geg spherical harmonics

Yr:]ef(evgb) ) ] > ’Ueff‘ ) _] < j3 < ] (459)
where (6, ¢) are the standard angular coordinates of S2.
These happen to be the eigenfunctions of the VEHVéH operator in (4.5.4), for which

| 1/
VIV = (] (G+1)— 03&) Y7 (4.5.10)

Thus the operator A;i . in (4.5.4) diagonalizes as

1
2+ R+1Ds)(j +1 - R —1rDs) (4.5.11)

AP —

loc
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where D3 should be understood to be its eigenvalue (4.5.5).
Taking the product of all the possible eigenvalues (4.5.11), we obtain the scalar
field contribution to the super-determinat

det A7 =] H H H (j+R+rDs3)(j+1—R—rDs) (4.5.12)

PER j=|p(s)| j3=—j n==00

The fermionic field 1) contribution Next, we need to consider the fermionic field
1 contribution to Ay, that is the matrix operator

v
Aloc - VHDH - o 73

1-2R Dy — 128 4 5 D
L3 ( 3 DQT + 5 Ton s) (4.5.13)
- 2r r

where we defined Dy = Dy +iDs.
This can again be diagonalised by expanding the fermionic field v into generalised
spin oeg monopole harmonics \Ifjefi Since the upper and lower components of the

spinor ¢ have the effective spins oeg = p(s) F % respectively, we get

1
s 1 Yp(s) 2 9
W (0,0) o “} )+é(( d))) (4.5.14)
o 7]3

where we made use of the generalised spin oeg spherical harmonics in(4.5.9).
Indeed, these are eigenfunctions for the Afo . matrix operator (4.5.13) which diag-
onalizes as follows

A gPE _ <i (4 +73) + D — 1528 0 ) pls)-1
toc¥j 33 0 — [_% (j + %) + Dy — %] J3
(4.5.15)

where the factor % (j + %) comes from the eigenvalue of the S? operator v'D; + = for
which \I/?ef; are eigenfunctions.

Thus to obtain the determinant of A;po . we firstly have to take its matrix determi-
nant. Here we will denote the matrix determinant as det, to distinguish it from the
determinant of the differential operator. The result, however, differs according to the
value of the total angular momentum j.

1
e If j > |p(s)|+3, both the Yjpj(g) 2 components of Wl exist and thus the matrix

determinant is
1
detAw = ﬁ(j—FR—F’I"’Dg)(]’—Fl—R—T'D;g) (4.5.16)
* T

<1
e In the extremal case j = |p(s)| — %, only one of the Y“(3) > components exists,
according to the value of p(s) < 0. In this case only one eigenvalue remains,

leading to

1
dStAw = ;(j—i-R-i—?“’Dg) (4.5.17)
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Combining together these results, the full operator determinant reads

00 i 00
detszr%H IT II II G+R+rDs)x

PER | j=lp(s)|—5 Js=—dn="00

00 i 0o
< II II I] G+1-R—rDs)

J=lpls)|+} =g n==oe

(4.5.18)

where D3 should be understood to be its eigenvalue (4.5.5).

Luckily, looking at the two determinants (4.5.12) and (4.5.2), one can see that the
two factors are exactly the same. Thus, in order to find the closed expressions for
such determinants, we just need to look at the factors once.

Let us start with the factor (j + R+ rD3). The explicit form of this eigenvalue is

B(j+R+rD3) =2min—ip(l)+(j—73)B1+ (J + R+j3) B2+ pla) := 2min+2z (4.5.19)

where we have defined the following recurring quantity

z = —ip(l) + (j — j3)B1 + (j + R+ j3) B2 + p(a) (4.5.20)

Carrying out the product over n first, one obtains

n

oo [ee]
z z 1
2 H (min + g) = QSinhg =e2(l—e*)=e€2exp { E e_m} (4.5.21)

n=—00 n=1

All the other products in the two determinants (4.5.12) and (4.5.2), can now be
turned into a summation over the exponents. Indeed, if we commonly recast the
expressions for ¢ and ¢ as

I1 ﬁ (2min + z) D7 (4.5.22)

o N=—00

where the first product represents all the other products apart from the one with
respect to n and F' is the fermionic number of the respective field; then we get

[T TI (2rin 20" =exp {‘ Z(—DFZ} exp {Z ; Z<—1>F€‘”Z}
... N=—00 n=1 (4523)

The second term in (4.5.23) is nothing but the plethystic exponent (2.2.36) of the
function

e, an ) = Y (DFe where €% = 0B RET (45.)
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which is called "letter index" from the fact that it represents the index of an elementary
excitation, also known in the literature as a letter. Here again we made use of the
notations of (2.2.44).

For a moment let us just forget about the first term in (4.5.23), we will cover it
later. Thus, the letter indices for ¢ and 1) are

o J J3
. : X
f¢(ezla,x17 T, ,U% E elp(l x?up E E $11‘2 (;) (4.5.25)

PER j= |p(s)\]3_—g
folehe ey, g, pi) = = ePDaliyP i Z T122) <x2> 8 (4.5.26)
X
PER J=lp(s)| 8==7
(4.5.27)

so that the total index reads

(i R 20p(s)| S l ~x2|p(5)\+R
f¢+1/}( y L1y L2, ,U’L Z 6“) ) ,0 To p Z .%2] Z €Zp ) 2 xz
PER Jj=0 PER 2
(4.5.28)

since every term in the sum over the angular momenta j, j3 of fy (e'le, 21, 29, p;) cancels
the respective one in the same sum of f¢(eila,az1,x2, ;) apart from the term with
J3 =17

Repeating exactly the same reasoning for the other eigenvalue (j +1 — R — rD3)
in the two determinants (4.5.12) and (4.5.2), one can find that the letter indices read

f¢(eil“,x1,9}2,ui) = Z e_ip(l d Z Z z139) <$1> (4.5.29)

PER J=lp(s)| j3==Jj
J B
fw(ell“,ﬂfl,ﬁzaﬂi) = - Z —irll)y Z Z (z122) JH < > (4.5.30)
T
PER J=lp(s)| Ja=—3—1 ?
(4.5.31)
so that the total index is
o0
; i R —5| .2 2(j+1
Forpleh my, o, i) = = > e Py Fy=p w Pl ZxQ(ﬁ ) =
PR 7=0 (4.5.32)
Z (l | (s)I-2—-R
= — eilp e —
)
= 1 x5

since now every term in the sum over the angular momenta j, js of fy (e, 1, 29, 1;)
cancels the respective one in the sum of f¢(e”“,x1,a:2, wi) and only the term with
73 = —j — 1 remains.

By summing the two contributions (4.5.28) and (4.5.32) we obtain the letter index
for one chiral multiplet ®; then, the letter index accounting for every chiral multiplet
{®} in the theory is just the sum
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2|p(8)|+R(q” 2lo()[+2-R®)
fa( et , T2, [4;) Z Z [ ﬁ fzp(l) 21_2] (4.5.33)
(®) pER Ty x3

As previously said this quantity does not depend on the variable x; which is
consistent with the fact that only BPS states contribute to the index (4.2.5).

Then, to obtain the correct contribution to the localized formula (4.5.2), let us
stress that we need to consider the plethystic exponential of such letter index, as in
(4.5.23), namely

PE [fq>(e“a,x2, ui)} = exp {Z %fQ(emla,xg, uy)} (4.5.34)

n=1

4.5.2 Vector multiplet contribution

Now we shall turn our attention to the vector multiplet contribution to the localized
index (4.5.2).

Since the saddle points (4.4.44) of the localizing Lagrangian (4.4.40) are obtained
by setting V), = 0; to find the vector multiplet contribution we must consider the
following fluctuations around those saddle points

A, =A% +6A, o=0"+ 00 4.5.35
(] o (]

Moreover, when considering the localizing Lagrangian (4.4.40), we clearly have
the complication of fixing the gauge. This is done with the standard Fadeev-Popov
method, by introducing ghost fields ¢ and ¢. The gauge-fixing Lagrangian on the
S? x S background is

€eLyt = —CD'Dic — (D;A")? := —CD"Djc + Vg Vigt (4.5.36)

Then the gauge-fixed localizing Lagrangian turns out to be

) _ _ 1—
LGN = V, VF — ED'Dic + VigVigr + D? — 209# D\ — 2\ [0, A] — ;M?’)\ (4.5.37)

Using the definitions (4.5.35), we can now substitute the field expansions about the
saddle points (4.3.9) in the localizing Lagrangian (4.5.37). Considering the quadratic
terms only, we get

~ ' — 1— 1—
LN = V,VH — D' Djc + VgtV + D* — 2X7# DA — 2=Ash — M3\ (4.5.38)
r r

Again, we can simply integrate out the auxiliary field D, getting a constant factor
that can simply be dropped.

The ghosts ¢ and ¢ contribution By expanding the ghost fields ¢ and ¢ into
the generalised spin oeg spherical harmonics 16‘7;? of (4.5.9) and by looking to the
eigenvalue equation (4.5.10), we can easily see that their contribution is exactly
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det Af, = [ H H H ( (j+1) - afs )2> (4.5.39)

a€A j=|a(s)| js=—j n=—00

where now, due to the fact that the vector multiplet is in the adjoint representation of
he gauge group G, the weight vector p simply becomes the root a of the Lie algebra
g. Here A stands for the root space.

The gaugino A contribution The contribution of the gaugino A is exactly the
same as the one of the fermionic field v of the chiral multiplet ®, Eq. , apart from
the fact that the R charge is zero and that the representation R is the adjoint; thus
we get

J 00

detA,\:%H H IT II G+rDs) x

a€A | j=|a(s |7% Jjg=—jn=—0o0

00 7 00
< 11 II 1II G+1-rDs)

j=la(s)|+3 Js=—jn=—00

(4.5.40)

The vector contribution The only contribution left is the one of the fluctuations
of the gauge vector §A4,, and the scalar §o, which reads

loc

For the sake of simplicity, we should redefine a vector vy := (do, 0A4,) in a 4d
N =1 notation. Then, we have

. )
—Dgo) —ia(s) —Déo) Déo) 5/(;1
Vi=| D DY —ias) D | |52 (4.5.42)
-pyf —1 -y’ DY —ia(s)) \sa?
oo
SAL
0 0
Vit = (0 pl¥ p 0) 542 (4.5.43)
§A3
where we have split
— Do = —D/SO)(sU +i[6 A, c0] = —Dgo)éa — D3do —ia(s)0A, (4.5.44)

To easily compute the matrix determinant of the A} = operator, we can expand do

loc
into generalised spin geg spherical harmonics Yjp ](f) (4.5.9), while each component of
the vector fluctuations 0 A, can be in turn expanded into the so-called generalised spin

oef vector harmonics C,° ( )+

1459 with intrinsic spin A = 0,+1 and defined as follows
[157]



4.5. The superconformal index 113

1
A S < —€ Ur’”D") yre
Hss 2(J%+ p(s)) ’ | I
C P — Tinye(s)
K3,j3 |r| s (4.5.45)
ps)-1 _ 1 pyo ) vo(s)
C,U,j7j3 - 2(j2 — p(S)) (D:u' | |€up0'r D > Y,]d
where we also defined
TE=j(+1) - pls)? (4.5.46)

Thus we get

as)+
=> Z alc, (4.5.47)
J,J3
oz(s)
o= WPk Yid (4.5.48)

J:Js ’r‘

Then it is convenient to chose a new basis

i(xl + %), 2%} (4.5.49)

V2 ’
Thanks to this change of basis and to the properties of the harmonics, we can

recast the A} operator in (4.5.41) as

{at =2t 2% 2%} — {2t =

AV =V VM (4.5.50)
where we have defined
o(s) %
J:J3 1 0 —S4+ —S_ 0 b
Ve — C;?ig-i” X -5 —ia(s) —irDs 0 iS4 ay
M ols)=1 —5_ 0 —ia(s) +irDs  —is_ a—
A D3 — 1 —is is —ia(s)) \ao
Csjga X i )
(4.5.51)
with
24
Sy 1= ‘72045) (4.5.52)

and J as in (4.5.46) with the generic weight vector p being a root « of the adjoint
representation.

As in the fermionic case, in evaluating the matrix determinant of such operator, we
have now to consider three different cases according to the value of the total angular
momentum j:

e If j > [a(s)[+1, then all the three components of the vector harmonics C), ; 53)+/\
exist and thus the matrix determinant reads
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det Af,. = (j(j +1) = a()*)(j — D3)(j + 1 + Ds) (4.5.53)

e If j = |a(s)| there is no a_ mode and the operator becomes

}/3?328)/T X 0 —S+ 0 b
Vir=C, 20 | —si —ia(s) —iDs sy ay (4.5.54)
03?53) « \=D3—1 —isy —ia(s) ap

so that the matrix determinant now reads

det Af,. = +i(j(j + 1) — a(5)*)(j + 1 + Ds) (4.5.55)

where we used the fact that in this particular case |a(s)| = j.

o If j =]a(s)| — 1, the only mode left is a4 and the vector collapses into

Vi =0, 89" (“ia(s) — iDy) ay (4.5.56)

In this case the matrix determinant is simply the eigenvalue

det Af,, = +i(j + 1+ Dy) (4.5.57)

where again we used the fact that |a(s)| = j + 1.

Confronting the determinant arising from the ghost fields ¢ and ¢ (4.5.39) and the
determinants coming from the vector field vy, (4.5.53) and (4.5.55), we see that they
share the common eigenvalue (j(j + 1) — p(s)?) for j > |a(s)|. Thus, since the ghost
fields are fermionic, their contribution exactly cancels the respective contribution of
the vector field in det, A} ..

Taking into account this fact and combining all the results, we get the following
operator determinant

detAlOC:H H H H(j—i—l—H“Dg) H H H (j —rD3)

a€A | j=la(s)|-1J3=—jn=—00 j=la(s)|+1js=—jn=—00
(4.5.58)
Following the same procedure adopted with the chiral multiplet, one can show that
for the eigenvalue (j+14rDj3) the letter indices for the gaugino A\ and the gauge-fixed
vector vys are then

Fole, a1, x9) Zem(l o Z Z (r122) '<f32>j3 (4.5.59)

a€A j=la(s)|—-1J3=—J
Jtl J3
f)\(el xl,xg Z em(l ) Z Z 1'121?2 / <$2> (4.5.60)
aEA j=la(s)|—-1J3=—J r

(4.5.61)
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so that, when summing them together, only the jz3 = j + 1 term of fy(e'e,zy, )
contributes to the index.
Thus the total letter index reads

o |o(m)|
i —1 al(s)|— ] —ia X
fv+)\(ellaa$1am2) = — Z (& a(l)l'Q iﬂg(‘ ( )| 1) Z$§]+1 = — Z e (l)12_71'2
acA j=0 aEA 2
(4.5.62)

Similarly, from the other eigenvalue (j — rD3) we get

o0 J J3
_ . X
fole, 21, 20) E eyt E E (z122)7 1 (mi) (4.5.63)

acl j=le(s)|+1js=—j
Alet zy,a0) = — Z eyt Z Z (z120) Tt < ) (4.5.64)
a€A j=la(s)|+173=—j+1
(4.5.65)
so that, when summing them together, only the jz = —j term of fa(e'e,x1,29) will
contribute.
Thus
. 00 ' . x|o¢(m)|+2
Foan(ele 2y, 20) = Z emia(D g1 x§(|a(8)|+1)+1zxgj — Z o—ia(l) i _
a€A 7=0 a€A P
(4.5.66)

Finally, by summing up the two contributions (4.5.62) and (4.5.66), we obtain the
letter index for the vector multiplet V', namely

fv(eil“,xg) = Z {—em(l)xga(m)‘] (4.5.67)

a€A

However, since there should be no net contribution to the super-determinant from
modes which do not feel the magnetic flux m, generally one should write

fV(eila,.%Q) = Z —ei a(l) |: |2a(m)| 5a(m),0] (4.5.68)

aEA

where we subtracted from (4.5.67) the contribution from the modes possessing a(m) =
0.

Thus, the contribution of a vector multiplet to the localized formula (4.5.2) is just
the plethystic exponential

PE {fv(e“a, xz)} = exp {Z ifv(eml“,xg)} (4.5.69)
n=1

4.5.3 The monopole charges corrections

Up to now we purposely forgot about the second factor in (4.5.23). This prefactor
exists for both the chiral and vector multiplets and thus its explicit form changes
according to the value of the variable z and the eigenvalue under consideration.



116 Chapter 4. The superconformal index

To show how to compute this quantity, let us focus on the eigenvalue (j+ R+rD3)
of the chiral multiplet. Then the prefactor reads

exp {Zu)”} = exp {Z(n‘“ —ip(l) + (j — ja)B1 + (j + R+ ja)Bs +ﬁ(a)]}

2 2
(4.5.70)
Since this quantity is formally divergent, we need to correctly regularize it [126].
The most general regularization would be the insertion inside the index (4.2.5) of a
factor
eil/xll_(j_j3):ﬂ,2_(j+R+j3),u/_ﬁ (4.5.71)
where, for the sake of simplicity, we dubbed these parameters as the chemical poten-
tials (apart from a prime); however they are merely regulators and should be taken
to 1 when the computation of the trace is ruled out.
The same process must be done for each other eigenvalue of both the chiral and
the vector multiplets.
The prefactor (4.5.70) is formally very similar to the letter index (4.5.24) and in
fact, once regularized as above for each eigenvalue, it turns out to be

z 1 . ; ”
- Z(—l)F§ =3 lim (D, + $10y + Baluy, + ') fror (e, 2y, 2, 17)

eilfl,x’l,xé,ugﬁl
(4.5.72)
where, since z1 disappears from the letter indices, its contribution vanishes. Here, the
function fio(e'a, z! b, () is just the total letter index made up by summing together
the chiral multiplet contribution (4.5.33) and the vector multiplet one (4.5.68).
In the end, this regularization process gives [117]

Rank G )
exp { Z(l)F;} = ibo(l) g0 H 10 (4.5.73)

where we have defined

e The zero-point contributions to the energy

1

=g lm O fle®, 2 ) = S BP) S Jofs) ~ 3 fals)]
e'a,xh,ui—1 (@) pERs @A
(4.5.74)
e The zero-point contributions to the flavour charges
i1 I P N
qo = 9 1/m/ M;ftot(é’ a!Egsz‘) =
e*a,xh,pu;—1
(4.5.75)

g E e () o]

{®} p€ERs

where it is clear that we need some regularization.
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However, since this quantity does not depend on the chiral multiplets R-charges
R®) it is plausible that after an appropriate regularization g does not depend
on x2. Thus we can neglect any term inside (4.5.75) apart from

=D p)IE; (4.5.76)

{‘P} pERs

e The 1-loop correction to Chern—Simons terms

bo() =5 lm O fror(e™e, b, pf) = ... == "> |p(s)|p(l) (4.5.77)

il et
eva w1 {®} p€Rs

which is obtained by the exact same reasoning of q(i).

These are exactly the corrections to the monopole quantum numbers of equations
(2.2.30), (2.2.31) and (2.2.32) that we already encountered in Chapter (2).

Up to now, the contribution of the chiral and vector multiplets to the superdeter-
minant of the localized index (4.5.2) reads

H H (2min + z)(- DRI ’bo() u’ PE [ftot( T2, ;) (4.5.78)

e N=E—00

4.5.4 The localizing formula

Before writing down the full localizing formula for the 3d superconformal index (4.5.2),
we need to explicitly compute the Vandermonde determinan det J of the change of
variables for the Wilson line [ and the monopole magnetic charge m to lie in the
Cartan of the gauge group G. This reads

. .a(l)
det J = H 2isin 5 (4.5.79)
a€A,a(m)=0
where, because the gauge group G is broken by the magnetic flux m (see Section
(2.2.4)), the product is restricted over the roots for the unbroken gauge group H,,
only, namely the ones that satisfy a(m) = 0.
Performing the same algebraic manipulations of (4.5.21) and below, we can rewrite
the Vandermonde determinan as

. 0 1
det J = PE | f/(e™a)| = —f'(e™a) 4.5.80
c [7/(e1)] = exp [Z n ] (4.5.80)
where we defined

Fety = [ {_e—mm} (4.5.81)

a€eA,a(m)=0

It is easy to see that the above determinant can be combined with the vector letter
index to give

det J PE {fv(eil“,mg)} — PE

3 [_eml)x';(m)'}] (4.5.82)

aEA
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In addition to this Jacobian factor arising from the fixing of continuous gauge
symmetries, we need a statistical factor associated with the Weyl group W,, of the
unbroken gauge group H,,. For example, suppose the gauge group G is broken by
the monopoles magnetic charge m to a subgroup H,, = ®4U(N}), then the statistical
factor reads

Rank G | Rank G

Sym=[]N!= [ | D Omym (4.5.83)
k

g=1 | k>j

Thus we should include a factor ﬁ in the definition of the integration measure

of the localized formula (4.5.2).
Taking into account everything we have achieved so far, the complete localized
formula for the superconformal index reads [117, 126]

S /(1

where the total letter index reads

RankG A )
) ez/mr Tr{ls} €zb()(l) qo PE ftot( @, o, Ml)} (4584)

a

‘a | ~x2lp(8)\+R l Llp()+2-R
Frot (€, za, ;) = Z ee®) +ZZ 27%2 e Py~ 21_733
Q€A d peER 2 2
(4.5.85)
and the contribution of the action evaluated at the localizing locus V,, = 0 (see
(4.4.44)) is simply
S[Xo] = —2ik Tr{is} (4.5.86)

which comes from the Chern-Simons part (2.1.7).

It is then convenient to introduce new complex variables z, = e
unit circles in the complex plane and rewrite the plethystic exponential PE [ frot(ela, o, uz)]
in a more compact way [122].

To do so, we will make use of the q-Pochhammer product (w; q),, defined as follows

ila which run over

n—1

(w; @n = H(l —wq’) (4.5.87)
=0
where n could be either finite or infinite.

Specifically, let us firs consider the plethystic exponential of the letter index for a
single chiral field ®

ng(Q\p(S)IJrR) ~x2(2‘p( s)|+2—R)
E [fq)(zaa z2, MZ H exp Z np,u‘npﬁ _ Z—nplu—npl—zn
PER — X3 — x5

We shall rewrite the denominator as a geometric series, namely

Z a3k (4.5.89)

1—w
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Then, by interchanging the order of the two summations over n and k, we get

E[fe(2a, 22, pi)] =

=[] exp {ZZ [(zp Pa2lel )HR“’“)n _ (Zpuﬁxgp(8)|+2—R+2k>”]} _

PER k=0n=1
= H H exp [— ln( — 2P 5x2|p(s)|+R+2k) +1n <1 _ Z—pu—ﬁ$glp(8)l+2—R+2kﬂ _
PER k=0

5 2|p(s)|+2—R+2k —5 2|p(s)[+2—R_ 2
;2%)oo

S 1) s -
o ~ 9 +R+2k - ~ 9 +R
Riso 1 zPuPx \p( ) R (2P P \p( ) £ 22) g

(4.5.90)

where in the second line we recognised the series expansion of In(1 — z) and for the
last equality we used the q-Pochhammer symbol definition (4.5.87).

Considering instead the plethystic exponential of the vector multiplet letter index,
we have

PE [fv (24, 22)] = PE [Z <_Zax|2a(m)|>] _

aEA

T exp{_ii (zaxgaw»)"} L (1 k)

aEA n=1 aEA

(4.5.91)

Then, using the definitions of the monopole charges corrections €y (4.5.74), ¢{
(4.5.76) and bo(a) (4.5.77), we can finally rewrite the index (4.5.84) in a more compact
way as

Rank G
T Sym( I f5 ff’”“) 2otz mpio) [] Zotzm).ma) - (1592

where we have defined

Zy({z,m};x) := H a5 (1 ( -z x‘;(m)o (4.5.93)

aEA

lp(m)|

Zo({z,m}, m;2) == [ (:L‘(l_R)z—Pu—ﬁ> 2 (2P Py

PER (zp:upl'

jpm)+2-R, 2y

Fe MR 2

(4.5.94)

and r = z9. In addition, we made use of the fact that m = 2s and introduced the
shorthand notation

{z,m} ={(z1,- , zRank @), (M1, -+, MRankc) }

(4.5.95)
= (:“1’ e v“Dimfé)

It is easy to note that z, and pu; in the chiral multiplet contribution (4.5.94) always
appear on a very similar footing. This is because they are of the same nature: both



120 Chapter 4. The superconformal index

are variables parametrizing the maximal tori of their respective symmetry groups.
In fact, we can think of the chemical potentials j; as the S!' Wilson lines for fixed
background gauge fields which couple to the global symmetries of the theory. Thus,
we can also introduce a new magnetic flux variable n; for such background fields. At
the index level, n; will appear on the same footing of the gauge flux variable myg,
leading to the following replacement

p(m) = p(m) + p(n) (4.5.96)

Thus, the generalized superconformal index becomes |71, 122]

Rank G
I({pn}iw) = ) Sym ( IZI 7{2652 km) Zy({z.m};x )E[Zé({z,m},{u, n}; )

{ma}
(4.5.97)
where now
\P(WT);rﬁ(n)\
Zo({z.m} {unyio) = T] I] (20 P2 0u7) x
PER peRr . (4.5.98)
y (zPu~ pxlp( )Jri?(n)lJrQ—l‘Z;IQ)Oo
(Zpﬂpmlp( m)+ p(")HR;x?)OO

where now R is the representation of the flavour symmetry group for the chiral mul-
tiplet ®.

In this way we can also gauge the flavour symmetries, by simply integrating and
summing over respectively the p; and the n; variables and by introducing the appro-
priate contribution for their vector multiplets (if the global symmetry is non Abelian).

Moreover, according to the cases, there are additional fugacities and magnetic
fluxes one can turn on in the index (4.5.97) .

For example, since we are working in 3d, we can consider the topological symmetry
current Jtop (2.1.12). To determine the contribution of this symmetry to the general-
ized index, we need to repeat the procedure we used above for flavour symmetries and
couple the symmetry current Jtop to a background vector multiplet Viop. At the index
level, this amounts to include a new A/ = 2 BF term, which can be thought of as an
off-diagonal Chern—Simons term. Thus, combining these classical Chern—Simons and
BF contributions we get a factor

Rank G

Za({z,m}, {w,v}) : H wme zhmaty (4.5.99)

where w and v are respectively the continuous fugacity and the discrete flux for the
background vector multiplet Vip.
Thus the final expression of the index reads
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1 Rank G d
I({u,n};w)zz< 11 a>x
{ma}Sym ’ y{27rza

X ZCl({z7 m}7 {wv V})ZV({Zv m}; ‘T) H Z@({Zv m}v {“7 ’I’L}; .’L’)

[
(4.5.100)

Clearly, if we have more than one gauge group or more than one flavour symmetry
group, we should include all their contribution leading to more Z.j, Zy and Zg factors
inside (4.5.100) with different fugacities.

4.5.5 Superconformal multiplets and the index

Now that we have a straightforward analytic way to compute the index, we shall go
back to the very initial definition of the index as a trace (4.2.5).

Once evaluated explicitly, we can in fact expand the localizing formula (4.5.100)
for the index in a power series in x setting for convenience all the background magnetic
fluxes for the global symmetries to zero. We thus get

Z(z,p,n=0) = pr(u)xp (4.5.101)
p=0

where x,(p) is the character of a certain representation of the global symmetry of the
theory whose fugacity is exactly p.

The index keeps track of the superconformal short multiplets, up to recombination.
This feature makes the reconstruction of the whole content of short multiplets from
the index an extremely hard task. Nevertheless, one may classify the equivalence
classes of the multiplets according to their contribution to each order of x in the
power series (4.5.101). To do this, we will closely follow [146] (see also [19] for the
4d counterpart). Thus first we must consider all the possible short multiplets of 3d
N = 2 superconformal theories and see if they indeed satisfy the pairing constraint

§=A—R—j3=0 (4.5.102)

Looking at (4.2.5), these multiplets will then contribute to the index at order
p=A+]j3.
In studying such contributions it is useful to define the modified index as follows

Z(z, pyn =0) = (1 — 22) [Z(z, p,n = 0) — 1] (4.5.103)

where all of the terms up to order p = 2 in the modified index 7T are equal to those in
the original index 7.
Then we can define the index contribution as

1p.9) = (1P =2

Thus, listing all the possible N' = 2 superconformal short multiplets in the notation
adopted by [59], we get

with p=A+j3 (4.5.104)
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Multiplet Contributing conformal primary | Contribution to Z
7 p (R>0) : (R+1) . )
LA 210570 U+ 1y ks IG+r+2,7+1)
LA,[0)5” [1];’*‘%” I(r+2,1)
Tl (R<0)
AiL[j > 1}%7<R+1 - 0
A T[0)S5) - 0
LB, [0]%>? 0] I(r,0
1[ ]R [ ]R ( ) (4.5.105)
BiL[0] %0 - 0
AA > 1) G+1, IG+2,5+1)
z+! 2F5
AgAz[0] 1" [ 1(2,1)
2
= 1(3) ) 1
AzBl[O]% [0] I(5,0)
= 1~ %) ) 3
BlAQ[O]% 1], I(3,1)
B1B1[0]y" R 1(0,0)

Then the only .4 = 2 multiplets that can non-trivially contribute to the modified
index (4.5.103) at order z? for p < 2 are as follows

Multiplet Contribution to 1 Type
— (l) 1
A B1[0] 32 +x2 Free fields
2
B14[0] 2) —z3 Free fields
(4.5.106)

LB1[0] 51) +x Relevant operators

LB1[0] §2) +a? Marginal operators

AsAs [0] SO) —z? Conserved currents

Indeed, the A2B1 and B; Ay multiplets are free fields and their combination form
a free chiral multiplet.

The multiplets of the LB type are chiral fields and thus they contribute with
relevant operators for p < 2 and marginal operators for p = 2.

Finally the A5 Ay multiplet is just the standard conserved current multiplet.

So, the coefficient of x? in the index counts the number of marginal operators
minus the number of conserved currents.

However, since the S-fold theory has at least A/ = 3 supersymmetry, we consider
the contribution from A/ = 3 multiplets to the A’ = 2 index. In particular, the relevant
N = 3 current multiplets and their decomposition to AN/ = 2 multiplets are [74]
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Type N = 3 multiplet | Decomposition into N' = 2 multiplets
Flavour current B1]0 (2) LB1[0 (1) + B1L[0 9) + A A5[0 (©
[0]3 [0]; (04 [0]; (4.5.107)
Extra SUSY-current Ay[0](” Ay 4501 + Alzl[u‘;’)
2
Stress tensor Al[l}(;) Alzl[l](go) + A A2
2 2

where it should be noted that the multiplets A; A1[1]’ and A; Ay [2]%0) contribute to

—
Njw =)
=

T as +2? and —z* respectively [146, Table 2.
From these last two tables, we see that orders z and z? of the index contain the
following information:

Order z: N = 3 flavour currents ;
Order z?%: (N = 2 preserving exactly marginal operators) (4.5.108)
— (N = 3 flavour currents) — (N = 3 extra SUSY-currents) .

Since in the following we will be interested in the supersymmetry enhancement
phenomenon, this instructs us to focus only on the operators of the SCFTs with R-
charge up to 2. Those with R-charge 1 are in correspondence with the AN/ = 3 flavour
currents. While, at order x2, the information of the A/ = 2 marginal operators leads
to the precise information of the N/ = 3 extra SUSY-current and, hence, the amount
of (enhanced) supersymmetry of the corresponding SCFT.

4.6 Expressions of superconformal indices

In this section, we summarise the expressions for the different factors Z (4.5.99), Zy
(4.5.93) and Zg (4.5.98) of the superconformal indices for some theories that we will
discuss later on in the rest of this work. We follow the convention adopted in |3, 4].

4.6.1 Gauge Groups

We will now write down the classical factors Z (4.5.99) and the factors Zy (4.5.93)
for all the gauge groups of interest for this work.

U(N)x gauge group

Let us start by considering a U(N); gauge group with Chern—Simons level k£ and a
U(1) topological symmetry.
The classical factor Zg (4.5.99) takes the simple form

N
Zg(N)({z,m},{w,y}) = stma+ywm“ (4.6.1)
a=1

where {w, v} are the fugacity and the respective magnetic flux associated with the
U(1), topological symmetry.
Turning now our attention to the factor Zy (4.5.93), we have explicitly
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ZU(N) {z m} Hx7|ma mb| ( )m,lfmbzazb—lﬂmafmb\)x
a<b

x (1— (—1)m"_mbza_1sz|m“_mb|)

(4.6.2)

Usp(2N ), gauge group

In the following we will consider also USp(2N); gauge groups, for which we use a
different normalisation of the CS level and the topological symmetry is absent:

Usp CN) (12, m}) = szkma (4.6.3)

USp(2N) —2|mg Ma Ma Ma ,,— Ma

2y ({z,m}) = H:c 2mal(1 — (—1)PmezZa?mel) (1 — (—1)2me g 2a?ime)
(4.6.4)

SO(2N + €);, gauge group

For compactness we denoted together the odd and the even case by SO(2N + ¢€);, for
€ = 0,1. When dealing with orthogonal groups we must pay a little attention.

In fact SO(2N + €), gauge theories with N > 1 possess a topological discrete 741
symmetry but also a charge conjugation discrete Zg symmetry. In the following we
will call ¢ and x the fugacities for respectively the Zé\/‘ and Zg symmetries. We thus
have the conditions (? = x? = 1.

In the simplest case of SO(2); ~ U(1);, the topological symmetry is simply U(1)c.

The classical factor Z (4.5.99) thus takes the form

N
SO (N4 (5 m)) = Hzgkmagma (4.6.5)
a=1

where we use the same normalisation of the CS level as in (4.6.3).

Moreover, if these discrete symmetries are coupled to background gauge fields and
these latter are made dynamical, the SO(2N + ¢€);, gauge theory is transformed into a
new gauge theory with a different gauge group. All possible gaugings of these discrete
symmetries and the respective gauge groups are depicted in Fig. (4.6.6) for a generic

SO(N).

/M/ Spin(N
\

In the following, we will be interested in O"(N) gauge groups and thus we will
need to gauge the discrete charge conjugation symmetry Z 5, %.e. to sum over xy = 1.

Pin(N)

\f/

(4.6.6)
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Let us consider the case x = +1 first, the factor Zy (4.5.93) can be collectively

written as

N €
250(2N+6)({z,m},x =+41)= <H x*|m“|(1 — (—1)m“zax|ma|)(1 - (—1)mazalxma|)>
a=1

N
% H - matmp|—Ima—ma| o (1— (—l)m“+m”zasz‘m“+mb|)

a<b
x (1— (_1)ma—mbz;12b_1x\ma—mb|)(1 _ (_l)ma—mbzazb—lx\ma_mH)

x (1— (—1)m“*mbzaflsz‘m“*m”|)
(4.6.7)

while for y = —1 we have separately [4, 113, 115]

N-1
2y ({zmyix = —1) = [T e mel(1 = (—1)?mesda® ) (1 = (~1)7mez %)
a=1
N-1
> H g matmp|—Ima—mp| (1— <_1)ma+mbzasz\ma+mb\)

a<b
x (1— (_1)ma_mbzglzl:1m|ma_mb|)(1 _ (_1)ma—mbzazl:1mlma—mbl)

X (1 — (=1)ma=m 5Ly glma=mely (4.6.8)

N
2PN ({2 x = —1) = [T a7l (c1)mesgame (1 (21 talel)
a=1

N
% H -~ Imatmp|=lma—my| o (1-— (_1)ma+mbzazb$|ma+mb|)

a<b
% (1 _ (_1)ma7mbzglzb—1x|ma*mb|)(1 _ (_1)mafmbzazb—1x|mafmb|)
X (1= (=1)ma oz gyglma=mel) (4.6.9)
In particular, the expression for y = —1 in the SO(2N); case is obtained by

setting zy = 1, z;,l = —1 and my = 0 in the one for x = +1, while the expression

for generic x in the SO(2N + 1) can also be written compactly as

N
SO(2N+1 _ _
Z30PN D ({2, m); x) = [T = (=)mexzaa™) (1 = (=1)maxz,  amel)
a=1
N
% Hx—lma-&-mbl—\ma—mbl x (1— <_1)ma+mbza2bx|ma+mb\)

a<b
« (1 o (71)ma—mbzcjlzbfl$|ma—mb\)(1 - (71)ma—mbzazbflli|ma—mb\)

X (1 — (=1)Ma=m 21z glma=maly (4.6.10)

4.6.2 Matter fields

Since we will be interested in N' = 4 supersymmetric theory, in order to write down
the superconformal index (4.5.100), we need to decompose each N’ = 4 multiplet into
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N = 2 ones according to Table (2.2.2). Indeed the functions Zy (4.5.93) and Zg
(4.5.98) are valid for N' = 2 vector and chiral multiplets respectively.

Moreover, in the chiral multiplets contribution Zg, we can turn on an additional d
fugacity corresponding to the axial symmetry U(1)y :=U(1)r — U(1)g, where U(1),
and U(1)p are the Cartan subalgebras of the SU(2);, and SU(2)g parts of the N' =4
R-symmetry SU(2)r, x SU(2)r (see Section (2.2)). In the following we do not turn
on the background magnetic flux for U(1)g4.

Thus the contribution Zg of the chiral fields can be modified as follows

[p(m)+p(n)|
Zo({z;m} {p.n} diw) o= [] [T («F02rpPa) *
peRpER
y ((_1)p(m)+,5(n)Z—pu—ﬁd—lxgp(m)+ﬁ(n)|+2—R; $2)oo

((=1)P(m)+5(n) zp 1P d xl2p<m>+ﬁ(n)\+R; #2) oo
(4.6.11)

In the following, we will only have two types of chiral fields: the bifundamental
chirals forming the N' = 4 hypermultiplets and the adjoint chirals inside the N' = 4
vector multiplets. For both these types of chirals we will rewrite the contribution
Zg (4.6.11) in a more explicit way, making use of the simpler contribution of a chiral
transforming under a single U(1) symmetry with fugacity and flux {z, m} respectively

o0
ml 1_ l)m fld x|m|+2 R+2j
Zenir {z,m},d; R; x) == 2 11) 1) zdalm|-R+2j - (4.6.12)
]:

Unitary case

Let us consider the unitary case first. The contributions of the chiral fields in this
case are as follows:

e The two N = 2 bifundamental chirals stretched between two U(N) and U(M)
symmetry groups contribute

Zg(N)XU(M)({z, m}, {w,n},d; )

N M » o 3 )

i=1 j—l

L\D\»—l
\_/

_1

((—1)™i—n Zi—ledwzfrﬂmﬁnj\dfl; x2)
((—1)mi=ni Ziw;1d71$7’+‘mi_nj|d; x?)

(4.6.13)

where {z,m} and {w,n} are the fugacities and the corresponding magnetic
fluxes for U(N) and U(M) respectively.

If one of the groups is of the SU(N) type, the fugacities and the corresponding
background fluxes must then be subject to the conditions
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N N
[[z=1, Z = (4.6.14)

=1

e The N = 2 adjoint chiral in the N' = 4 vector multiplet associated to a U(N)
gauge group contributes

N
N({z,m},dyz) = H Zehir ({zizj_l,mi —m;},d% 1;:1:) (4.6.15)
ij=1
Orthosymplectic case
In this case, for the sake of simplicity, let us turn off the axial fugacity d = 1.
e For the hypers in the bifundamental of SO(2N + ¢) x USp(2M) for e = 0,1 we

thus get

Z§0(2N+E)XUSP(2M)({Z,m}, {w’n}’x — _‘_1’1,) —

M . 1 1
I Zewir ( {w; ,*nj};Q;I Zchir {wjvnj}§§§x
j=1
N M ) )
X H H Zchir <{Ziwj,mi +nj; }2;$> chir ({Zz My — N5} 2;»”5’)

i=1j=1

€

_ 1 1
X Zchir ({Zi Lwj,m; —nj}; 57 > chir ({Z —mi —ng} 2;l’> ;
(4.6.16)

where, as previously, {z, m} and {w, n} are the fugacities and the corresponding
fluxes for the left node and the right node respectively.

The last expression holds only for x = +1. The correct contribution for y = —1
for the even case € = 0 is obtained by setting zy = 1, z;,l = —1and my =0.

For the odd case, i.e. when ¢ = 1, we have instead a compact expression for
generic y

ZSO(2N+1)><USP (2M) ({z m},{w,n};x;z) =

_ 1 _ 1
- H Zehir ({X“’j b ongk 2;$> Zchir ({X tw;,nj}; 2;:v)
1

M

H H chir <{Z'ij’ m; + nj} ) chir ({ZZ ;g — nj}a 5, l’)

=1
1 1
X Zchlr ; w]aml_nj}vi; chlr {Z i a_ml_nj}aiax 3
(4.6.17)

e For the adjoint chiral we get instead the following expressions
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2% ({z,m};z) =

N
-1 2.1.
X H Zehir ({zizj ,mi —mjt,d ,1,x>
ij=1

N
X H Zehir ({zizj,mi + mj},dQ; 1;x) Zchir ({z;lzj_l, —my; — mj},dz; 1;1:)
1<j
(4.6.18)
250N ({z,my; x = L) =

N €
< AT Zenie ({2571, =i}, d%5 15.22) Zewie ({3, mi}, d% 15 x)]
=1

N
X H Zehir ({zizj,mi + mj},dQ; 1;3:) Zchir ({zzzj_l,ml —m;}, d%1; x)
1<J
X Zehir ({zi_lzj, —m; + mj},dz; 1;3:) Z chir ({zi_lzj_l, —my; — mj},dz; 1;3;)
(4.6.19)

where again the last expression holds only for x = +1. The correct contribution with
x = —1 for e = 0 is obtained by setting zy =1, z;,l = —1 and my = 0.
For e = 1, we have instead a compact expression for generic x

230N ({z,mY; x = Liz) =

N
X H Zchir ({qul_lv _mi}7d2; 171.) Zchir ({X_lzi7mi}7 d27 1737>
i=1

N
X H Zehir ({zizj,mi +mj}, d?; 1; x) Z chir ({zlz]_l,ml —m;}, d%; 1;:U)
1<J
X Zehir ({zi_lzj, —m; + mj},dQ; 1;3;) Z chir <{zi_1zj_1, —my; — mj},dz; 1;:1:)
(4.6.20)
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Chapter 5

Marginal operators and
supersymmetry enhancement in 3d

S-fold SCFTs

The main goal of this chapter is to investigate through the use of the superconformal
index the operators associated with the A/ = 2 preserving exactly marginal deforma-
tions! in a large class of 3d superconformal field theories (SCFTs) with at least N = 3
supersymmetry, known as the 3d S-fold theories [14, 88, 89, 91, 93-97, 154].

Indeed, the space generated by such exactly marginal deformations, also known
as the conformal manifold, has been a long-standing subject of study in QFTs and,
when considering SCF'TS, such conformal manifolds have several rich structures. For
example, as demonstrated in [101, 129, 130], conformal manifolds of 4d N' =1 and
3d N =2 SCFTs can be described by a symplectic quotient of the space of marginal
couplings by the complexified continuous global symmetry group?. Moreover, for 4d
N = 2 SCFTs, as shown by several recent findings e.g. [143, 145, 147|, the study
of conformal manifolds has led to a number of intriguing dualities; these include 4d
N =1 weakly coupled Lagrangian descriptions of several strongly coupled 4d N = 2
SCFTs. These provide solid motivation for studying exactly marginal operators in the
SCFTs and in this chapter we will see lots of examples.

We will start by introducing the T'(U(N)) and T[[22,1122]] (SU(4)) theories, along with
their indices. Then, by gauging the diagonal ﬂavourjsymmetries of the two, we will
consider the 3d S-fold theories obtained with such building blocks by adding a Chern—
Simons level and fundamental hypermultiplets. The marginal operators are thus stud-

ied by means of the superconformal index.

5.1 Index of T7(SU(N)) theories

One of the important by-products of the detailed study of the exactly marginal opera-
tors in S-fold theories is that we can extract the information of the conserved currents,
which include N' = 3 flavour currents and N' = 3 extra SUSY-currents (see (4.5.108)
and below). As we have seen, from the latter, we can determine whether supersym-
metry gets enhanced at the fixed point, and if so we can also deduce the amount of
supersymmetry of the SCFT. This heavily relies on the superconformal index (3, 4, 32,
33, 71, 117, 122, 126] of the S-fold theory in question, thus in the following sections
we will be interested in the index expressions of such S-fold theories.

Tt should be noted that, for any 3d N' = 3 SCFT, there is no N' = 3 preserving marginal
deformation [58]. This statement also holds for A > 3.
2See also [34] for the conformal manifold of 3d A/ = 2 Chern-Simons-matter theories.
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Before doing so, however, it is important to better understand the index expres-
sions of theories of the Ty (SU(N)) family. The most general quiver diagram for such
theories is depicted in Fig. (3.3.1). Indeed, as we will see later, S-fold theories can be
constructed by some gaugings of this linear theories.

5.1.1 The T(SU(N)) and T(U(N)) theories

We can start by considering Ty (SU(N)) for o = o = [1¥]. In Fig. (3.3.10) we
already draw the quiver for T(SU(2N + 1)).
The different contributions to the superconformal index are:

e The couples of N/ = 2 bifundamental chirals forming the A' = 4 hypermultiplets
stretched between the U(j) and the U(j + 1) gauge groups, whose contribution
is (4.6.13);

e The adjoint A/ = 2 chirals, with contributions (4.6.15), and the N/ = 2 vector
multiplets, with contributions (4.6.2), forming the A" = 4 vector multiplets;

e The classical contribution (4.6.1) coming from each topological symmetry.

Putting all together, the index of such a theory reads

Irsuwvy{wr - swn), (1, o) s { (- ), (m,..., N} dix)
d @) o\
SRR VI | 11 (=R
D @ @ (V1) () 1/ 2mizy
€Z mi”’ my €L my €z I=
- ‘ (5.1.1)
H ZgVED (20 @y, {2009 DY gy 2) 200D ({20, mD}, d; x)
j=1
N ) .
Z(I)( —1)xSU(N ({z 7 (N_l)},{,u,,n},d;x) Hzg(ﬂ)({z(j)7m(1)};x) ,
where {(w1...,wn), (v1,...,vN)}, and {(p1 ..., un), (n1...,nN)} are the fugacities

and the corresponding fluxes for the (enhanced) SU(N) topological simmetries and
the SU(N) flavour symmetries respectively. These, being of the SU(N) type, are
both subject to the conditions (4.6.14).

It is interesting to point out that the index of T(SU(N)) satisfies the following
property

Irsuvy{p, nt {w, v}, dyz)

7z1+ +ny v
o\ (1 )™ 1 (5.1.2)
= X I w,vh{u,n}t,d "z
T (o) rsuwy){w, vl {p,n} )

where, upon imposing the conditions (4.6.14), the prefactor indicated in red is equal
to unity.
The index of the T'(U(N)) theory is defined as follows:

Irwy ({w, v} {p, n}, d; z)

= W TN (g )Y X Irsuvy ({w, v} {p, n} ds )

(5.1.3)
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where we do not impose the conditions (4.6.14) in this definition. Since T'(U(N)) is
a product of T(SU(N)) and T'(U(1)) [85], where T'(U(1)) is an almost empty theory
containing only the mixed Chern—Simons term, we regard the blue factor as the index
of the T(U(1)) theory3. It follows from (5.1.2) that the index of T'(U(N)) satisfies

Trwovy (s n} {w,v}di2) = Ty (fw v} {pong ) d le) . (5.14)

Upon setting the background fluxes to zero, ¥ = n = 0, the indices of T'(U(N))
and T'(SU(N)) are equal. In the following, we will be interested in the power series
of such indices up to order z2.

It is important to note that both T'(SU(N)) and T'(U(N)) possess an SU(N) g x
SU(N)c¢ Higgs and Coulomb branch symmetry whose fugacities are {u, n} and {w, v}

respectively.

5.1.2 The T[22112](SU( )) theory

The T[[22112]}(SU(4)) is a 3d N = 4 SCFT that admits a Lagrangian description in

terms of a linear quiver [85] (see also Fig. (3.3.3))

(5.1.5)

=
h
ay)
=l

The index of this theory can be computed from the quiver description (5.3.91) as

I5391 {lel/l} {w27’/2} {a na} {(b17b2) (nbwan)}vd;x)
f{ 2dz1 ?{ 2dZ2 eyt wi " g x
mimaez? TS ST (5.1.6)
Z; iz, ma} {a, nat, ds ) Zp p({22,ma}, {b, e}, d; ) X
Zy sz mi} {20, ma}, ds 2) Zp, ({21, mu}, ds ) Zp, ({22, M2}, ds )

where {w1, 1}, {wa, 12} are the topological fugacities and the corresponding fluxes for
each U(1) gauge group, {z1, m1}, {22, ma} are gauge fugacities and fluxes for each U(1)
gauge group. The fugacities and the corresponding background fluxes for the U(1)
and U(2) flavour symmetries are denoted by {a, ng} and {(b1, b2), (16, n6,) } = {b, np}
respectively. The fugacity d corresponds to the axial symmetry, as described above.

Looking at Eqs. (4.6.13) and (4.6.15), the contributions of the chiral fields in the
theory are as follows:

3The importance of this contact term for the T(U(N)) theory at the level of the Sp partition
function was already noticed in [45, (3.26)] and in [7, (4.6)].
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7, p({zr,m} {a,na}, diw) = 2800 ({21,m1}, {a, ), ds 2)
Zp q({z2,ma}, by}, ds ) = Zg VU ({29, ma}, {(b1,02), (n,, 70, ds )
Zy sz mi} {zo,ma}, diw) = Zg O%UD ({21, m}, {22, ma}, ds 2) (5.1.7)
Zg,({z1,m1}, ds ) = 200 ({z1,m1}, ds )
Z g ({z2,ma}, ds ) = ZJW) ({22, ma}, d; )

Setting the background magnetic fluxes to zero, vy = vp = ng = Ny, = np, = 0,
and setting d = 1, we obtain the following series expansion of Z(5 3 1) in x:

f(5.3.91)({"‘]15 0} {va O}v {a7 0}7 {(blv bQ)v (Oa 0)}a d=1, I)

by b 1
=1l+az 1+2+w1+—+4
by | by

+a? +3+b1+b+ww PRI R
b by 2T G T ol (5.1.8)

biwi by bQ bawy
Tt < bg b2w1 + blwl b1

b3 2b; b3 2b 2 1
+b2+—1+b§+—2+w1+2w1+—+ 5 +2) .
1

Since the T[[; 112]] (SU(4)) theory is self-mirror, the Higgs and Coulomb branch sym-
metries are equal, each of which is (%) We shall then rewrite f(5.3.91) in such

a way that the fugacities and the correponding background fluxes of such symmetries
appear on equal footing. For this purpose, we make the following reparametrisation:

wi = wiwy ', wy = wa , by =af1, by = afs

V1 = Ny, — Ny » Vo = Nayy Ny, = Ng +ng , Ny, = Ng +Nf, -
(5.1.9)

Let us also define

I(5.3.91)({wa nw}a {fv 'n'f}a {aa na}a d)

= I(5.3.91)({w1w2_17 TNy — nw2}7 {w2’ nw2}7 {CL, na}7 (5'1'10)
{(afla af2), (na + nf, Mg + nfz)}v d) .

The function Z(5 391y has the following properties:

T30 ({w, nw}, {F,ng}, {a,n.}, d; )

. (5.1.11)
=wy*a""1 L5391 {w,nw}, {f,ny}, {1,0},d;2) .

and

I(5.3.91)({wa n’lU}v {fa ’n/f}v {(I, na}v d; .’L‘)

wi*av _ (5.1.12)
= <}laanfl> I(5.3.91)({.f7nf}?{w7n’w}7{a‘7na}7d 1333) .
1



5.1. Index of T (SU(N)) theories 133

If we define

f(5.3.91)({w, nwl, {f,ng} {a,na}, d;v)

A (5.1.13)
= fl ‘a1 x Z(5.3.91)({w’n’w}7 {fa ’I’Lf}, {avna}vd; :E) )

-~

then the identity (5.1.12) implies that the index I(5 391y satisfies the following condi-
tion

]75.3.91)({w7 nw}7 {fv nf}7 {a7 na}7 d; ‘7}) = f(5.3.91)({f7 nf}7 {w7 ’I’Lw}, {a7 na}? dil; x) :
(5.1.14)

Note that the prefactor indicated in blue in (5.1.13) indicates a mixed Chern-
Simons term, similarly to the T'(U(N)) theory*.

For simplicity, in the following, we will focus on the case {a,n,} = {1,0} and
define

Is301)({w, nw}, {f,ng}, d;x) == f(5.3,91)({w7nw},{f,nf},{l,O},d;x) , (5.1.15)

so that the index satisfies the following property:

1(5.3.91)({1“, N}, { f, nf}a d;x) = I(5.3.91)({f? nf}v {w, nw}, d_15 z) . (5.1.16)

The series expansion of I(5 391) in  when n,, = ng = (0,0) is as follows:

I 15301 ({w, 0}, {f,0},d; x)
:1+x[d—2(fl+h+2>+d2<w+wl+2ﬂ+
fo fi wy W
+#ﬂP*<ﬁ+ﬁ+;+;>+$<m+wrni+5)} (5.1.17)
+x2{f1w2+f1w1+f2w2+f2w1+d74<f12 2 2fi  2f )

fowr  fowa  frwr o frwe f722+f712+§+f+3

w?  w? 2w 2w
+d4(—§+—§+—1+—2+3)—4]+... .
w3 wy w2 w1

Setting {a,n,} = {1, 0} amounts to modding out the U(1) factor in the numerator
of the symmetry % by the U(1) in the denominator; the result is then identified

with the U(2) symmetry for the Higgs or the Coulomb branch.
It is convenient to rewrite the index (5.1.17) by setting

wy=bu, wo=but, fi=qh, fo=qht (5.1.18)
so that

“The importance of contact terms for the 7)Y [SU(N)] theory at the level of the S partition
function was noticed in [114], see for example equation (2.56) of that reference for the case of o =
[2,1%] and p = [1%].
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I(5.3.01)({(bu, bu™"), 0}, {(gh, qh™ "), 0}, d; x)
—1+z [dQ (1 + X[SQ?‘”(U)) +d2 (1 + xf’;?(z)(h))}
ot [0+ 0 P w) +d g+ P )]
a?[at (14 )+ @) Hat (L m )

+xi Py = (xa ) +1) = (g Py +1) 1] +
(5.1.19)

where the blue terms denote the contribution of the U(2) x U(2) global symmetry
of the theory and the brown term —1 denotes the contribution of the U(1)y axial
symmetry.

5.2 S-Fold theories

Now we have all the elements to discuss S-fold theories, so we start with the so-called
pure S-fold theories.

These theories can be realised through Hanany-Witten construction by consider-
ing D3 branes wrapping a circle with the presence of SL(2,7Z) duality walls [13, 85,
102]. These are surfaces passing through which the system undergoes an S-duality
transformation and thus give rise to a local SL(2,7Z) action on the worldvolume theory
of D3 branes. The brane setup is depicted in Fig. (5.2.1) where we used a red wiggle
line to denote the S-duality wall.

N D3 (5.2.1)

Using the same nomenclature proposed in [14], an S-duality wall is also called
S-fold, or S-flip if we want to stress the absence of Chern—Simons terms.

Elements of SL(2,Z) can be always written as combination of the two S and T
generators (3.2.2); Chern—Simons levels can be turned on considering walls for more
general elements in SL(2,7), namely:

Jy = —ST" = <_k1 é) (5.2.2)

For a duality wall associated with such an element Jj of SL(2,Z), the correspond-
ing theory can be described by the gauging of the diagonal U(N) global symmetry
of the T(U(N)) theory [85] with Chern-Simons level k [14, 88, 89, 91, 94, 154]°.
The situation is depicted in Fig. (5.2.3) where we used a red wiggle line to denote

5We emphasise that the S-fold theories considered in [88, 89, 91, 154] were constructed by gauging
the diagonal SU(N) global symmetry of the T'(SU(N)) theory. These theories were studied in the
context of 3d-3d correspondence. However, the gauge groups of the theories studied in [14] were
taken to be of the unitary type. Without any further hypermultiplets added to the theory, it was
shown in [97] that the index of these two families of theories are equal. In this work, we take the
gauge groups to be of the unitary type.
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both the duality wall in the brane setup and the T'(U(V)) theory with gauged global
symmetries in the quiver diagram.

T
TU(N))
N D3 - (5.2.3)

As a result of this gauging along with the presence of the CS level, the description
possesses N = 3 supersymmetry. However, at the infrared (IR) fixed point, it was
shown that for & > 3 supersymmetry gets enhanced to N' = 4 in the case of N = 2
[88, 97| and in the large N limit [14].

This result can be generalised to the S-fold theories associated with multiple dual-
ity walls whose description can be written in terms of a ‘quiver diagram’ with multiple
U(N), gauge nodes, possibly with non-zero CS levels, connected by T'(U(N)) links

[14].
T[U(N)] . T[U(N))

In addition to the pure S-fold theories, we may couple hypermultiplets to U(N )y,
gauge groups in the former. In terms of the brane configuration, this could be viewed
as adding D5 and/or NS5 branes to the aforementioned brane system in the same way
as described in [107] (see also Section (3.1)).

(5.2.4)

(5.2.5)

The resulting theories were investigated in [14]| for vanishing CS levels and in
[97] for general CS levels. Some of the latter were shown to exhibit supersymmetry
enhancement (even up to N = 5) and have interesting dualities that can be regarded
a generalisation of 3d mirror symmetry, discovered in [118]. We shall henceforth refer
to the pure S-fold theories, constructed as described above, and those coupled to
hypermultiplets collectively as S-fold theories with T'(U(N)) building block.

As we have seen in the previous section, similarly to the T'(U(N)) theory, the

T[2’12](SU(4)) is also self-mirror. Thus, as done with the T(U(N)) theory, we can

(2,1%]
form other S-fold theories by gauging the diagonal symmetry G = (%) of

2
Tl
tiplets to the diagonal symmetry G. In principle, this construction can be applied
to a more general Tj (SU(N)) theory. However, due to various technicalities in the

computation, we restrict ourselves to N = 4 and p = [2,12]. We shall henceforth refer

to these theories collectively as S-fold theories with the T[[;’II;]} (SU(4)) building block.

(SU(4)), possibly with a CS level. As before, we may also couple hypermul-
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As done with the linear quivers, in the following sections we will summarize the
index expressions for such S-fold building blocks.

5.2.1 The T(U(N)) theory as a building block

Let us now commonly gauge the diagonal subgroup of the SU(N) i Higgs and SU(N)¢
Coulomb branch symmetries of the T'(U(N)) theory and obtain the following theory

T(U(N))
(5.2.6)
The index of theory (5.2.6) reads
T diz) = 4z m,, km]+y
(5.2.6);1@,1\/({% v d;x) = N H omiz; w
mi,ma.. mNEZ j=1
ZYN ({21, 20, ., 2), (ma,ma, . mn) b 2) %
Irw vy { (21522 - - -5 2n), (M1, ma, ..., my)},
{(Zl_l’ 22_1 B Z]T/l)v (7mla —ma,..., 7mN)}v d; I) y
(5.2.7)

where now {w, v} are the fugacity and the respective flux for the topological symmetry
associated to the newly introduced gauge group U(N). In the following we will turn
off v by setting v = 0. Note in the T(U(NN)) contribution Zy(;;(x)) the convention
that, when gauging the Higgs and Coulomb branch symmetries of the T'(U(N)) theory,
they come in opposite way z; and zj_l (also m; and —m;) for j = 1,...,N. In the
notation of [14], this corresponds to the U(N)_ = diag(U(N) x U(N)") choice of
gauging the Higgs and Coulomb branch symmetries of T'(U(N)). Another choice of
gauging corresponds to the index

T 2my (s, d) = N,H §
mi,ma.. mNGZ Jj=
Zg(N)({(zl,ZQ,...,zN),(ml,mQ,...,mN)};x)x (5.2.8)
Irwvy (21,22 .., 28), (ma, ma, ... mn) b,
{(z1,22...,2Nn), (M1, ma,...,mpn)},d; ),

where in the notation of [14], this choice corresponds to the U(N)y = diag(U(N) x
U(N)) type of gauging. It follows from (5.1.3) and from the fact that the index of
T(SU(N)) is invariant under inversion of the SU(N) fugacities because of the Weyl
group of SU(N), that the indices corresponding to these two types of gauging are
related by the flipping of the sign of k together with the sign of the background
topological flux n up to the change of variables z; — 2, .

I(526)kN {w,v} dyz) = (526) e N({w, —v} d;x) . (5.2.9)

For definiteness, we use the convention of (5.2.7), namely the U(N)_ type of
gauging, throughout the rest of this chapter.

We can add n hypermultiplets in the fundamental representation of U(N) to theory
(5.2.6) and obtain
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(5.2.10)

Since the axial U(1)y symmetry is broken by the presence of such fundamental
hypermultiplets, we set d = 1.
The index of theory (5.2.10) is thus

Tis 10y (@3 L)) = LTI [ 5oty
mi,ma.. ’mNGZ j=1
ZIM ({21,220, 2n), (ma,ma, . my) s @) X
Irw vy { (21522 -+ -5 2n), (ma,ma, ..., mN) b,
HER z;,l), (=mqy,—ma,...,—mp)},d=1;2)x
Zg(N)XSU(n)({(zl, 29...,2N), (M1, ma,...,mn)},

{(1, 12, - - - s pin), (1, M2, ..., } @)
(5.2.11)

In the above expression, we turned off the background flux for the topological
symmetry. In the following, we will also set the background flavour magnetic fluxes
to zero, n = 0.

5.2.2 The T ](SU( 4)) theory as a building block

[2,12]

We now consider the following theory

T . (SU4))
(5.2.12)

formed by gauging the diagonal subgroup of the Higgs and Coulomb branch U(2)

symmetries of T, [[2 12]](5 U(4)).

Its index reads

L(5.2.12) (ki {w, v}2) = 51 {H%sz w™ ]m]+n 2y ({(21, 22), (m1,ma) }; 2) x

mi,mo EZ

1(5.3‘91)({(317 z2), (m1,ma2)}, {(21 7251)7 (=m1,—m2)},d = 1) ,
(5.2.13)
where now {w, v} are the fugacity and the respective flux for the topological symmetry
and the contribution Z‘lf@) of the U(2) vector multiplet is given by (4.6.2). In the
following we will turn off v by setting v = 0. The axial symmetry U(1)4 is broken
and so we set d = 1 in the above expression.
Similarly to the case of T(U(N)), we can couple n flavours of the fundamental
hypermultiplets to the U(2) gauge group of theory (5.2.12). This results in theory

o2 (SU(
a (5.2.14)

whose index is
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I(5.2.12)-k; n(w; {p, n}; 7)
dz; km |, U(2)
= W™z Zy T ({(21, 22), (M1, ma) }; ) X
ml,mez 2! qu{ 2mizj vt & (5.2.15)

I5501({(21,22), (m1,ma)}, {(217 1, 25 1), (—ma, —ma)},d = 152) %
ZY @SV (121 29), (may ma) H(pa, pi2s - pin), (1,02, oy )} )

where we turned off the background magnetic flux for the topological symmetry in
the above expression. In the following, we will also set the background fluxes for the
flavour symmetries to zero, n = 0, and use the fugacity map:

p1=qhi, p2=qhohit, ps=qhshy', ..., pa=qht, (5.2.16)

where hy, ..., h, are the fugacities of the SU (n) flavour symmetry and ¢ is the fugacity
for the U(1) flavour symmetry.

5.3 Marginal operators of the S-fold theories

The problem of enumerating all marginal operators in 3d S-fold SCFTs becomes more
complicated as the number of the operators with R-charges up to 2 increases. This
is partly due to the fact that not all gauge invariant quantities that one can possibly
write down are independent from each other. They may be subject to various relations.
Some of these relations can actually be derived from the effective superpotential of
the theory. However, as we shall see in the subsequent sections, several S-fold theories
contain gauge invariant monopole operators and dressed monopole operators in the
spectrum, whose existence is indicated by the index. There can also be relations
between these operators that cannot be obtained from the effective superpotential. In
this case, we conjecture the form of such relations based on the index and in analogue
of those known in other 3d N' = 4 gauge theories presented in Appendix (B). In

this regard, the S-fold theories with the T[[; 112]](SU( )) building block are much more
complicated than those with the T'(U(V)) building block. In this work, we thus only

present preliminary results for the former theories.

5.3.1 S-fold theories with the T(U(N)) building block

In this section, we consider S-folds theories whose building block is the T(U(N))
theory. Several aspects of a number of such theories with N = 2 were studied in [97].
We will focus on the cases of N = 2 and N = 3 (except in subsection (5.3.1) where
we discuss only the case of N = 2) and analyse the operators with R-charge up to
two in detail.

The T(U(N)) theory

We briefly discuss some important aspects of the T'(U(N)) theory in Section (5.1.1).
The indices for N = 2, 3 can be obtained from (5.1.3) and the explicit result is as
follows:



5.3. Marginal operators of the S-fold theories 139

N=2: 14z (dQX[SQ?(Q)(w) + d*QX[Szgj(Q)(u)) + 2 [d4xiéj(2)(w) + d74xi§](2)(,u)

— (XE?(Z)(W) + XE]U(Q)(M)) — l} +...

SU(N —_9 SU(N SU(N
Nz3: 1+a (dQX[l,o(,...,)o,l] (w) +d QX[LO(,...,)OJ] (”)> +a’ [d4x[270(,...,)0,2] (w)

SU(N SU(N _
+ d4X[0,1(,0,.)..,0,1,0] (w) + d4X[1,o(,,..,)0,1] (W) +(d—dw—p)

SU(N) SU(N)
+ X[10,....0,1] (“’)X[l,o,“.,o,l](f)

- (Xﬁ({)(mou (@) + X{uo o1 (“)> *1] tee
(5.3.1)
where the term —1 highlighted in brown is the contribution of the axial U(1)y4 sym-
metry.

Since we shall make extensive use of N' = 3 supersymmetry in subsequent dis-
cussion, it is instructive to view the result from the perspective of the N' = 3 index,
where d is set to unity. The terms at order z are the contribution of the N' = 3
SU(N) x SU(N) flavour currents and these terms appear again as negative terms at
order 22 and the term —1 highlighted in brown is the contribution of the /' = 3 extra
SUSY-current (see (4.5.108) and below). This is as expected since the theory has

N = 4 supersymmetry. We also point out the absence of the term Xé?(z) (w)x[szgj(z) (1)
at order a2 for N = 2.

The operators with R-charge 1 are the Higgs and Coulomb branch moment maps
of T(U(N)):
(hm)i,  (ue)i - (5.3.2)
They are subject to the nilpotent conditions (see [85, below (3.6)] and (2.2.76)):

pl = =0. (5.3.3)
These imply that all eigenvalues of g and pc are zero and so

tr(phy) = tr(pug) =0, 1<p<N. (5.3.4)

There are two types of marginal operators, namely the pure Higgs or Coulomb
branch operators and the mixed branch operators. The pure Higgs or Coulomb branch
marginal operators transform in a subrepresentation of

Sym?[1,0,...,0,1] = [2,0,...,0,2] +[1,0,...,0,1]

5.3.5
+10,1,0,...,0,1,0] +[0,...,0] (5:3.5)

of each SU(N). Such operators are

(r)5 ()t (o) (o) (5.3.6)

Since tr(p?) = tr(uZ) = 0, the singlet [0,...,0] in (5.3.5) vanishes. Thus, each
of these operators transform under the representation [2,0,...,0,2]+[1,0,...,0,1] +
[0,1,0,...,0,1,0] of each SU(N) for N > 3°. For N = 2, we have stronger conditions,

8For N = 3, such a representation reduces to [2,2] + [1, 1].
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namely u%, = p, = 0, and so each operator in (5.3.6) transforms under [4] of each
SU(2).

Next, we consider the marginal mixed branch operators. In the case of N = 2, we
have

(um)i(pc)iy =0, for N =2 (5.3.7)

for the following reason. The F-terms with respect to the chiral multiplets @ and @
give Q"¢ = 0 and Q; = 0, and so (,uH)z-gp = Q'Q;¢ = 0. Since (V, p, V_) transform
in a triplet of an unbroken SU(2) global symmetry, we have (,uH);'-Vi = 0 and so

(,UH)}(MC)?/ = 0. This explains the absence of the term XE?@) (w)xéﬁj(z) () at order

22 in the index (5.3.1) for N = 2. Note, however, that for N > 3 the operators

()} (1) (5.3.8)

do not vanish.

U(1)k—2 gauge theory

In this section, we briefly review S-fold theories with the 7(U(1)) building block.
Although it turns out that these theories are simply ordinary 3d N' = 3 Chern—
Simons matter theories”, they are useful for comparing and contrasting with those
constructed using the T(U(N)) theory with N > 1.

The T'(U(1)) theory is an almost trivial theory with a recipe for coupling external
abelian vector multiplets containing gauge fields A; and Ay [85]. Such a coupling is
the supersymmetric completion of the following Chern—Simons term:

1
—— | A NdAy . 5.3.9
27r/ ! 2 ( )

In building an S-fold theory starting from T'(U(1)), when commonly gauging the
U(1l) x U(1) symmetry into U(1), the term (5.3.9) automatically gives rise to a
Chern—Simons level —2. After combining with the Chern—Simons level k, we see that
the S-fold theory in question is nothing but the U(1);_o gauge theory.

From the perspective of the index, the mixed Chern—Simons term in 7(U(N)) con-
tributes wit T TN (ug -+ - uy)¥N, where, as in Section (5.1.1), {w,v} are the U(N)
topological fugacities and the associated background fluxes and {u, n} are the U(N)
flavour fugacities and the associated background fluxes. When both U(NNV) are com-
monly gauged, we set u; = z;, w; = zi_l, n; =m;, v; = —my, for i = 1,..., N, where
z; are the gauge fugacities and m; are the corresponding gauge fluxes. This results in
(21 2n) N 2™ T TN In the case of N = 1, this is simply 27 2™ which is the
contribution of the U(1) gauge group with Chern—Simons level —2. Together with the
term zlfml due to Chern—Simons level k of the U(1) gauge group, we have zgk_mml
which is the contribution of the U(1) gauge group with Chern—Simons level k — 2, as
expected.

The superpotential for the 3d N'= 3 U(1),_2 pure gauge theory is

)

W= —gapQ . (5.3.10)
47

"In fact, the pure S-fold theories (i.e. those without hypermultiplet matter) of this type were
considered in [93, 94]. These are simply pure abelian Chern—Simons theories with several U(1) gauge
groups, with mixed Chern—Simons couplings between them.
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For k # 2, ¢ can be integrated out, and we are left with a topological field theory.
For k = 2, we have the theory of a free N' = 4 abelian vector multiplet.

We can also couple n flavours of hypermultiplets to this theory and obtain the 3d
N =3 U(1)k_o gauge theory with n flavours, whose superpotential is

k-2 ., ~
W= —?ﬁ + Q'¢Qi , (5.3.11)

with 4 = 1,...,n. Note that, for ¥ = 2, this is in fact the 3d N’ =4 U(1) gauge theory
with n flavours.
The case of n > 3 flavours

Let us focus on the case of n > 3 flavours for the moment. The index of this theory,
forn > 3, is

SU n) SU(n) SU(n)
k= L+a{1+xp,. (M>> Tt {X[2 0,...,0, 2]< Ok (1 * X[l’o"“’o’l](u))}
A (wHw HaE 4.

SU(n) SU(n)

k # 1+2 1+X10 (M)) +x {X[zo, ,02]< H) — (1+X[1,07~-,0:1](“))}

(5.3.12)

We remark that the crucial difference between the cases of £ = 2 and k # 2 are
the terms (w +w*1)x% due to the presence of the gauge invariant monopole operators
X+ with R-charge 5. For n = 3, 4, these monopole operators contribute with the

terms at order 22 and 22 respectively. For n > 5, the index up to order z? of these
cases are equal. Despite this equality, we emphasise that the operators in the cases of
k =2 and k # 2 are different. We will shortly describe these in detail.

For k = 2, the term tr(p?) in (5.3.11) is absent and the F-terms are

Qp=0, eQ; =10, QQi=0. (5.3.13)

Due to the last equality, the mesons M J" = @ZQJ- satisfy

M{=0, (M*.=MM=0. (5.3.14)

Moreover, we have

eMi=0. (5.3.15)

The operators with R-charge 1 are

e, M (5.3.16)
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contributing 1 + Xﬁl{)(n)o 1 () at order z. The operators at order 22 that contribute

SU(n
X[2,0(,...),0,2] (p) are

MIMf (5.3.17)

satisfying (5.3.14). There is, however, another marginal operator, namely

. (5.3.18)

The order 22 of the index in the first line of (5.3.12) should be rewritten as

sU sU
ot 22 [ g™ = (1) 1]+ (5.3.19)
where the contribution from the N' = 3 extra SUSY-current is highlighted in brown®.
Due to the presence of this current, the corresponding IR SCFT has N/ = 4 super-
symmetry, as expected.

Let us now assume that k # 2. The F-terms are

2

50 (5.3.20)

The meson matrix M ]Z = @in thus satisfies the conditions

2 .
M (5.3.21)

eM; =0, p=1—5M

Note that ¢ can be integrated out using the last equality, after which the effective
superpotential is

We = %(@’Q»Q =7 = 5 (M)? . (5.3.22)

Multiplying M,g to both sides of the second equation of (5.3.21) and using the first
equation of (5.3.21), we obtain

(MHM] =0 . (5.3.23)

Contracting the indices j and k, we see that MZ’ is nilpotent:

(MH?=0. (5.3.24)

The operators with R-charge 1 are

8From the perspective of the A" = 2 index, this —1 can be viewed as the contribution of the axial
symmetry, denoted by U(1)4 in the main text, under which ¢ carries charge +2 and each of Q;, Q’
carries charge —1. Note that this symmetry is broken when k # 2.
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M?

7 0

. 1 )
M} == M} — H(1\4,5)5; : (5.3.25)

Using the identity

o 2 Y A
(M2)j = (M?); — = (M) Mj + — (Mg)*6; (5.3.26)

and the conditions (5.3.23) and (5.3.24), we obtain

(M?)! = (M?)! = Q'QuQ"Q; = (MF)M! (5323 (5.3.27)

Thus, the marginal operators are

]\4]Z MF (5.3.28)

satisfying (5.3.27). These contribute the term Xf;{)(il.)o 2{/(;0 at order z2 in the index.

In this case, we do not see the presence of an extra SUSY-current. The corresponding
IR SCFT thus has A/ = 3 supersymmetry.

The case of n = 2 flavours

The case of k = 2 is simply the 3d N/ = 4 U(1) gauge theory with 2 flavours or the
T(SU(2)) theory, whose index is
SU SU SU SU
P (G @)+ 2 0) + [ (G ) + i P (5.3.20)
S S 7 3.
- (X[Q?(Q) (w) + X[z?@) (M)) *l} Ty,

where we redefined the topological fugacity w to be w?. The operators with R-charge
1 are M;, satisfying (5.3.14), together with

C = <)‘(p_ f;) , (5.3.30)

satisfying (02);/, = Cil,C]]?,/ = 0. Due to (5.3.15), we also have

CHMi=0. (5.3.31)

The marginal operators are

cicy ., MM (5.3.32)

The contribution of the N/ = 3 extra SUSY-current is highlighted above in brown.
The index for the case of k # 2 is simply (5.3.12) with n = 2:
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(1 )+ iy @ ) - (143 P w)] - (5.3.3)

The operators with R-charges up to 2 are as described previously.

The case of n =1 flavour

For k = 2, we have the 3d N/ =4 U(1) gauge theory with 1 flavour, which flows to
the theory of a free hypermultiplet.

For k # 2, the operator with R-charge 1 is M, satisfying M? = 0 due to (5.3.24).
There is no marginal operator in this case. The indices are

k#1,2,3: 1+1lz—1a®+223+...
E=1: 1+1lz+ (-1 wg ' w "2+ 24+wgt+wlgzd+... (5.3.34)
k=3: 1+lz4+(-1-wsw ‘¢ N2+ 24+ wg+w g Had+...

where we redefined the py flavour fugacity as ¢ to highlight its U(1) nature.

For k # 1, 2, 3, we don’t see the presence of an extra SUSY-current, and so we
conclude that the theory has N’ = 3 supersymmetry. On the other hand, for &k =1, 3,
where the theory is simply the U(1)4; gauge theory with 1 flavours, we found two
N = 3 extra SUSY-currents, and so we conclude that the theory has enhanced N' =5
supersymmetry, as proposed in [97]. From the perspective of the N’ = 2 index, the
negative terms at order 22 correspond to the conserved current, which indicates that
the theory has an SU(2) = Spin(3) global symmetry. This is a commutant of the
Spin(2) R-symmetry of N' = 2 supersymmetry in the Spin(5) R-symmetry of N' =5
supersymimetry.

U(N)j gauge group and zero flavour

In the following discussion in this paragraph, we assume that N > 2 and k # 0. The
superpotential is (see also [86] and [88, (31)])

W= (@) (e + ) (5.3.35)

where pg and pe are the Higgs and Coulomb branch moment maps of T'(U(N)). For
k # 0, we can integrate out ¢ using the F-terms with respect to ¢:

o

wh =~ (nn + pcly - (5.3.36)

Using (5.3.4), we obtain the effective superpotential

2m
West = & tr(popm) - (5.3.37)

Since pe and pp carry the axial U(1)4 charges +2 and —2 respectively, the effective
superpotential preserves the axial symmetry U(1), in this case. This observation was
actually pointed out in [88]. In fact, from the perspective of N' = 3 supersymmetry,
the U(1)4 symmetry plays a role as the extra SUSY-current. Indeed, U(1)4; commutes
with the N' = 3 R-symmetry Spin(3); the former combines with the latter to become
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Spin(4) R-symmetry of the enhanced N' = 4 supersymmetry. We shall also see this
from the perspective of the index, which is given by (5.2.7).
Let us consider the case of |k| > 3. The indices for N = 2 are as follows:

N=2l|kl=3: 1+0z—-222+2(d*+d2)z>+....

N=2|kl>4: 1+4+0z—2*+(®>+d?)z>+.... (5.3.58)

The case of |k| = 3 was studied in [88], where it was pointed out that the theory
in the IR is a product to two copies of the N' = 4 SCFTs described by 3d N = 2
U(1) gauge theory with CS level —3/2 and one chiral multiplet with charge +1, whose
supersymmetry gets enhanced to A/ = 4 in the IR. The indices for the cases of |k| > 4
were studied in [97], where it was pointed out that supersymmetry gets enhanced to
N =4 in the IR. For N = 3, the indices for |k| > 3 read

N=3|kl>3: 1+0x+02%—-2234.... (5.3.39)

The operators up to R-charge 2 are as follows. Since tr uy = tr uo = 0, there is
no operator with R-charge 1. The N/ = 3 flavour symmetry of this theory therefore is
empty. Let us now discuss about the marginal operators. From (5.3.4), we have

(%) = tr(ud) = (b ) = (b pac)? = 0. (5.3.40)

Furthermore, for N = 2, we also have tr(ugpuc) = 0 due to the relation (5.3.7);
thus the theory with N = 2 and |k| > 3 has no marginal operator. In this case,
we are able to see clearly the contribution of the extra SUSY current at order z2
of the indices (5.3.38), since there is no cancellation between the contribution of the
conserved currents and that of the marginal operators. For N = 2 and |k| > 4, from
the perspective of the A" = 2 index —a? is the contribution of the U(1)y symmetry,
whereas from the perspective of the N' = 3 index this is the contribution of the extra
SUSY-current. Indeed, we conclude that N = 3 supersymmetry gets enhanced to
N =4 for N =2 and |k| >4 [97]. For N =2 and |k| = 3, there are two extra SUSY
conserved currents and this is due to the fact that the theory flows to a product of
two N = 4 SCFTs” [88].

For N = 3, on the other hand, there is precisely one marginal operator, namely
tr(pumpc), which cancels the contribution of the U(1)y symmetry in the index; this
explains the term (1 — 1)z = 022 in (5.3.39). Again, we identify the U(1)4 conserved
current with the A" = 3 extra SUSY conserved current. We thus conclude that super-
symmetry also gets enhanced to N' = 4 for all |k| > 3. Although we demonstrated

%For N =2 and |k| > 3, there is no relevant, no marginal and no operator with R-charge 3, since
tr(u%yc) = tr(piuc) = tr(urpd) = 0, etc. It is thus simple to consider the contribution of the
conserved currents at order z* of index (5.3.38) with d = 1. From Table (4.5.107) and the remark
below, we see that each of the A/ = 3 extra SUSY-current multiplet A2[0] 50) and the N = 3 stress

tensor multiplet Al[l]é% contributes 4+2°® to (1 — 2?)(index — 1). For N = 2 and |k| = 3, we have
(1 — 2®)(index — 1) = —22% + 423 + .. ; the term +4z® is indeed in agreement with the claim that
there are two N/ = 3 extra SUSY-currents and two N = 3 stress tensors, since the theory is the
product of two N = 4 SCFTs. For N = 2 and |k| > 4, we have (1 —z?)(index — 1) = —2? +2z2% +. . ;
the term +2x> is indeed in agreement with the claim that there are one N’ = 3 extra SUSY-current
and one A/ = 3 stress tensor. Unfortunately, when there are relevant and marginal operators in the
theory, the analysis of the index at order P, with p > 3, becomes very complicated. In the rest of
the section, we focus only on the operators with R-charges up to 2.
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this explicitly for N = 2 and N = 3, we conjecture that this statement holds for all
N > 2.

For |k| = 2, we find that the index of the theory diverges and the theory is ‘bad’
in the sense of [85]. In fact, as we shall discuss in more detail in the next subsection,
when n flavours of fundamental hypermultiplets are coupled to the theory with & = 2,
there are gauge invariant monopole operators with R-charge n/2. In the special case
of n = 0, these monopole operators with R-charge 0 render the theory ‘bad’.

For |k| =1 and k = 0, we find that the index is equal to unity, and it is expected
that the theory flows to a topological theory or an empty theory.

U(N)j gauge group with k£ # 0 and n > 1 flavours
We propose that the superpotential for theory (5.2.10) is

k; ~.
W = —— tr(¢%) + tr (e + pr)e) + Qhe’Q8

i (5.3.41)
k 2
= = (@) + o ((ue + pa + HQ)e)
where we define
M= QLR (nQ)i = QiQ¢ (5.3.42)
so that we have ‘
M} =trpg . (5.3.43)

The following relations follow respectively from the F-terms with respect to @f,
Q¢ and ¢:

27

QL =0,  ¢Qt=0, g = — (prr + ne + 1Qy (5.3.44)

We discuss the consequences of these F-term on gauge invariant quantities in
Appendix (C).

Using the last equality, we can integrate out ¢ and obtain the effective superpo-
tential

Y
Weff—E

From this effective superpotential, the F-terms with respect to Q;’, Q¢ are

tr (e + pr + pQ)* (5.3.45)

(trpQ)@y =0,  (trpg)Qf=0. (5.3.46)
These imply that
(trpQ)pg =0, (trug)? =0. (5.3.47)
Let us define
A7 i 1 ky i i 1 i
M; = M; — E(Mk)(sj = M; — g(tr,uQ)(Sj . (5.3.48)
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From (C.0.10) and (5.3.47), we obtain

i ~ina 277
(1)) = ~(uir + pe)o@3Q5 — - Mj(tr pg)

(M?); = = tr (1 + po)u) -

(5.3.49)

Apart from the gauge invariant quantities discussed above, there could possibly
be gauge invariant monopole operators for some special values of k. Subsequently, we
perform case by case analyses, with the aid of the index.

The case of |k| > 3, with n > 1 flavours

For |k| > 3, with n > 1, the indices can be computed from (5.2.11) and the results
are as follows.

n>3: 1+ x(l + xﬁ%ff),ovl](u)) + 2 [XE%@,oz] (1) + Xigr 6o (1) +
+ 3Xﬁ[{)(n)0 1] (n)+s— <1 + xﬁ%(7?70’1](u)>] +...,
n=2: 1+ x(l + XSU( (u)) +x [X[4} @ () + QX;?Q)(M) +s (5.3.50)
()]
n=1: 1+1:c+(s—1):1:2—|—
where
2 N=2 .1 N=2
s = {3 N =3 s = {2 N =3 (5.3.51)

Let us now analyse the operators with R-charge up to 2 for n > 2. The operators
with R-charge 1 are

Mf=trpg, M (5.3.52)

and so the flavour symmetry of the theory is U(1) x SU(n).
The marginal operators are as follows. For n > 3, the marginal operators con-

tributing 3X[1U(n)0 1](;1,) to the index (5.3.50) are

Mi(trpg) = My(Mf) . (An)j . (Ac)j (5.3.53)
where we define (Agy)} and (Ag)) as in (C.0.13):

. ~ 1 .
(An)i = (um)§QLQ% — —tr(urpQ)d;

| ] | (5.3.54)
(Ac): o= (no)sQLQ5 — — tx(nopq)d;

However, for n = 2, we have an extra relation, namely (C.0.15):

(Ar)i + (Ac)t = —Mi(trpg) = —MUME) , forn=2. (5.3.55)
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and so there are only two independent quantities of this type. The marginal operators

that contribute to the term X‘[S;)Ul(g)m 0.1,0] (p) are

eirizing oo gn MM (5.3.56)
. SU(n)
Those that contribute to the term xjp o 2](u) are

Rl (5.3.57)

which is a linear combination ]\/4\]’]\/4\/C and other quantities such that any contraction
between an upper index and a lower index yields zero; for example, for n = 2, where
M? satisfies (C.0.9), the marginal operators in the representation [4],, are

. — 1 —~ ) 1 —~ .
Rjj = MM + < (M?)50307 — S (M?)507 . forn=2. (5.3.58)

The marginal operators in the singlet of SU(n) are

tr(ponn) = (un)§QLQY . tr(ugue) = (ne)fQi@Qb . tr(pmuc) . (5.3.59)

Thus, there are 3 independent quantities of this type for N > 3, but for N = 2
we have tr(puguc) = 0 due to (5.3.7) and so we have only 2 independent quantities of
this type. Explicitly, the order 22 of the indices in (5.3.50) for n > 2 can be written
as

N=2: ...+x2[...+2—(1+Xﬁ%fff_)70’1](u))}+... 5560
N=3: ...+x2[...—|—3—(1+xﬁ%€7?7071](u))}+... -

We do not see the presence of an extra SUSY-current. We thus conclude that,
for n > 2, the theory has A/ = 3 supersymmetry. Although we have shown this
explicitly for the cases of N =2 and N = 3, we conjecture that this statement holds
for any N > 2. We point out that, in the above analysis, there is also a symmetry
that exchange the quantities with subscripts H and C. We shall shortly see that this
symmetry is not present, for example, in the case of k = 2 and n = 2.

The above analysis also applies for n = 1 with the following extra conditions:

M=Ay=Ac=0. (5.3.61)
Moreover, due to (5.3.47), M is a nilpotent operator satisfying
M?=0. (5.3.62)

It then follows from (5.3.49) that

tr(papg) = —tr(ucpg) (5.3.63)

The operator with R-charge 1 is
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M =trug . (5.3.64)

The N = 3 flavour symmetry of the theory is therefore U(1). For N = 2, there
is one marginal operator, given by (5.3.63), contributing +122 to the index. For
N = 3, in addition to (5.3.63), there is another marginal operator tr(uguc); these
two marginal operators contribute 4+2z2 to the index. We do not see the presence
of an extra SUSY-current for both N = 2 and N = 3. Thus, we conclude that the
theory has N' = 3 supersymmetry.

The case of k =2 and n > 2 flavours

For k = 2, there are gauge invariant monopole operators with fluxes (£1,0,...,0),
denoted by X4 := X(il,o,...,o)a carrying R-charge n/2 and topological fugacity wtl,
These operators contribute contribute with the terms (w + w‘l)x% to the index. The
presence of these operators is analogous to the T'(U(1)) case presented in Section
(5.3.1), where the mixed CS term of T'(U(1)) after self-gluing cancels with the bare
CS level k = 2.

For n > 5, the index up to order z? is the same as the case of |[k| > 3 and n >3
in (5.3.50), and so we expect that the operators up to R-charge 2 are as described
in (5.3.52)-(5.3.59). For n = 4, there are additional terms (w + w™1)z? to the first
two lines of (5.3.50), and so the monopole operators Xy contribute as the additional
marginal operators to those described above. For n = 3, there are additional terms
(w+ w_l)xg to the first two lines of (5.3.50), and so X1 contribute as the addition
operators with R-charge 3/2 to those describe above.

The case of k£ =2 and n = 2 flavours

Let us now analyse in detail the case of k = 2 and n = 2. From (5.2.11), the indices
for N =2 and N = 3 read

42 (X @ @) +xiy) ) ) + 22| (2 P (@) + xy @)
S S S S S
i Py @+ @+ 57) = (xiy V@) g P )] (6369

+...,

where we redefined the topological fugacity w as w?, we highlighted the contribution
of the N/ = 3 flavour symmetry in blue and

.1 N=2,
s = (5.3.66)
2 N=3.

Note that the index for N = 2 was computed in (4.25) of [97]. Let us discuss
about the operators with R-charge up to 2. The operators with R-charge 1 are

2,: Xy, Mf=trpg, X

o, F (5.3.67)

and so the N/ = 3 flavour symmetry is SU(2) x SU(2).
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Let us now discuss the marginal operators, corresponding to order 22 in the index.
The character 2xi§](2) (w) contains the terms 2w**. These imply that there are two
pairs of marginal operators such that each pair carries topological charges +2. One
of such pairs is X3 and we propose that the other pair consists of the monopole
operators with fluxes +(1,1,0,...,0), denoted by X, = X1, 0) and X__ :=
X(Z1,-1,0,..,0), each carrying R-charge 2. This proposal is analogous to (B.1.10) of the
3d N =4 U(2) gauge theory with one adjoint and one fundamental hypermultiplet.
Moreover, the character 2X€1§](2) (w) at order z? in the index contains the terms 2w®2.
These imply the existence of two pairs of marginal operators such that each pair
carries topological charges +1. One pair can be immediately identified with X (M ,f)
and we propose that the other pair corresponds to the ‘dressed monopole operators’
X4:(0,1), defined in a similar way to (B.2.5) (see [64]):

X(:I:I,O);(r,s) = (ila O)mqum; + (Oa il)mgmi ) (5368)

where pg is diagonalised as diag(m1,m2)!?. This proposal is analogous to (B.2.4) of

the 3d N' = 4 U(2) gauge theory with 4 flavours. In summary, the marginal operators

that correspond to the terms 2xi§](2) (w) + xgﬁj@) (w)xé?(z)(u) are

4], : X2 X (MF) | XX, X_(Mf) X2
4w : X+t\’, {%;(0,1) ) (MZ/)\; X1 » X
2l[2;: X M] Mj(MF) X_M;
(5.3.69)
SU(2)

The marginal operators that correspond to [, (u) are given in (5.3.58). Noting
the relation (C.0.15), we see that the marginal operators corresponding to the term
sz?@) (1) can be taken to be either (AH)E or (Ac); Picking any of these choices
necessarily breaks the symmetry that exchanges H and C.

Now let us consider the marginal operators that transform as singlets under SU (n).
Taking into account of (5.3.49), we can take two of out of three of (]\//.72)§, tr(popm)

and tr(pugpc) to be independent operators, but since (]\/4\ 2)¢ has already been listed
above, we are left with either tr(ugug) or tr(uguc). Hence, for N > 3, we see that
the marginal operators in the singlet of SU(n) are similar to (5.3.59), namely

either tr(ugum) or tr(uquc) , tr(pmpc) , (5.3.70)

and so there are two operators of this type in this case. For N = 2, tr(uguc) = 0 due
to (5.3.7) and so we have one operators of this type, namely tr(ugum) or tr(uouc).
We can rewrite the indices for N =2 and N = 3 as

N=2: ...+:1:2{...+1— (Xéy(z)(w)w[sz}mz)(u))} T

) SU@) SU@) (5.3.71)

N=3: ... +=zx [...+2— (X[g] (w)+x[2} (u))} +...

Again we do not see the presence of the extra SUSY-current. We thus conclude

that the theory has N' = 3 supersymmetry. Although we have shown this explicitly

for the cases of N = 2 and N = 3, we conjecture that this statement holds for any
N > 2.

10We dress the bare monopole operators with the components of 1@ instead of those of ¢, because
for k # 0 we have integrated out ¢ but pg remains massless.
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The case of k =2 and n = 1 flavour

Here we focus only on the case of N = 2 and postpone the discussion of N = 3 to
future work. This is due to the complication of the computation of the index in the
latter case. For k = 2 and n = 1, the index for N = 2 can be computed from (5.2.11)
and the result is (see also [97, (4.20)]):

1 2
1422 <w+>+x<2w2+2+2)
w w

3<2w +2+2w+2) <3w+3+2w +2+1>+
3 5.3.72
=1+ xzx[l] (w) + 295)([2] (w) + z2 PX[ (w) + X[1 2)(w) Xﬁﬁf@ (w )} ( )
+ 2 [3)(%](2)((,0) —I—X[Q] v )(w) - QX[ ] v )(w)fl} +...
= Ttreo (T w) X {1 + xxé[]]@)(w) 4+ ( (w) X[2 ( )— 1) + .. }

where the monopole operators Xy with fluxes (£+1,0,...,0) have R-charge 1/2 and
decouple as a free hypermultiplet, which contribute to the index as

71;-1‘2)00

! 5.3.73
= 1+ P @)at + i Do+ [xi P w) (5.3.73)

3
et [P0 -]

Note also that M = 0 in this case.
We now analyse the operators up to R-charge 2. The operators with R-charge 1/2
are

X,, X_, (5.3.74)

where Xy denote monopole with fluxes +(1,0,...,0).
The operators with R-charge 1 are

[2]0-? D, G M= trug , X,

2l : X%, X, X_ X2 (5.3.75)

where X, and X__ denote monopole with fluxes £(1,1,0,...,0). Upon decoupling
the free hypermultiplet containing X, we are left with only the first line, and indeed
we see that the N’ = 3 flavour symmetry of the interacting SCFT is SU(2).

For N = 2, the operators with R-charge 3/2 are

Blo: X3, X2X_, X, X2, X3
[3]0.) : X++X+ y X++X_ 5 X__X+ 5 X__X_ (5376)
Me: X, M, X_M

where, in the index (5.3.72), the contribution of the operators in the representation
[1],, gets cancelled by the same terms with an opposite sign due to the contribution
of the free hypermultiplets; see the first term in the last line of (5.3.73). It is worth
pointing out the similarity between (5.3.76) and (B.1.11). Note that upon decoupling

the free hypermultiplet, we no longer have an operator at order 3.
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For N = 2, the marginal operators are similar to those presented in (B.1.12). It
should be noted again that, due to (5.3.47) and (5.3.49), we have

M?=0, tr(prpg) = —tr(popg) - (5.3.77)

Here is the list of the marginal operators:

[4.: X3, X M, X4 Xoo = tr(prpg) = —tr(ponq)
X__M, X2

[4,: X%, X3X_, X2x?
X, X3, x4

4o Xep X7, X (X5X0), X X2 =X3X -
X (X:X.), X__X2

2l: X2M, X, X_M X2 M
(5.3.78)

where the relation

Xt X =tr(pmpg) = — tr(pepg) (5.3.79)

is analogous to (B.1.13), where the quantities on the left and right hand sides both
have magnetic flux (0,0). Note that, upon decoupling the free hypermultiplet, we are
left with only the operators in the first two lines of (5.3.78). Due to the quantities
as listed in (5.3.78), we write the index as in (5.3.72), with the contribution of the
extra SUSY conserved current indicated in brown. This leads us to conclude that
supersymmetry gets enhanced from N = 3 to N/ = 4. This conclusion has in fact
been already discussed in [97].

Comments on the case of k = —2

From (5.2.11) with n = 0, we see that the index up to order z% for k = —2 and n > 3
is equal to that described in (5.3.50), and the index for k = —2 and n = 2 reads

L (T @) + 22 (g @ ) + 2 @) + 5+ 2)

_ (1 +X§§J(2)(M))} +..., (5.3.80)

where

(1 N=2,
s = (5.3.81)
2 N=3.

Let us interpret this result. The monopole operators (X1, X_) and (X 4, X__),
discussed in the case of k = 2, are no longer gauge invariant. However, the above
index suggests that quantities like X1 X_ and X, X__ are gauge invariant. This
can be seen from the observation that the index of the case of k = —2 can be obtained
from that of k = 2 by removing the terms involving w? with p # 0; one can compare
(5.3.80) for k = —2, n = 2 with (5.3.65) for k =2, n = 2.

We focus on the case of k = —2 and n = 2. The operators with R-charge 1 are
(5.3.52). The N = 3 flavour symmetry is SU(2) x U(1). The marginal operators are

as follows. Those in [4], are (5.3.145). Those in 2[2], are either (Ag)j or (.Ac);, and
]W;(M,f) Those contribute s’ are either tr(pugum) or tr(ngue), and tr(pmpc), which
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is present for N = 3 and absent for NV = 2. Finally, those contribute +2 are X X_
and (M?)t. We do not see the presence of the extra SUSY-current.
Let us now turn to the case of k = —2 and n = 1. From (5.2.11), the index is

N=2: 142z+2%(4-2-1)+...

5 (5.3.82)
N =3: 142z +2(5—2-1)+...

This, again, can be obtain from (5.3.72) with w?P (p # 0) removed. We propose
that the operators with R-charge 1 are M = trpug and Xy X_. The N' = 3 flavour
symmetry is therefore U(1)2. The four marginal operators of the case of N = 2 are
as follows: X 4 X__ = tr(uppg) = —tr(ucug), X2X2, X4+ X2 = X2X__ and
X+ X_M. For N = 3, there is an additional marginal operator tr(uguc). There is
one extra SUSY-current, indicated in brown. Hence supersymmetry gets enhanced to

N =4.

The case of k=1 and n =1 flavour

Here we focus only on the case of N = 2 and postpone the discussion of N = 3 to
future work, due to the technicality of the index in the latter case. From (5.2.11), the
index is

N=2: 1+le+(1-1-wqg ' —w 'Q2® — (wget+wlgz®+... (5.3.83)

where we again redefined 1 as ¢ to highlight its U(1) nature.

This case was in fact studied in [97, Section 4.3]. In the following we discuss
the operators with R-charge up to 2. In this case, the operator with R-charge 1
corresponds to

M =trpg . (5.3.84)

The N = 3 flavour symmetry is therefore U(1). We indicate the contribution of the
flavour current to the index (5.3.83) in blue. Due to (5.3.47), M is a nilpotent operator
satisfying M? = 0. From the relation (5.3.49), namely M? = — tr(ugpug) — tr(ucpg),
we have

tr(pmpg) = —tr(ucng) - (5.3.85)

This is precisely the marginal operator that contributes to the positive term +1
at order 22 in (5.3.83).

As can be seen from the brown terms in (5.3.83), there are two extra SUSY con-
served currents. This leads to the conclusion that supersymmetry gets enhanced from
N =3 to N =5 in the IR [97]. Note that (5.3.83) also satisfies all of the necessary
conditions for the enhanced N/ = 5 supersymmetry discussed in [74], including that
the coefficient of x must be 1.

In fact, if we view (5.3.83) as an A = 2 index, we see that the negative terms at
order x? indicate that the theory has an SU(2) = Spin(3) global symmetry, whose
character of the adjoint representation is 1 + wq~! + w~'q. This Spin(3) symmetry
is indeed the commutant of the N' = 2 R-symmetry U(1) = Spin(2) in the N' =5
R-symmetry Spin(5).
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U(N)o gauge group and n flavour
This is also known as the S-flip theory [14].

For n > 3, from (5.2.11), the indices for N = 2 and N = 3 read

SU(n SU(n SU(n
n=3: 1+ x(l + X[l,of.“),o,l](“)) + [X[2,0(,...),0,2] (k) + X[0,1E0A)..,0,1,0}(“)
SU(n SU(n
+ 3X[1,0(,...),0,1](”) t+s— (1 + X[1,0(,...),0,1] (”))} (5.3.86)

SU(n —1.8SU(n n
+ (WX[O,..(.Q)] (k) +w 1X[z,o(,...),o] (l‘)> 't

where we highlight the contribution of the N' = 3 flavour currents in blue and s is

defined as
2 N =2
5= (5.3.87)
3 N=3.

On the other hand, for n = 2, the indices are

(N =2n=2): Lta(l+xg D)+ [xi P + @ +w g @)
+2- (1 +X§§](2)(u))} ...

SU(2)

(5.3.88)
(N =3n=2): 1+a(1+xp @ 00) +22 [y ) + @+ e +w g )

+3+(w+wlh) - (1+X[52§](2)(u))} +....

Note that indices (5.3.86) have the same expressions up to order z? as the cases of

n > 3 of (5.3.50), except that there are additional terms wxﬁ)U“(.%) 2 (u)—i—w‘lx[sfg(ﬁ) 0 (1)
at order z't2. The latter indicate the presence of the gauge invariant dressed

monopole operators with R-charge 1+ 5. Note that they become marginal for n = 2.

For n > 2, the operators up to R-charge 2 are therefore as described in (5.3.52)—
(5.3.59)1 together with the aforementioned monopole operators in the case of n = 2.
We do not see the presence of the extra SUSY-current. We thus conclude that the
theory has N' = 3 supersymmetry.

The special case of n =1

Let us write down explicitly the indices for N = 2 and N = 3, which can be computed
from (5.2.11):

1+1z+ (wg 2+ wiqu)x% + (s'—1)x? + ... (5.3.89)

where we again redefined p; as ¢ to highlight its U(1) nature and

" Curiously, for (N = 3,n = 2), the index seems to indicate the presence of extra marginal gauge
invariant monopole operators with topological fugacities wtl. These should be identified with the
monopole operators X(41,0,0) with fluxes (1,0,0). For n > 3, these operators (if exist) should carry
R-charge greater than 2 and is beyond the scope of our analysis. It would be nice to understand
these operators better in the future.
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, {1 N

S =
2 N
Note that this is similar to the case of n = 1 in (5.3.50), but with additional
terms (wqg~2 + w™1¢?) at order 23, Thus, the N/ = 3 flavour symmetry in each case
is U(1). The operators up to R-charge 2 are therefore as described in (5.3.64) and
below, together with the aforementioned dressed monopole operators. We do not see
the presence of the extra SUSY-current. We thus conclude that the theory has NV = 3

supersymmetry, in agreement with the findings in [14, Section 3.1].

2
5.3.90
; (5.3.90)

5.3.2 S-fold theories with the T);\,/(SU(4)) building block: Prelimi-
nary results

The purpose of this section is to generalise the previous results on the S-fold theories
with the T(U(N)) building block to those with the 75 (SU(N)) building block. The
T3 (SU(N)) theories were introduced in [85]. They form a large class of 3d N = 4
SCFTs that admits Lagrangian descriptions in terms of linear quivers. They can also
be realised using Type IIB brane configurations, involving D3, D5 and NS5 branes
[107]. When o = p the theory is self-mirror. We therefore can construct S-fold theo-
ries by commonly gauging the Higgs and Coulomb branch symmetries of T (SU(N))
in the same way as we did for T'(U(NV)). Due to the technicality of the index compu-

tation, we shall restrict ourselves to the 1}[22”1122]](5 U(4)) theory.

We briefly review important details of the 1“[[221122]} (SU(4)) theory in Sections (5.3.2)
and (5.1.2). We then construct S-fold theories in the subsequent subsections. As we
shall see in Sections (5.3.2) and (5.3.2), for some values of CS levels, the theory
contains gauge invariant monopole operators in the spectrum. Although we try to
study the chiral ring of such operators using the index and other known theories as a
guide, we do not have a full understanding of such a chiral ring. The results for the
S-fold theories of this section should therefore be taken as preliminary and we shall
not study all possible cases as for the T'(U(N)) case. We hope to revisit this problem
in the future.

The T}7,)(SU(4)) theory

Let us redraw the quiver description [85] of this theory in a N' = 2 fashion:

(5.3.91)

W =L L+ X1 X — X2 X + RpaR

The Higgs and Coulomb branch moment maps

The Higgs branch moment map can be written in terms of the chiral fields in (5.3.91)
as
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(un)y = R'R; (5.3.92)
where i,j = 1,2 are the indices of U(2);. The F-terms with respect to ¢; o imply

tr(ug) = R'R; = XX = —LL . (5.3.93)

As a result, pp satisfies the following conditions

rank(pp) <1, (uh)j = (um)jte(pn) ,  te(ug) = (trpm)? . (5.3.94)

The Coulomb branch moment map can be written as

= (.7 V“%O)) 5.3.95
He <V(1;0) 2 (53.99)

where V(,,.,) denotes the monopole operator carrying flux m under the left U (1)
gauge group in (5.3.91) and flux n under the right U(1) gauge group in (5.3.91).
Since 1“[[221122]} (SU(4)) is self-mirror, the Coulomb branch moment map also satisfies the
same conditions as (5.3.94) with H replaced by C:

rank(uc) <1, (ug)l = (ue)itr(ue) . tr(pd) = (trpc)* . (5.3.96)

where i, 5/ = 1,2 are the U(2),, indices. It then follows that

Vo) Vic1.0) = 12 - (5.3.97)

Moreover, from the superpotential (5.3.91), the F-terms with respect to E, L, R
and R give

Loyt =0, Lpi=0, Ripa=0, Rigy=0. (5.3.98)

It then follows that

~. . ~ 5.3.93
0=RRjp2= ()i, 0=—(D)er “E (trpm)er (5.3.99)

We can rewrite the Coulomb branch symmetry algebra as SU(2) x U(1), where the
SU(2) factor corresponds to the (enhanced) topological symmetry of the left gauge
group in (5.3.91) and the U(1) factor corresponds to that of the right one. Indeed, the
superpartners of the SU(2) current are the triplet (V(1,0), ¢1, V(—1,0)), each of which
can be constructed from the fields in the vector multiplet of the left gauge group
in (5.3.91) in the UV. On the other hand, the field y2 is the superpartner of the
aforementioned U(1) symmetry current. Since V{y.0y, V(_1,0) and 1 transform in the
adjoint representation of an unbroken SU(2) symmetry, it follows that the second
equality of (5.3.99) has to hold also for V{4,9), namely:

(trpa)Vaoy =0,  (trum)Vi—10=0. (5.3.100)

We will see that these quantum relations are also consistent with the index.
Contracting the indices ¢ and j in the first equation of (5.3.99), we have (tr pg)p2 =
0. Combining this result with (5.3.100), we obtain
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s

(trpm)(pe)y =0. (5.3.101)

Using mirror symmetry and the fact that the theory is self-mirror, we also have

(tr pe) (um); =0 (5.3.102)

Contracting the indices i and j we obtain'?

(trpm)(trpc) =0 (5.3.103)

The relevant and marginal operators

The index of the T[[22’1122]] (SU(4)) theory can be written as (see Section (5.1.2) for more
details)

1+ [dQ <1 n xgﬁm) (u)) +d? (1 n xg?@)(h))}
T [d?’(b + b’l)xﬁ?@) (u) +d3(q + q’l)xﬁ?@)(h)}
[t (14 iy P )+ gy D))+ (14 )P )+ gy )

i) Py D) = (xiy P +1) = (xy P +1) -1

(5.3.104)

Let us analyse the operators that contribute to the index up to order z2. It is

convenient to split the Higgs and Coulomb branch moment maps into the trace and
the traceless part, where the latter is denoted by

N . 1 .
(hrc)j = (pmc)j — 5 (tr pm,c)d; - (5.3.105)
Since the rank of pp ¢ is at most one, we have
~2 1 2
tr(ig o) = §(tr,tuc) . (5.3.106)

The coefficient of order x of the index corresponds to the following operators:

@ (14 x5 D) : tr(ue) ()l

| (5.3.107)
- <1+X[SQ]U(2)(h)) : tr(un) , (A}

The coefficient of order z2 of the index corresponds to the following operators:

12This result can also be obtained by contracting the indices 4 and j in the first equation of
(5.3.99) and then summing it with the second equation in (5.3.99), where we have used the fact that
truc = @1 + p2.
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oy ) - U = Vi, V)"
gy ) - Uy := (Vie1,-1), Vo)
o G (5.3.108)
d2qxyy - (h) : M =RXL
d_gq_1XﬁU(2)(h) : Hi = LXR; .

The terms at order 2 with positive sign correspond to the following marginal
operators:

_ ~ 1 - 1
dhd™h w(g) = S(true)t s (i) = S (trum)?
d'xp P w), a0y P s (et pe) i) pa) (5.3.100)
d'xiy D), a0 P s @e)n@e)y s ()i
Xpy D xy @) (@) Gin);

The terms with minus sign confirms that the theory indeed has a U(1), xS U( Ju X
U(l)g XSU( ) xU(1)4 global symmetry, as expected. Note that the terms +dOy Xj2) v )(u),

+d0 Xj2) v )(h) and +dox[0] v )( )Xﬁ)ﬁj( )(h) do not appear at order 2. The absence

of such terms confirms the relations (5.3.101), (5.3.102), (5.3.103), and thus also
(5.3.100).

U(2); gauge group with zero flavour

We now consider the S-fold building block theory (5.2.12).
The superpotential for (5.2.12) can be written as [86, 88]

W = —% tr(p?) + tr ((ue + pm)e) (5.3.110)

where ¢ is a complex scalar in the vector multiplet of the U(2) gauge group, and ¢

and pp are the Coulomb branch and Higgs branch moment maps of the T[[; 112]] (SU(4))
SCFT.

Let us assume in the following analysis that k # 0. We can integrate out ¢. The
F-terms with respect to ¢ give

= —(pc + pu) - (5.3.111)

Substituting this back to (5.3.110), we obtain the effective superpotential after
integrating out ¢ to be

Wet = = tr(uc + pn)?
[tr(p) + tr(ud) + 2 tr(popm)] (5.3.112)

[(tr pe)? + (tr pw)® + 2te(popm))] -

w\ﬁw\ﬁw\ﬁ
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where in the last line we have used (5.3.94) and (5.3.96). It should be noted that,
on the contrary to the effective superpotential (5.3.37) of the S-fold theory with the
T(U(N)) building block, the U(1)4 axial symmetry is broken in this case'. The index
of this theory is given by (5.2.13).

The case of |k| > 3
Evaluating (5.2.13), we obtain the indices for |k| > 3:

I5212) (k| >3 {w,v=0}) =142z 402+ 02° + ... . (5.3.113)

where, for each k such that |k| > 3, the indices differ at order of = greater than 3. For
example,

k=3: 1+4+27—2w+w a2 +5z*+...

(5.3.114)
k< -3 k>4: 1+2z+5zt+... .

The coefficient of x indicates that the theory has a U(1) x U(1) global symmetry.
Due to (5.3.111), we can write ¢ in terms of pg and pe. As a result, there are only
two independent operators with R-charge 1, namely

tr(pm) tr(uc) , (5.3.115)

corresponding to the term 2z in the index.

Let us now consider the marginal operators. Taking into account of (5.3.111),
(5.3.94) and (5.3.96), we can rewrite any marginal operators in terms of a linear com-
bination of the following quantities: (tr ug)?, (tr uc)?, (tr py)(tr ue) and tr(pgpc).
However, this set of quantities can be reduced further. Due to (5.3.103), we have
(trpg)(tr pe) = 0. Hence, there are three independent marginal operators, which
can be taken as

(trpm)?,  (trpe)?,  tr(umpe) . (5.3.116)

Since the coefficient of 22 in the index is equal to the number of marginal opera-
tors minus conserved currents and we have 0x? in (5.3.113), it follows that there are
three conserved currents that precisely cancel the contribution of the three marginal
operators in (5.3.116). Two of the conserved currents are identified with the U(1)?
flavour currents, as can be seen from order x of the index, and the other one is the
extra SUSY current. We thus conclude that N' = 3 supersymmetry of theory (5.2.12),
with k& > 3, is enhanced to N’ = 4 in the IR.

Finally, let us point out that there is a symmetry that exchanges pz and ue for
|k| > 3. As we shall discuss shortly, this symmetry is absent for £ = 2 and k£ = 1.

The case of k =2

Evaluating (5.2.13), we obtain the index for k = 2:

13Recall that under the U(1)q symmetry, uc carries charge +2 and pg carries charge —2.
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I(5.2.12)(k' = 2;{w,v = 0})

1tz [Lag Q)] + 2 [(14 1 P @) - (14 x5 )] + -
(5.3.117)

€
I

where the second equality holds if we redefine w as w?

tribution of the flavour currents in blue.

From the coefficient of = we see that, in addition to the operators listed in (5.3.115),
there are two gauge invariant monopole operators with R-charge 1 that carry topo-
logical fugacities w®2, denoted by X.. Hence the operators with R-charge 1 are

; we also highlighted the con-

1w’ 1, w?: tr(py) | X, tr(uc) , X_, (5.3.118)

The N = 3 flavour symmetry of the SCFT is therefore SU(2) xU(1). Note that this
is larger than that of the case of |k| > 3, due to the presence of the monopole operators
Xy with R-charge 1. Here we have to make a choice whether to take (X, (tr ug), X_)
or (X4, (trpc), X_) to be a moment map of SU(2). Whatever choice we make will
break the symmetry that exchanges py and pe. This is a crucial difference between
this case and the previously discussed case of |k| > 3. For definiteness, let us take the
triplet (X4, (tr ue), X—) to be the moment map of SU(2) and (tr ) to be that of
U(1).1

Let us consider the marginal operators. These contribute to order z? in the in-
dex. We first examine those in the representation [4] of SU(2), whose character is

XEHU(Q) (W) = w*+w? +1+w?2+w™ The terms w™* should correspond to the

operators X2. In contrast to (5.3.69), there is no gauge invariant monopole opera-
tor X44+ or X__ with fluxes (1,1) or (—1,—1). It is also interesting to contrast to
the 3d N' = 4 U(2) gauge theory with four flavours of fundamental hypermultiplets
(B.2.4) that there are no operators in the representation [2] of SU(2) in this case. The
candidates for the operators that carry fugacities w*? are X (trug) and X (tr uc).
However, we argue that the former vanishes for the following reason. Since from
(5.3.103) we have (tr pgr)(tr pe) = 0, we must also have

(trpp)Xe =0, (5.3.119)

due to the fact that (X, (tr uc), X—) transform in the adjoint representation of an
unbroken SU(2) flavour symmetry. We thus conclude that the marginal operators
carrying fugacities w®? are X (tr uc). At this point, it is also worth comment that,
in contrast to (B.2.4) and to (5.3.69), there is no dressed monopole operators, like
X (+1,0);(0,1), In this case. Finally, let us discuss the marginal operators that carry zero
charge under the topological symmetry, i.e. those with w®. The candidates for these
are as follows:

(trpm)?, (rpc)?, tr(pmpc), X X_ . (5.3.120)

From order z? in the index, there are the following possibilities:

HOf course, we may as well take (X, (tr ), X—) to be the moment map of SU(2) and (tr uc)
to be that of U(1). The arguments below still hold with H interchanged with C.
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1. Among (5.3.120), there are only two independent operators. There is no NV =3
extra SUSY-current.

2. Among (5.3.120), there are three independent operators. There is one N’ = 3
extra SUSY-current.

3. All of the four operators in (5.3.120) are independent from each other. There
are two N = 3 extra SUSY-currents.

Let us discuss each of these possibilities in more detail.

Possibility 1 is the most unlikely. This is because we do not have two relations
that reduce four quantities in (5.3.120) to two independent quantities.

Possibility 2 is possible if we postulate a relation like

X, X = (truc)?. (5.3.121)

We will shortly comment on the validity of this assumption. As a result, the
marginal operators transforming under the representation [4] of SU(2) are

X2, Xi(trpe), X X_=(trpc)?, X_(trpc), X2, (5.3.122)

whereas those transforming as singlets are

(trum)?, tr(pugpc) - (5.3.123)

In this possibility, the terms at order z? should be rewritten as

2 {(2 +xp (w)) — (14 x5 P @) 71] (5.3.124)

where the term —1, highlighted in purple, indicates the presence of an extra SUSY-
current. If this were true, we would conclude that the theory flows to an SCFT with
enhanced N/ = 4 supersymmetry. We emphasise again that this conclusion relies
heavily on assumption (5.3.121). It may be argued that this cannot be true because
if X4 correspond to the monopole operators with fluxes (£1,0), then X X_ carries
flux (1, —1)% and not (0, 0); hence it should not be equated to (tr uc)?. Indeed, the
relation of type (5.3.121) does not hold for the 3d N' = 4 U(2) gauge theory with 4
flavours; see (B.2.4). It would hold if we had an abelian gauge group, like 3d N = 4
U(1) gauge theory with 2 flavours.

Possibility 3 is the most likely. In this possibility, the marginal operators trans-
forming under the representation [4] of SU(2) are

X-?— ) X-‘r(trMC) ;o Xp X, X—(trMC) ) Xz ’ (53125)

whereas those transforming as singlets are

(trpm)? (truc)?, tr(pmpc) - (5.3.126)

The terms at order z2 should then be rewritten as

15 After applying the Weyl symmetry, the flux (m,n) of the monopole operator X(m,n) should be
written such that m > n > —oo. The flux of of X_ should thus be written as (0, —1). Since X has
flux (+1,0), it follows that X X_ has flux (1,—1).
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22 [(3 + Xfﬁ@)(w)) - (1 + X (w)) —2} (5.3.127)

where the term —2, highlighted in purple, indicates the two N = 3 extra SUSY-
currents. Note that supersymmetry cannot get enhanced to A/ = 5, since this would
violate a necessary condition for N' = 5 supersymmetry which states that the coef-
ficient of = has to be 1 [74]. We are obliged to conclude that the theory flows to a
product of two SCFTs, each with NV = 4 supersymmetry. This situation is similar
to that studied in [88]. It would be interesting to verify this conclusion using other
methods and, if it were true, it would be also nice to identify such N’ = 4 SCFTs. We
leave this for future work.

The case of £ =1

Evaluating (5.2.13), we obtain the index for k =1 as

1(5.2.12)(k =L {w,v = 0})

—1—|—a:<2+w2+1)—|—x2 (—1—|—w4—i—1>—}—xg (—2w—2>—|—
= 5 1
w w w

=1+z [1 + X[Szgj(z) (w)} + 22 [Xi?@) (w) — (1 + X[SQ?@) (w))}

- ngx[sl?m(w) +... .

(5.3.128)

We propose that the gauge invariant operators with R-charge 1 that carry fugacities
w*? are the monopole operators with fluxes +(1,1), denoted by X, := X(1,1) and
X__ = X(_1,-1)- It is interesting to point out that there is no gauge invariant
monopole operator with fluxes &(1,0) in this theory, since there are no terms w*! at
order . The operators with R-charge 1 are

1, wz, 1, w2

tr(pr) Xyt tr(uc) , X (5.3.129)
corresponding to the coefficient of . The N' = 3 flavour symmetry of the SCFT is
therefore SU(2) x U(1). Similarly to the case of & = 2, we have to make a choice
whether to take (X ., (trpuc), X__) or (Xyy, (trum), X——) to be a moment map
of SU(2). Picking any of these choices amounts to breaking the symmetry that ex-
changes pg and pe. For definiteness, we take the triplet (X4, (truc), X——) to be
the moment map of SU(2) and (tr uy) to be that of U(1).16

Let us now examine the marginal operators of this theory. It is convenient to start
from those in the representation [4] of SU(2). Those carrying fugacities w** are X2
and X2 . Those carrying fugacities w®? are X, (tr uc) and X__(tr ). It should
be noted that X,y (trupg) and X__(tr up) vanish due to the following argument
(very similar to that of the case of k = 2). Since (tr uc)(tr pg) = 0 due to (5.3.103)
and (Xj4, (tr pe), X——) transforms as a triplet under an unbroken SU(2) flavour
symmetry, we have

Xyq(trug)=X__(trug)=0. (5.3.130)

The marginal operators carrying fugacity w® are

Y5Similarly to footnote (14), we may as well take (X4, (tr pz), X—_) to be the moment map of
SU(2) and (tr uc) to be that of U(1). The arguments below still hold with H interchanged with C.
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(trpm)®,  (trpe)?,  trlpape),  Xep X (5.3.131)

Analogously to (B.1.13) of the U(2) gauge theory with one adjoint and one fun-
damental hypermultiplet, we propose that X, X__ satisfies a quantum relation:

X X = (truc)?. (5.3.132)

Note that both left and right hand sides of this equation have magnetic flux (0, 0).
In summary, the marginal operators in the representation [4] of SU(2) are

X2, Xyiltrpe), XioX_oo=(trpe)?, X__(trpe), X%, (5.3.133)

and those transforming as singlets under SU(2) are

(trpm)?, tr(pmpc) . (5.3.134)

These operators contribute to the terms <2 + Xﬁi]U@) (w)) at order 2 in the index.

As a result, the 22 term in (5.3.128) should be rewritten as

Aandio)-(ogte) ]

The extra —2, highlighted in purple, indicates the presence of two extra SUSY-
currents. The same remark for the case of k£ = 2 applies here. Supersymmetry cannot
get enhanced to N/ = 5, since it would violate a necessary condition for N' = 5
supersymmetry which states that the coefficient of x has to be 1 [74]. We are again
obliged to conclude that the theory flows to a product of two SCFTs, each with N' = 4
supersymmetry, similarly to the situation encountered in [88]. It would be interesting
to verify this conclusion using other methods and, if it were true, it would be also nice
to identify such N'= 4 SCFTs. We leave this for future work.

U(2); gauge group with n flavour

Let us now couple to theory (5.2.12) n flavours of hypermultiplets in the fundamental
representation of U(2) and obtain theory (5.2.14).
We propose that the superpotential for this theory is the same as (5.3.41), namely

. _
W =~ tr(9®) + or (nc -+ par)) + Qi QS

k
=0 tr(p?) + tr ((ue + pw + pQ)e)

(5.3.136)

The F-terms are the same as (5.3.44) and the consequences of them are as analysed
in Appendix (C). The index of this theory is discussed in Section (5.2.2).
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The case of n > 2 flavours

We focus on the cases of (n > 3, |k| > 1) and (n = 2, |k| > 3). Evaluating (5.2.15)
with the background fluxes for the flavour symmetry being set to zero, n = 0, we
obtain the indices, up to order z2, as follows:

SU(n SU(n —1_SU(n
>3, k| >1):1+z [3 n X[Lofn_)7071](h)} 42 [qu[lvof._?m(h) + 2 1X[07“(.’0)71}(h)

SU(n) SU(n) SU(n)
T Xp2,0,..0,2] (h) + 5X[1,0,...,0,1](h) * X[0,1,0....,0,1,0] (h) +7
SU(3)
= (34007 )] + -
(5.3.137)

(n =2, [k 2 3): 1+ [34 x5 ()] +22[20x] P (h) + 2075 P (m)

il
+xjy P (R) + axpy P (h) + 7
SU(2)
= (343 P m)] + ..
(5.3.138)

where we used the fugacity map (5.2.16) and highlighted the contribution of the
U(1)? x SU(n) flavour symmetry current in blue. Let us now analyse the operators
with R-charges 1 and 2.

The operators with R-charge 1 are

trpy tr pe MF =trug , ]\/4\; (5.3.139)

where we remark that ]\/4\; transforms in the adjoint representation [1,0,...,0,1] of
SU(n), and that we can always rewrite ¢ in terms of puy, pc and pg due to (5.3.44).
Let us now discuss about the marginal operators. These contribute to positive

terms at order 22 of the index. The terms 2qxﬁUO(7’.) O](h) and 2q_lxﬁ)[{(_rg 1](h) corre-

spond to the gauge invariant combinations constructed by “dressing” @ or @ to the
operators in (5.3.108):

SU(n a 77 a 77
QQX[170(7_._)70}(h) : Qz Ha ) Qiua ’ (5 3 14())
—-1.5U(n i q/a i 70 e
20 X o) QAT Qe
The term 5xﬁ({)(f) 0 1](h) corresponds to
(An)i | (Ao)

where we have defined M2 in (C.0.11) and Apg ¢ in (C.0.13). It should be noted that,
from (C.0.12), the quantity (@); can be written in terms of a linear combination of
(Ar)}, (Ac)j and @(M/j) = ]\/I}(tr pq). For the special case of n = 2, we have an
extra relation (C.0.15):
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(An)s + (Ac)) = —M\}(tr 1Q) = —J\?}(M,f) (for n = 2) (5.3.142)

and so we have only four independent quantities, which correspond to the term

4 SU(2) U(n)

Xp2) (k) in the index. The term X[o 1 (h) corresponds to

07 707170]
ehvizing, o MM (5.3.143)
The term XEI,JO(:?.),O,Q](}L) corresponds to the quantity

Riy (5.3.144)

which is a linear combination ]\/4\;]\//_7;c and other quantities such that any contraction
between an upper index and a lower index yields zero; for example, for n = 2, where
M? satisfies (C.0.9), the marginal operators in [4] are

Rk

S~ 1
ik = MIMF + 6( )bsier — (M2)p5l5k ,  forn=2. (5.3.145)

Finally the candidates for the marginal operators that do not carry ¢ and h fu-
gacities are

(i) = (trun)? () = (b o)’

tr(poua) = (nm)fQLQY , (tr Q) (br )

tr(pouc) = (He)jQu@? | (tr pQ)(tr uc) | (5.3.146)
(M?): = MM} (trpg)® = (M)?

tr(paic) - (tr uzr) (tr pc) (o0

where we recall from (C.0.6) that tr(,uzQ) is not independent from the above quantities,
since it can be written as

1
tr(p 0) = MzM] ]\421\/[J + E(tr 1g)? = —tr(uoum) — tr(pouc) - (5.3.147)

However, the quantities in (5.3.146) are not all independent from each other. Let
us try to reduce them into a smaller set as follows. From (5.3.103), we see that
(tr ) (tr pe) vanishes. From (C.0.10), we see that (trpg)? is a linear combination
of tr(ugpm) and tr(uguc) and (]\/4\2)1 . In summary, we have eight of such marginal
operators:

W) = (e ) = ()

tr(pqum) = (ni)y Qa@i (tr pg) (tr pmr)

t(igno) = (HER@QE . ()t (5:3.148)
(M?); = M]l'Mi] ; tr(prpc)

As a result, the 22 term in (5.3.137) and (5.3.138) should be rewritten as

2 [ 48— (30 o) 1] - (5.3.149)
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where the term —1, highlighted in brown, indicates the presence of an extra SUSY-
current. We conclude that supersymmetry gets enhanced to N = 4.

We also observe that, for k = 2, the coefficient of 2! in the index contains the
terms w + w~!. Similarly, for k = 1, the coefficient of %! in the index contains the
terms w? + w™2. These indicate that

o for k = 2, there are gauge invariant monopole operators X4 with topological
charges 1 with R-charge § + 1; and

e for k = 1, there are gauge invariant monopole operators X, and X__ with
topological charges +2 with R-charge n + 1.

In fact, we have encountered such monopole operators for the case of zero flavour
(n = 0) in sections (5.3.2) and (5.3.2). The above statements generalise the previous
results to any n. In particular, for (n = 2, k = 2), the gauge invariant monopole
operator X1 are marginal operators. This can be seen from the index that can be
computed from (5.2.15) with n = 0:

=2 k=2 1 o O]+ a0 2 P
+ x[i?m(h) + 4x[92§](2)(h) +twtw 47
(3O m)] +..
(5.3.150)

where there are extra terms w + w™! at order 2 in comparison to (5.3.138).

The case of n = 1 flavour

In this subsection, we discuss the special case of n = 1. The operators are as discussed
in the previous subsection, but with the flavour indices i, j, kK = 1, and so they can be
dropped. As a result, we have

—

M=0, Ag=0, Ac=0. (5.3.151)

The cases of |k| >3

For |k| > 3, the index can be computed from (5.2.15) with n = 1 and n; = 0:

1+3z+ (3+2¢+2¢ )a*—a°+...

5.3.152
:1—1—31:—1—(6+2q+2q_1—3)m2—m3+..., ( )

where we highlight the contribution of the flavour currents in blue and rewrite the
fugacity u1 as ¢ to emphasise its U(1) nature.

From (5.3.139) and (5.3.151), we see that the three independent operators with
R-charge 1 are

trpuy tr ue M =trug . (5.3.153)

The flavour symmetry of this theory is therefore U(1)3.
Let us now discuss the marginal operators. The terms 2¢ + 2¢~! in (5.3.152)
correspond to the operators in (5.3.140), namely
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2q : QU | QU, ,
27 QuHY, QU

Note that all of the operators in (5.3.141) vanish identically for n = 1, due to
(5.3.151) and the fact that the flavour indices can be dropped. The marginal operators

(5.3.154)

that do not carry fugacity ¢ are as listed in (5.3.148); since M = 0, there are 7
independent quantities:

trgu ):)(tr,UH) ; Er(uc))( (tr/;c)

tr(uquu trpQ)(tr pm)

tr(pquc) , (tr po)(tr pe) (5:3.135)
tr(pmpc)

These operators, together with (5.3.154), contribute 7 + 2¢ + 2¢~! to order z2 in
the index. The 22 term of the index should then be rewritten as (7+2q+2¢~1)—3-1,
where the term —1 indicates the presence of the extra SUSY-current. Hence we
conclude that supersymmetry gets enhanced to N' = 4.

The cases of k =2

The index in this case can be computed from (5.2.15) with k =2, n =1 and ny = 0:

1+3$+(w+w_1)x%—i—(7+2q—1—2q_1—3— l):c2

(5.3.156)
Fwrw s+ (14w’ +w ).

where we rewrite the fugacity p; as ¢ to highlight its U(1) nature.

As can be seen from order x, the N' = 3 flavour symmetry of the theory is U(1)3.
The operators with R-charge 1 are (5.3.153). In this case, there are also gauge in-
variant monopole operators X4, carrying topological fugacities w®!, with R-charge
3/2. (This is consistent with the observation that the theory with £ = 2 and n
flavours, there are gauge invariant monopole operators with R-charge %n + 1; see sec-
tion (5.3.2)). The marginal operators are listed in (5.3.154) and (5.3.155). Again, the
term —1 at order 22 of the index indicates the presence of the extra SUSY-current,
and we conclude that supersymmetry gets enhanced to N' = 4.

The cases of k =1
The index can be computed from (5.2.15) with £ =1, n =1 and ng, = 0:

1+3z+2” (T4+2¢+2¢ " +w’ +w>=3-1)

— g3 [2 (q + q—l) (w —|—(.d_1) +4 (w —I—w_1) 4 2] T (53157)

with the fugacity u; being rewritten as ¢ to highlight its U(1) nature.

The N = 3 flavour symmetry of this theory is U(1)3, and the operators with R-
charge 1 are (5.3.153). The marginal operators are (5.3.154) and (5.3.155), together
with the gauge invariant monopole operators X, and X__, carrying topological fu-
gacities w®2. (This is consistent with the observation that in the theory with k = 1
and n flavours there are gauge invariant monopole operators with topological charges
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+2 and R-charge n + 1; see section (5.3.2)). The term —1 at order 22 of the index in-
dicates the presence of the extra SUSY-current, and we conclude that supersymmetry
gets enhanced to N = 4.
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Chapter 6

Zero-form and one-form
symmetries of the ABJ and related
theories

After a brief review of generalised global symmetries, in this chapter we will examine in
detail the zero-form and one-form global symmetries of the Aharony-Bergman-Jafferis
(ABJ) and related theories, with at least N' = 6 supersymmetry in three dimensions.

The Aharony-Bergman-Jafferis-Maldacena (ABJM) U(N) x U(N)_j, theories [6]
and the Aharony-Bergman-Jafferis (ABJ) U(N + )i x U(N)_j theories [1]| constitute
a large class of three-dimensional superconformal field theories (SCFTs) with N = 6
and in some special cases N' = 8 supersymmetry.

As observed in [1] and further studied in [54|, some of these theories are dual to
the ABJ theories with orthogonal and symplectic gauge groups:

O(2N)2 X USp(QN)_l — U(N)4 X U(N)_4
O(2N+ 2)2 X USp(?N)_l —> U(N + 2)4 X N)
O(2N+ 1)2 X USp(QN)_l — U(N + 1)4 X N)

U(N)_4 (6.0.1)
U(N)_4

Starting from these well-known dualities, we gauge their one-form symmetries
or their subgroups and obtain new dualities. As pointed out in |2, 87], the study
of higher-form symmetries and extended operators leads to new insight on several
structures of the theory, especially distinctions between theories with the same gauge
algebra but with different global structures of the gauge group.

We thus study the refined superconformal indices of such theories and map the
symmetries across the dualities, with particular attention to their discrete part.

As a generalisation, we also find a new duality between a circular quiver with a
discrete quotient of alternating special orthogonal and symplectic gauge groups and a
three-dimensional N' = 4 circular (Kronheimer-Nakajima) quiver with unitary gauge
groups, whose Higgs or Coulomb branch describes an instanton on a singular orbifold.

6.1 Generalised global symmetries

It is well known that standard symmetry transformations form a group G that can
have both a continuous or a discrete nature. If the group is continuous, for every
continuous generator, there is an associated conserved Noether current J which is a
1-form.

The conserved charge @ is constructed starting from J as the integral of the Hodge
dual xJ over a co-dimension one submanifold M of the spacetime X; namely
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mwozfgu (6.1.1)

where, from the conservation law of J, it follows that xJ is conserved too and thus

dJ =dxJ =0 (6.1.2)

Typically the submanifold M is a closed d — 1-dimensional space separating space-
time into two regions and it can be non-compact.

To introduce the concept of higher-form symmetries we will closely follow [87].
Thus, first of all, we shall recast the symmetry transformation as the action of an op-
erator Uy (M) with g a group element of the global symmetry G. The fact that Uy (M)
is now associated with a symmetry means that its dependence on the submanifold M
is topological, i.e. it is unchanged when M is slightly deformed.

In fact, considering a smooth deformation M of the original manifold M, we can
always find a d-dimensional space X (d) interpolating between the two where d x J is
conserved as in (6.1.2), and thus

/ *J—/w*J:/ dxJ =0 (6.1.3)
M M X ()

The quantity (6.1.3) can be non-zero only when the deformation of M crosses an
operator O(x) charged under the symmetry, so that the conservation fails due to the
presence of a source term; namely

dxJ =Q(M)s D (z) (6.1.4)

In the continuous case, the symmetry transformation operator Uy(M) can be
easily obtained by exponentiating Q(M). By considering a sphere S9~! surrounding
a spacetime point = € X, Uy(S97!) can then act on charged operators O!(z), as

Uy (ST 10! () = g N0 (x) = RY ()07 (x) (6.1.5)

where R§ are the generators of the group in the representation R carried by Of(x).
The symmetry transformation operators satisfy the group law

Ug(M)Ugy (M) = Ugn(M) (6.1.6)

where ¢ = g - ¢’ € G with - the group product.

In the discrete case, there is clearly no J current but, nonetheless, the generator
can be still associated to a co-dimension one manifold even without being an inte-
gral of a local quantity. Thus, even in the discrete case, we can define a symmetry
transformation operator U,(M) that automatically inherits all the properties of the
continuous one.

We will thus refer to both continuous and discrete symmetries of this type as
zero-form symmetries. In fact, all the previous concepts can be easily generalised to
the so-called higher-form symmetries by changing the dimensions of the conserved
Noether current J along with the submanifold M.

If the symmetry is continuous, we can thus define a g¢-form symmetry when:

e The Noether current J is a (¢ + 1)-form and the generator can again be written
as an integral similarly to (6.1.1);

e The associated submanifold M C X is a co-dimension ¢ + 1 manifold, i.e. it is
(d — g — 1)-dimensional;
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e The charged operators O have dimension g, i.e. they are defined on ¢-dimensional
manifolds.

The symmetry transformation operator Uy(M) is then defined on a (d — g — 1)-
dimensional sphere S4~97! similarly to (6.1.5). If the symmetry is discrete one must
then rely on the Uy(M) operator only.

In general, a higher form symmetry can thus be detected by the existence of
topological operators Uy(M) associated with co-dimension ¢ + 1 manifolds M that
glue according to the group law (6.1.6). Then we get that

e [f ¢ = 0, the manifolds M are co-dimension one and we can make sense of the
group product (6.1.6) by time ordering such manifolds. Hence operators Uy(M)
at different times might not commute and G can be non-Abelian.

e If ¢ > 0, there cannot be such ordering; the manifold M at time ¢t + ¢ can be
continuously deformed to the one at time ¢ — €. This means that the operators
must all commute with each other and hence G must be Abelian.

For the rest of this work, we will be interested in 3d one-form symmetries only
and thus we will only treat the case ¢ = 1.

6.1.1 One-form symmetries in 3d Yang-Mills theories

We will now consider one-form symmetries in three dimensional Yang-Mills theories.
Let us start with pure Yang-Mills theory with gauge group G. These theories
possess a one-form electric symmetry whose 2-form Noether current is just the field
strength F),,, with conservation law (2.1.10).
The charged operators will then be the Wilson line operators

mqqzzﬂk(Péﬁﬂﬂ (6.1.7)

where P stands for the path ordering prescription and C for the path itself. Moreover,
A is the one-form associated to the gauge boson, namely A = AZngd:/v“, where T}
are the generators of GG in a given representation R. So, in principle, these operators
can be labelled by any representation R and associated to any weight vector in the
weight lattice Ay, (g) [2].

Because the gauge bosons Aj are in the adjoint representation, they are blind to
any transformation which sits in the centre Z(G) of G. In fact, from the algebraic
point of view, the centre is defined as

Z(g)={Acg|[4, ]=0} (6.1.8)

The one-form electric symmetry thus acts by shifting the gauge field by a flat
Z(G)-valued gauge connection .7 such that the field strength F),, is invariant thanks
to the fact that

dA=0, A, ]=0 (6.1.9)

The action of this symmetry on the Wilson line operators can be easily obtained
by considering the symmetry transformation operators Uy (M).
Let us now see some examples for the unitary groups.
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Example: G = U(1)

The simplest pure Yang-Mills theory is the 3d Maxwell theory with G = U(1). This
theory possesses a global U(l)E] one-form electric symmetry with associated Noether

2-form current

1
T or

The symmetry transformation operators Uy(M) are obtained by exponentiating
the conserved charges (6.1.1), namely

Je (6.1.10)

.1 «
Useyy(C) = 2z Je (6.1.11)

where the group element g is just a phase and €.
The one-form electric symmetry acts on Wilson lines W as

WC) — Usa (SHW[C] = e2x $*F W [C] (6.1.12)

where the charge of the Wilson line % § F is nothing but the magnetic flux through
the S! loop.

Example: G = SU(N)

Let us now consider a pure 3d Yang-Mills theory with G = SU(N). Since Z(SU(N)) =
Zy, this theory has a global discrete (Z%)e one-form electric symmetry that acts on
Wilson lines as

-2k
N

W[C] = Uley, (SHYWIC] = eV "W[C] (6.1.13)

where the group element g = ¢ and the charge of the Wilson line n is the so-called
N-ality and corresponds to the number of boxes (modulo N) in the Young tableau
defining the representation R of W/[C].

Since this one-form symmetry is discrete we cannot define the conserved Noether
current as in the previous example.

As for these unitary theories, the starting point to understand the one-form sym-
metries for the orthosymplectic gauge groups is via their centre. Table (6.1.14) con-
tains all the centre subgroups of these groups.

N (Mod4)
Group
0 (1] 213
SON) | Zy|1|2Zs |1 (6.1.14)
O(N) L
USp(QN) ZQ

Naively one could think that these centres are automatically identified with the
one-form symmetries of the respective theories. In a given three dimensional theory,
however, whenever a Z,[no] zero-form symmetry is gauged, this results in an emergent
ZL” one-form global symmetry for the new theory (and vice versa) [87]. Thus, since
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the O(N) gauge group is obtained by gauging the (Z[QO])C charge conjugation sym-
metry of SO(N) (see Fig. (4.6.6)), we get an additional quantum (Z[Zl])é one-form
global symmetry which combines with the pre-existent one of Tab. (6.1.14) [60, 112].
Moreover, the exact form of the resulting one-form global symmetry group depends
on N. Since we are interested in the even case only, we get that the final form for the
one-form global symmetry of O(2N) is (Z[QH) o (Zgl])centre. In this sense, when talking
about the one-form global symmetries, Table (6.1.14) must be modified as following

Group One-form symmetry
SO(2N zZ4!
2N) o 2 o (6.1.15)
O(2N) (ZQ )6 X (ZQ )Centre
USp(2N) z

where, for the sake of simplicity, we considered the even cases only.

In the following, however, we will work with 3d Chern—Simons theories of the
form G and not with pure Yang-Mills theories. So, we must see what happens when
introducing a Chern-Simons interaction of the form (2.1.7) in the previous theories.
Thanks to this new term, monopole operators V,,, with gauge charge m = ZaRankG m
acquire an electric charge proportional to km. The presence of such new charged
matter screens some of the pre-existing Wilson lines of the theory and the original
one-form symmetry group is reduced.

In the unitary cases we get:

a

e For N =1 the naive U(1)[" one-form symmetry is reduced to ZE}.

This is because the most general Wilson line has charge m (see (6.1.12)) and a
collection of k£ such Wilson lines can be screened by the monopole operator V,,.

e For N > 1 we can write the gauge group U(N)j as

U(N)k = SU(N)k X U(I)Nk/ZN (6.1.16)

The SU(N ) theory in (6.1.16) possesses a Zg\lf] one-form symmetry since its
monopoles cannot be electrically charged, i.e. >, mq = 0. On the other hand,

the U(1)yg theory in (6.1.16) possesses a Zg\lf}k one-form symmetry. Modding

out a combined Zy from the two, we are left with a Z,[:] one-form symmetry.

Here a Wilson line in the fundamental representation (IN) has charge 1 (see
(6.1.13)), and a collection of k& such Wilson lines can be screened by the unit
monopole operator V.

In the orthosymplectic case, only the one-form symmetry for the orthogonal group
O(N)j, can be modified by the presence of the CS level and, thus, its exact form will
depend on both N and k. In the even case, for example, we get

k (Mod4)
0 2 (6.1.17)

O(2N)},

One-form symmetry (Z[Ql])g X (Z[Ql])centre ZE]
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where, for k = 2 Mod4, the (Z[Ql]) 7 and (Z[Ql})cemre one-form symmetries combines into

]

an overall ZE .

As explained in [60, Sections 2.3 and 2.4] and [112, Section 6.2], the ZE] one-form
symmetry of the O(N)j theory arises from a "non-trivial extension" between the two
original one form symmetries. Whenever such a non-trivial extension between two
symmetries exists!, the resulting overall symmetry gets enhanced. To keep track of
such a peculiar behaviour, one can define the so-called "short exact sequence" between
the two symmetries; in this case it reads:

0 Z)e = 2{) - (Z))eentre — 0 (6.1.18)

In the following we will see lots of examples of short exact sequences and non-trivial
extensions.

To conclude this section, let us stress that the screening process happens whenever
we insert generic charged matter into a theory. The representation R in which the
matter sits establishes which Wilson lines are screened and, thus, how the naive one-
form symmetry of the centre is reduced. Then, if this one-form symmetry shares a
non-trivial extension with some other symmetry, it can enhance to a new one.

6.1.2 One-form symmetry gauging

As any other global symmetry, the one-form symmetry of a given theory can be gauged
too [87]. If the one-form symmetry is continuous this can be done in the usual way by
coupling the one-form electric current J¢ to a generic background 2-form connection
B. If, on the other hand, the one-form symmetry is discrete the gauging procedure
can be performed by summing summing over all possible insertions of the symmetry
transformations operators Ug(M).

In both cases, when we gauge a subgroup C' of the global one-form symmetry, we
obtain a gauge theory with gauge group G/C. This can be seen by analysing the
Wilson lines before and after the gauging is performed.

As we already saw, in the absence of charged matter, for simply-connected gauge
group G, one allows Wilson lines of any possible representation.

Suppose, however, we start with a gauge group G/C instead of G. Since the
representations of G/C are a subset of those of G, any representation that transforms
non-trivially under C'is prohibited for the Wilson lines. This limits the allowed Wilson
lines of the theory to be a subgroup of those we would have had considering G as a
gauge group.

When for example G = SU(N) and C = Z(G) = Zy, in the theory with gauge
group SU(N)/Zy only the Wilson lines carrying tensor products of the adjoint rep-
resentation remain. However these lines are screened by the gluons which sit in the
adjoint representation too. So in the SU(N)/Zy theory there are no unscreened
Wilson lines and, therefore, no remaining one-form symmetry.

Since the complete screening of Wilson lines corresponds to the gauging of the
entire one-form symmetry Z%,] of the SU(N) theory, this means that the gauged
theory must then be SU(N)/Zy.

We should remark again that every time we gauge a discrete g-form symmetry we
gain a new quantum (d — ¢ — 2)-form symmetry. In this sense, as already anticipated,
in our three dimensional case, whenever a one-form electric symmetry ClU is gauged,
a new zero-form magnetic global symmetry Cl% emerges in the gauged theory (and

! As we will see in the following sections, the involved symmetries can also be of different nature
such a p-form symmetry and a g-form one.
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vice versa). This feature can be detected by looking at the monopole operators of the
gauged theory; in fact some of these monopoles are absent in the original theory and
are exactly the operators charged under the new zero-form magnetic symmetry.

Suppose in fact that G/C = U(N)y/Zy. This theory admits additional monopole
operators with respect to the U(NV)j theory, corresponding to fractional magnetic
fluxes [31]

1 1
m; = j diag (k’ ... ’k) where j € Zy, (6.1.19)

Indeed, after gauging the ZE] one-form electric symmetry, we get a new ZLO]
form magnetic symmetry which acts on these newly added monopole operators.

This new zero-form magnetic symmetry can then combine with the pre-existing
topological symmetry (if existing at all) and form a new global symmetry group. We
will present this phenomenon in detail later for the ABJM and ABJ theories we are
interested in.

The introduction of this fractional magnetic fluxes in the G/C theory has some
consequences on the computation of the 3d superconformal index (4.5.100). Indeed,
when summing over all the possible values of the magnetic fluxes {m,}, one must take
into account the fact that now they arrange into different sectors S, which must be
summed up separately.

Suppose again that G/C = U(N)y/Zy. Then the different sectors are defined as
follows

Zero-

S, = {ma ez+% | Mod(kma, k) = p, Vazl,...,N} (6.1.20)

then the summation over the magnetic fluxes in (4.5.100) becomes

k—1
Yoo b, S (6.1.21)
{ma} p=0 {ma€Sp}

where we introduced a new fugacity g encoding the belonging of the magnetic fluxes
]

to a specific sector S,. This fugacity will represent at the index level the new ZLO
zero-form magnetic symmetry of the gauged theory (see, for example, (6.4.2)).

6.2 The ABJM theories

We want to apply all the concepts of the previous section to the ABJ theories with
both unitary and orthosymplectic gauge groups. These are generalizations of the
aforementioned ABJM theories which constitute the most basic cases. Thus, we will
now analyse the latter and come back later to the first.

The ABJM U(N) x U(N)_j, theories 6] are a family of three-dimensional SCFTs
with at least A/ = 3 supersymmetry whose quiver diagram is depicted in Fig. (6.2.1).

Hy
(6.2.1)

They contain two hypermultiplets { H;, Ho} in the bi-fundamental representation
of the two gauge groups U(N); x U(N)_j. These two hypermultiplets can be written
in a N = 2 formalism as four chiral fields
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Cr = (A1, Ay, By, By) (6.2.2)

where A, and B, transform in the (2,1) and (1, 2) representations respectively of
the R-symmetry group SU(2)r x SU(2)r C SU(4)g.

The supersymmetry of such theories gets enhanced to N'= 6. To see this, let us
first write down the superpotential, which takes the form

W = 8% Tr (@%2) _ @%1)) n Z (Tr (Ba@(l)Aa) Ty (Aatb(z)Ba/» (6.2.3)

Once the scalar fields ®(;) are integrated out, the resulting superpotential can then
be rewritten in a more compact way as follows

2 12l
W = %«SO‘BEQ B Tr (AaBa/Aﬁan) (6.2.4)

which explicitly exhibits an SU(2)4 x SU(2)p flavour symmetry.

This flavour symmetry does not commute with the aforementioned R-symmetry,
thus combining the two together the resulting global symmetry is SU(4)¢ which acts
on the four chiral fields C7 collectively. Since the supercharges cannot be singlets under
this combination of flavour and R- symmetries, the supersymmetry gets enhanced to
at least N/ = 6 so that the R-symmetry becomes SO(6) ~ SU(4).

6.2.1 Hanany-Witten brane construction

Let us now focus on the Hanany-Witten brane construction of the ABJM theories [6,
Section 3|.

The Hanany-Witten brane setup for £ = 0 is depicted in Fig. (6.2.5), where the
direction ° of Table (3.1.1) has been compactified to a circle.

NS5

N D3 — @.@ (6.2.5)

NS5

Chern—Simons interaction terms can be obtained within the Hanany-Witten brane
construction by a particular mass deformation of the usual configuration of Table
(3.1.1). This deformation combines k D5 branes and a NS5 brane into a new type
of five brane which we call (1, k) fivebrane by rotating them in the (5,9), (3,7) and
(4,8) planes by the same discrete 6 angle, such that tan = k.

In the end, the new brane configuration becomes

Type [0 1 2 6] 7 8 9
NS5 X X X X X X

D3 X X X X

(1’k)5 X X X (377)9 (478)9 (579)9 (3’7)9 (47 8)0 (5’9)9
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According to this new five brane classification, the standard NS5 brane becomes
a (1,0) fivebrane while the standard D5 brane becomes a (0, 1) fivebrane. Thus in
general we could have (¢, k) fivebrane according to how many D5 branes and NS5
brane we respectively mix in the new five brane. A generic Hanany-Witten brane
configuration of this type is depicted in Fig. (6.2.7) (see for example [109]). When all
the ¢; are equal to one, the worldvolume theory becomes a circular quiver with the
gauge group U(N1)g,—k, X U(N2)ky—ky X - X U(Np) gy —k,, ;-

(01, k1)5
N; D3 N2 D3
‘
: 0i=1Vi !
" (L2, k2)5 7 S (6'2'7)
Iy ) \
\ \
N4 D3 N3 D3
(€3, k3)5

Thus, considering, as in Fig. (6.2.8), one NS5 brane and one (1, k) fivebrane on
top of N D3 branes, we get a U(N); x U(N)_; Yang-Mills Chern—Simons theory,
which is exactly a standard ABJM theory.

NS5 = (1,0)5

N D3 — @.@ (6.2.8)

(1, k)5

One can then lift the Hanany-Witten brane configuration to M-theory. Here,
taking the IR limit of the new configuration, the system becomes the near-horizon
limit of M2 branes probing a C*/Z;, singularity. This interesting fact will become
very useful in the following sections.

Now that we know the brane setup for the ABJM theories, it will be very easy to
generalise this construction and to build the ABJ and related theories.

6.3 The ABJ theories

The first generalization of the ABJM theories consists in the ABJ theories of the form
U(N + 2)g x U(N)_g [1]. These are obtained by slightly modifying the brane setup
(6.2.8) as follows
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N D3 N4+zD3 — . (6.3.1)

(1,k)5

where we only added x D3 branes on the right part of the brane setup. According to
the rules of the previous section, this transform the U (N ) gauge node into a U (N +x),
one by leaving untouched the hypermultiplets (their number in fact corresponds to
the number of D5 branes inserted in the setup, which, in this case, are not modified).
Clearly we could also add the z D3 branes on the left part of the brane setup (6.2.8),
leading to the U(N) x U(N + x)_; ABJ theory.

These additional x suspended D3 branes, however, are constrained by the proper-
ties of the Hanany-Witten brane setup. First of all, since they are stretched between
two different types of five branes, they are locked into position and have fixed coordi-
nates along the (3,4,5) and (7,8,9) directions (see Sec. (3.1)). Moreover, due to the
s-rule, which prevents more than one D3 brane to be stretched between a NS5- and
a Db brane pair, we must have £ > x. In other words, the number of suspended D3
branes must be less or equal to the number of D5 branes mixed in the (1, k) fivebrane.

Furthermore, we can also perform the Hanany-Witten move of Fig. (3.1.9) on the
additional x suspended D3 branes. Moving the (1, k) fivebrane through the NS5 brane,
as in Fig. (6.3.2), and taking into account the s-rule constraints, the pre-existing =
D3 branes are annihilated while k — x branes are created. The latter come from the
k — x D5 branes mixed in the (1, k) fivebrane that did not possess any stretched D3
brane prior to the move.

(1,0)5 (1,0)5

Hanany-Witten
N D3 N +z D3 ; N+k—z D3 N D3

move

(1,k)5 (1,k)5
(6.3.2)
After the Hanany-Witten move, the resulting theory on the right side of Fig.
(6.3.2) is the U(N)x x U(N + k — x)_;, ABJ theory. Since the two brane setups of
Fig. (6.3.2) are completely equivalent, the corresponding theories are dual and thus

UN+2)y xUN)_g+—UN)g xU(N+k—x)_ (6.3.3)

Another possible variation of this setup consists in including an orientifold O3-
plane wrapped on the circle. As we already saw in Sec. (3.4), the presence of such
O3-plane makes the five branes become half branes and changes the gauge groups
related to the D3 branes according to Table (3.4.4). We can see an example in Fig.
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(6.3.4), where we depicted the brane setup for the O(2(N+z))ox x USp(2N) _j, theory?.

1(1,05

N D3 N+ 2 D3 ? ‘

(1,2k)5

(6.3.4)

1
2

This allows us to obtain an entire class of new N' = 5 SCFTs with gauge groups
O(M) x USp(2N) which we call "ABJ-like theories" and which exact form depend
on the type of the inserted O3-plane and on the number of D3 branes. The possible
theories are the following:

O(2N + 2x)9, x USp(2N)_f with k > x — 1
USp(2N + 2x);, x O(2N)_gf with k> x + 1
O(2N +2x 4 1)o;, X USp(2N)_j, with k > =
USp(2N +2x);, x O(2N +1)_gi with k > x

and other four obtained by sending £ — —k. The restrictions on x, as in the unitary
case, are obtained by taking into account the s-rule constraints (see Sec. (3.4.1)).
However, when an O3-plane is introduced in the brane setup, the s-rule gets more
complicated, since the creation or annihilation of the D3 branes depends on the charge
q of the orientifold plane and, thus, one has to pay more attention.

These theories possess dual relations of the form (6.3.3) when performing the
Hanany-Witten move of Fig. (3.4.5) on the additional = suspended D3 branes. These
are

O(2N +2x)9;, x USp(2N)_, «— O2N +2(k — x4+ 1)) 91, x USp(2N);,
USp(2N + 2z); x O(2N) _gp < USp(2N + 2(k — z — 1)) _; x O(2N)ay,
O(2N + 22 4 1)9p x USp(2N)_j, +— O(2N + 2(k — x) + 1)_op x USp(2N);,
USp(2N +2z) x O(2N + 1) _gp «— USp(2N + 2(k — x))_g x O(2N + 1)

(6.3.9)

Moreover, when considering ABJ-like theories of the form O(2N)or x USp(2N) _,
the brane configuration can again be lifted to M-theory. Here, in the IR, it is found to
be equal to the near-horizon limit of M2 branes probing a C*/ ﬁk singularity, where
ﬁk is the binary dihedral group with 4k elements. Thanks to this, recalling what
we said in the previous section, the duality in the first line of (6.0.1) is evident from
the simple fact that 131 = 74 as groups and thus the singularities probed by the M2
branes in the near-horizon limit are exactly the same. This duality was indeed first
conjectured in [1] on this basis and then studied in more detail in [54].

In the following, we will consider also theories of the form SO(M) x USp(2N).
Since these theories differ from the ones in (6.3.8) just for the ungaged charge con-
jugation discrete ZS symmetry of the SO(M) gauge node (see Fig. (4.6.6)), we will

?We remark again that each red node with a label N denotes an O(N) or SO(N) group and each
blue node with an even label 2N denotes a USp(2N) group.
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treat them as ABJ theories too.

The matter content of the ABJ-like theories of the form (S)O(2N)a, x USp(2N)
is exactly the same as in the unitary case (as depicted, for example, in the quiver of
Fig. (6.3.4)). However, because of the presence of orthosymplectic gauge groups, the
four V' = 2 chiral fields C; (6.2.2) are now subject to the reality conditions

Agq = ByJ (6.3.10)

where where J is the invariant antisymmetric matrix of the symplectic group. In this
sense the two N' = 4 hypermultiplets {Hy, Hy} becomes two real "half hypermulti-
plets" preserving a subgroup USp(4)r C SU(4)r of the original R-symmetry.

Moreover, due to the identifications (6.3.10), the original SU(2)4 x SU(2) g flavour
symmetry is reduced to SU(2)4 only.

6.3.1 Dualities and one-form symmetry gauging

One of the main objectives of this chapter is to take the first duality of (6.0.1), namely

I: O(2N)y x USp(2N)_1 +— U(N)s x U(N)_4 (6.3.11)

and see what happens if we gauge the global one-form symmetries of the two theories
involved in the duality. To do so, however, we need to study each theory and their
global symmetries in detail. For convenience, in the following we respectively use (L)
and (R) to denote the left and right descriptions of each duality we will examine.

1. The I(R) description.

In examining the global symmetries of this theory we will closely follow |31,
Section 2.1] and make use of their notation for monopole operators. Thus, from
now on, T, ;m ) Will denote a monopole operator with fluxes my and mpg in
the left and right gauge nodes respectively. Its electric gauge charge will then
be (kmp,—kmpg) with

N N
my = Z(mL)a, mp = Z(mR)a (6.3.12)

At first glance, recalling what said in Sec. (6.1.1), the one-form symmetry is
naively ZE] X ZLH, with one ZE] factor for each gauge node. To understand
the real form of this symmetry, we need however to see which Wilson line are

present in the theory and which ones are screened.

First of all, the bifundamental matter fields in the (IN, N) representation screen
the Wilson lines in the (IN, N) representation charged under the anti-diagonal

combination of ZE} X ZE}. Both have in fact electric gauge charges (1,1) under
the two U(1) factors of the gauge groups.

Then, since there is no other charged matter field in the theory apart from
monopole operators T, .m,} With electric gauge charge (4my, —4my), Wilson
lines in the (N, IN) representation with electric gauge charge (1, —1) cannot be
screened by monopoles unless if taken in groups of four.

(1]
4

The resulting one-form symmetry is thus the diagonal Z, " subgroup only.

Focusing now on zero-form symmetries, theory I(R) also possesses a U (1)£?J]p

topological symmetry which is the diagonal combination of the two U (1) factors
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coming from the two gauge nodes®. This symmetry possesses a mixed anomaly
with the Zl[ll] one-form symmetry characterised by the following short exact

sequence:

IR): 0 -z 5 zZWxvml - v = o (6.3.13)

top top

which shows that there is no non-trivial extension between these two symmetries.

Finally, as seen in Sec (6.2), theory I(R) also possesses the standard SU(2)4 x
SU(2) p flavour symmetry of the ABJM theories.

2. The I(L) description.

As already said in Sec. (6.1.1), both O(2N) and USp(2N) gauge groups have a

Zo centre thus the one-form symmetry is naively Z[QH X Z[Ql]. However, similarly

to the I(R) theory, the half-hypermultiplets in the bifundamental representation
]

screen the diagonal combination of Z[QI] X Z[21 , and so we are left with the anti-

diagonal Z[Ql] subgroup only, which we denote by (Zg”)centre. Then, since in
our case the CS level is k = 2, the anti-diagonal (Zg})cemre combines with

the quantum (Z[Ql])CA into an overall ZE} one-form symmetry [60, 112]. This
symmetry is characterised by the short exact sequence (6.1.18).

Coming to the global zero-form symmetries, the U (1)@p topological symmetry

of theory I(R) is not manifest in the I(L) description but we got a discrete

(Z[QO]) M zero-form magnetic symmetry? coming from the centre of the gauge
nodes. Moreover, the SU(2) 4 x SU(2) g flavour symmetry of the ABJM theories
is reduced to SU(2)4 by the identifications (6.3.10).

Thanks to the superconformal index, in Subsection (6.4.3) we study in detail the
zero-form symmetries of the dual theories I(L) and I(R) of (6.3.11) and their matching,
which can be performed even if the symmetries are manifestly different by mapping
the index fugacities across the duality. The result of the analysis is summarized in the
first line of Table (6.3.20) along with all the zero-form symmetries and their respective
fugacities.

Now, let us see what happens to the duality (6.3.11) if we gauge the one-form
symmetry in each theory. Even if both theories I(L) and I(R) possess a ZE} one-form
symmetry, the correct way of doing this is by step, gauging only Zs subgroups of it.
In such a way, we can understand in a clear way what happens to the theories and to
their global symmetries. Thus, in the theory I(L), this is obtained by gauging (Z[Ql]) &
whereas in the theory I(R), this corresponds to gauging a generic Z[Ql] subgroup of the

0
[2 ] zero-form

ZE] one-form symmetry. As a result, we should obtain an emergent new Z
symmetry in each gauged theory.

As we will see in details in the following sections, the superconformal index shows
that the resulting theories are indeed again dual to eachother and, thus, that we are

left with the duality

II: SO(2N)2 X USp(QN)_l — U(N)4 X U(N)_4/ZQ (6314)

3The anti-diagonal U(1) acts non-trivially on the bifundamental matter fields and therefore defines

(0] _ :
a U(1))g zero-form baryonic symmetry.
4Notice also that in the special case of N = 1 this symmetry is actually continuous and becomes

U1l
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1. The II(R) description.

(0]
2

This new emergent Zs " zero-form symmetry is identified with the discrete topo-

logical symmetry which, naively, we call (Z[zo])g. However, as pointed out in
[31, Section 2.5|, the theory II(R) of the new duality (6.3.14) actually has a

UM x Z[GO]CD( N2) zero-form symmetry. This can be seen by considering the

action of (Z[QO})Q on the new monopole operators introduced in theory II(R)
with fractional magnetic flux of the form (6.1.19). This action can in fact

be reproduced by the U (1),[2)]p topological symmetry except for the elements

in the Z[GO}CD( N2) subgroup of (Z[QO])g. Thus, the global symmetry actually is
0

UM X Zp -

Similarly to [31, (2.18)], this phenomenon can also be explained as the existence

[0]

of a non-trivial extension of the U(1);,,

topological symmetry and the zero-form

discrete topological symmetry (Zg)]) ¢, characterised by the short exact sequence:

[0]
top

IR): 0 — (ZY), - vl x zY

cepvey — U(1)

— 0. (6.3.15)
Clearly, the other global symmetries and the flavour symmetries are left un-
touched by the one-form symmetry gauging.

2. The II(L) description.

(0]
2

The new emergent Z;" zero-form symmetry is identified with the charge conjuga-

tion symmetry (Zgo])c, making the orthogonal gauge node change from O(2N ),
to SO(2N)s. This adds up to the already existing (Z[QO]) M zero-form magnetic
symmetry.

Again,the flavour symmetries are unchanged by the gauging.

The mapping of the discrete zero-form symmetries across duality (6.3.14) then
qualitatively changes depending on the value of GCD(N,2) and will be illustrated in
details in the following sections, when studying the superconformal index for some
specific values of V.

After this first Zy gauging, each description of the duality (6.3.14) also has a
remnant ZE] / Z[Zl] = Z[QH one-form symmetry.

Following the discussion in [151], if we start from the (6.1.18) exact sequence of
theory II(L) and gauge the (2[21]) ¢ one-form symmetry, we obtain the new short exact
sequence:

L) : 0 — (ZMe = 2P x (ZM)cenre = (Z8)cenwe — 0 (6.3.16)

with a mixed anomaly between the zero-form charge conjugation symmetry (Z[QO])C
and the centre ZL

2 centre
Since there is no mixed anomaly between (Z[QH)CA and (Z[Ql])centre in (6.1.18), there

one-form symmetry (as discussed in [60, Section 2.4]).

is no non-trivial extension between (Z[QO])C and (Zg])cemre (and so the exact sequence
(6.3.16) is split).

Given the identification of the global symmetries between the theories II(L) and
II(R) that we will see later, the same statements hold on the side of theory II(R)
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[0]
between ZGCD(NQ)

description II(R) has indeed a Z[Ql] one-form symmetry [31], without any extension

with a zero-form symmetry. We will describe how to see the relation between the two

0] o 7[0]

top * ZGCD(N,2)’

around (6.4.36) in terms of the superconformal index. See also the second line of

Table (6.3.20) for a summary of the zero-form symmetries of theories II(L) and II(R).
Finally, we gauge the remnant ZQ] one-form symmetry in each description of the

duality (6.3.14). As a result, we obtain the following new duality between the gauged

theories

and the remnant Z[QH. This is consistent with the fact that the

global symmetries of the theories, namely (Z[zo])(c X (Z[QO})tOp and U(1)

IIT: SO(2N)2 X USp(QN)_l/ZQ — U(N)4 X U(N)_4/Z4 (6317)

[0]
2

We also gain a Zs " zero-form symmetry in both descriptions of the duality (6.3.17).

For convenience, let us denote it by (Z[QO})Q.

1. The III(R) description.

There is a non-trivial extension ZELO] zero-form symmetry that arises from the

(0]

GCD(N,4)
of the theory II(R) and the remnant one-form symmetry (Z[Zl])centre, which we
gauged. As pointed out in [31, (2.17)], for the same reasons of theory II(R),

the description ITI(R) has now a U(1)[% x 79

mixed anomaly (6.3.16) between the discrete topological symmetry Z

) zero-form symmetry, which

GCD(N 4
is a further non-trivial extension between the aforementioned Zgo] zero-form
symmetry and the topological symmetry U (I)L?)]p:5
MR): 0 = 2 — UMW < Z8p vy = UGy = 0 (6.3.18)

2. The III(L) description.

On the other hand, by the same reasoning as in [60, Section 2.4 and Footnote
20|, the (abelian) zero-form symmetry is either (Z[QO})g X (Z[QO]) M if 2N in the
SO(2N) gauge factor is not equal to 2 mod 4, or the non-trivial extension
ZLO] of the former if 2N in the SO(2N) gauge factor is equal to 2 mod 4.°

[0]

Note that the U(l)top

As a result, not every generator of the U (1)[0] X Z[GO}CD( N.4)

theory III(L). For example, in (6.4.32), we show that in the case of N = 2, the Z[QO}

subgroup of the U(1)[% symmetry of theory ITI(R) is identified with the Z[QO} subgroup

of the (Z[QO])g X (Z[QO]) M symmetry or of the ZLO] symmetry of theory III(L). See also

topological symmetry is again not manifest in theory ITI(L).

symmetry is manifest in

5For N = 1 the non-trivial extension implies that the symmetry is only U (1)[0]. This is compatible
with what happens on the side of theory ITI(L) as discussed in Footnote (6). We show that U(1)1%)
on the side III(R) is identified with U(l)[/?/]1 on the side III(L) at the level of the index in (6.4.12).

SThe above statements hold only for N > 1 since [60, (2.18)] for the anomaly applies only to
discrete symmetries, while the case N = 1 where the magnetic symmetry is U(l)[o] should be treated
separately. In (6.4.10) we show at the level of the index that (Z[QO])g can be absorbed into U(1)[,
indicating that the non-trivial extension between the two symmetries occurs also for N = 1.
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the third line of Table (6.3.20) for a summary of the zero-form symmetries of theories
III(L) and III(R).

A recap is thus essential. In the previous paragraphs we analyzed the following
dualities

I.  O(2N), x USp(2N)_4 = U(N)y x UN)_y4 (6.3.19)
II: SO(2N)2 X USp(2N)_1 — [U(N)4 X U(N)_ZJ/ZQ

1L [SO@2N)s x USp(2N)_1]/Zs  <—  [U(N)4 x U(N)_d]/Z4

] (1]

denotes the gauging of the Z5' one-form
symmetry and an upwards arrow with the label Z[20] denotes the gauging of the Z[ZO]
zero-form symmetry.

We also studied in detail the zero-form and one-form symmetries of each pair of
dual theories (L) and (R) and their matching. The result of such analysis is summa-

rized in Table (6.3.20)

where a downwards arrow with the label Z[21

Theory L Theory R Map
1 SU(2)a x (Z¥ SU(2)a x SU(2)p x UL (6.4.65) y—1
£, ¢ (¢ when N = 1) u, v, w' (6.4.76) y_y
. SU2)a % (ZY)e x (Z5)pm | SUR)a x SU@)p x UMW x Zigp o | (64.46)n-1
f5x ¢ (¢’ when N =1) u, v, w, g’ (6.4.58) y_o
1y | ST (Z5)g % (2w | SU@)a x SUR)5 x UMD x ZGp v 4y | (64.12) 521
£, 8, C (wwhen N =1) u, v, w, g' (6.4.32) y_,
(6.3.20)

Let us stress that the manifest zero-form symmetries in the left (L) and right
(R) frames of each of the three dualities I, IT and III do not straightforwardly match
between the dual theories, since part of the full IR symmetry can be emergent in one
or both of the dual frames, rendering the mapping of symmetries across the duality
non-trivial. In the last column of Table (6.3.20) we refer to the equations in the main
text where the such mapping is described for the N = 1 and N = 2 cases at the level
of the indices refined with fugacities for all the manifest symmetries. Note that for
the special case of N = 1 the zero-form Zy magnetic symmetry in the first column
should be replaced by the zero-form U(1) topological symmetry.

Special cases

There are many interesting special cases that can be considered.

1. For N =1, duality II becomes

50(2)2 X USP(Q)_l <~ [U<1)4 X U(l)_4]/ZQ <~ U(l)g X U(l)_g . (6321)
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We discuss the indices of these theories in Section (6.4.2). They are different
descriptions of the worldvolume theory of a single M2 brane on C*/Zs singular-
ity, and so they all have N' = 8 supersymmetry. The second arrow is, in fact, a
special case of the following duality for abelian theories:

Uiy x U —ip)/Zp  +— ULk x UL - (6.3.22)

2. The theories involved in duality III are also related to others as follows.

[SO(2N)2 x USp(2N)-1]/Z2 < [U(N)a X U(N)-4]/Z4

31, 108, 153
BL 1081551 10 (NYa x SU(N)_4]/Zn

(6.3.23)

(a) For N =1, we have the theory of two free hypermultiplets:

[50(2)2 X USp(Q)_l]/ZQ — [U(1)4 X U(l)_4]/Z4
+ 2 free hypermultiplets (6.3.24)
32y xU)-

(b) For N =2, we have

[SO(4)2 x USp(4)-1]/Z2 < [U(2)4 X U(2)-4]/Z4

31, 108, 153
BEAE 1U(2)4 x SU2) 4l /2o

B U@ x @)

2 Spin(5)/22 or USp(4)/Zs SYM

(6.3.25)

These theories have N/ = 8 supersymmetry. On the other hand, we find
that the theory SO(4)s x USp(4)_1, which is dual to [U(2)4 x U(2)_4]/Zs,
has N = 6 supersymmetry (see Section (6.4.2)). The Zsy discrete quotient,
indeed, brings about extra operators carrying a non-trivial charge under the
new Zso zero-form topological symmetry. The conserved currents associated
to these operators lead to N/ = 8 supersymmetry.

(c) On the other hand, for the case of N = 3 in (6.3.23), from the index com-
putation, we see that [U(3)4 x U(3)_4]/Z4 possesses N' = 6 supersymmetry
(see below (6.4.29)).

Generalisations

The above results can be generalised in many ways. First, we consider the U(3)4 X
U(1)—4 and its dual O(4)2 x USp(2)—1. According to the discussion around [153,
(3.19)], such theories have a non-anomalous Zy one-form symmetry. Upon gauging
this symmetry, we obtain a duality pair: [U(3)4 x U(1)_4]/Za <> SO(4)2 xUSp(2)_1.
We discuss the symmetries of these theories in Sections (6.4.4) and (6.4.5).
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We then generalise (6.3.24) to a circular quiver with 2V alternating SO(2)2 and
USp(2)-1 gauge groups, with a discrete Zo quotient. It turns out that the theories
in this class are dual to 3d N' = 4 gauge theories described by a circular quiver with
a collection of N U(1) gauge groups and with a hypermultiplet with charge 1 under
each gauge group (see Fig. (6.3.26)). More details are provided in Section (6.4.6).

(6.3.26)

Finally, we study the dual pair O(2N +1)a xUSp(2N)_1 <> U(N+1)4xU(N)_4,

as well as the dual pair SO(2N +1)2 x USp(2N)_1 <> [U(N+1)4 X U(N)_4]/Zs. As

a surprise, it turns out that these four theories have the same superconformal indices,

even refined with fugacities for their 0-form discrete symmetries (see Section (6.4.7)).

In particular, the zero-form charge conjugation symmetry in the SO(2N + 1)y X

USp(2N)_; theory acts trivially and is unfaithful, so as the Zg zero-form symmetry

arising from the Zg discrete gauging in the [U(N + 1)4 x U(N)_4]/Z2 theory. We

conjecture that the Zs one-form symmetry of the first two theories acts trivially on
the spectrum of the line operators.

6.4 Dualities and superconformal indices

6.4.1 [SO(2N)y x USp(2N)_1]/Zs < [U(N)s x U(N)_4]/Z,4

In this subsection, we consider the duality between these two theories:

ITI(L): [SO(2N)s x USp(2N)_1]/Zs < HI(R): [U(N)4 x U(N)_4]/Z4 (6.4.1)

The case of N =1

For N =1, the theory III(R): [U(1)4 x U(1)_4]/Z4 is dual to SU(1)4 x SU(1)_4 |31,
153]. We expect the latter to be identical to the theory of two free hypermultiplets,
which is also dual to the U(1); x U(1)_1 theory. Subsequently, we study these theories
in detail with the aid of the superconformal index.

The index of theory III(R) is given by (we summarized our conventions for the
index in Section (4.6), see in particular (4.6.12) for the contribution Z;, of the chiral
multiplet)
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3
N D dz dzy 4m1 74m2 mi . .mo
IIHR)UUU) Zg Z . wy twy 2 X
2wz 27rzzz

P=Y (mime)e

H Zenir (U’ 21251;m1 — m2;1/2) Zenir (V¥ 2027 5 ma — my;1/2)
s==+1
=TI Zase (6w @ /%0:1/2) Zage (90°5'/%051/2)
s==1
= H Zehir (w_lus;O; 1/2) Zenir (wv%;0;1/2)
s==+1
(6.4.2)

where u and v are the fugacities for the SU(2)4 x SU(2)p flavour symmetry and w
is the fugacity for the U (1)[0} zero-form topological symmetry. In the above, g is the
Z4 discrete topological fugacity satisfying g* = 1, but it can be absorbed into a U(1)
global symmetry by a redefinition (see Table (6.3.20)). In particular, we have defined

@ = (wywy)/? w = gu'/? =

= g(wiwy)Y* . (6.4.3)

We remark that if one makes a change of variables s1 = 2122 and s3 = 212, 1, the
contribution of the matter fields Z.;, is independent of s; and so the integration over
s1 leads to a delta-function that sets (see also [153, (4.15)])

mp =msy . (6.4.4)

This is in agreement with the discussion of [65, Section 4.1.4]. As a result, only
the combination wjwsg, but not wy /wsy, appears in the index.

The last line of (6.4.2) is indeed the index of the theory with two free hypermulti-
plets. These are identified as the gauge invariant dressed di-baryons, discussed in [31,
(2.11)] (with N =1 and k& = 4 in their notation):

Ba — T{_%;_%}Aa ; B A T{474}Ba 3 (645)
where we denote by «, 3,... = 1,2 the indices for the SU(2)4 flavour symmetry and
by o, 3, ... = 1,2 the indices for the SU(2)p flavour symmetry. Note that the gauge

invariant dressed monopole operators

(M_]-)Oél'“a4 = T{—l;—l}AOél . e AOA4 s

J

(6.4.6)
(Mi1)ar o, = Ti1,413Bay -+ Bay,
are related to the di-baryons by the relations
4 4
(M-agas = [ [ Bay » Mi1)agay H - (6.4.7)

J=1
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In order to obtain the index for U(1); x U(1)_1, we proceed as follows. We rewrite
the above index using the variables m; = 4m; and mo = 4ms. The contribution
from the Chern—Simons levels is therefore z’lngm. The summation of (mj, mg) €
(Z + p/4)? is then equivalent to the summation of (m1,ms) € (4Z + p)?, where p

is summed from 0 to 3. The factors corresponding to the topological fugacities are

1 ~

=m . ~ ~ .
wytwy'? = wl wy . We can now shift mi2 — mi2 + p and so, together with g?,
we have

(9(w1w2)%)pwfm = wpwfmlwém (6.4.8)
where w = g(fwlwg)% as stated in (6.4.3). Using (6.4.4), namely m; = mg = m,
and writing w; = ws and wy = ws~!, (6.4.8) becomes wP*2™. Upon shifting m —
m — 2p, we are left with w2™ = wi™wi™2 Observe that the discrete fugacity g
as well as the factor wP disappear from the index. At this point, the summation of
p € {0,1,2,3} together with the summation of (my;msy) € (4Z +p)2 can be replaced
by the summation of (71;mg) € Z2. Moreover, the argument in Z,;; depends only on
m1 —me, which is an integer, and so we can replace it by m; —mo. Overall, we obtain
the index for U(1); x U(1)_1, as required. This procedure can be easily generalised
to show duality (6.3.22), namely [U(1)kp X U(1)_ppl/Zp <> U(1) x U(1)_g
The index of theory III(L): [SO(2)2 x USp(2)_1]/Zs is given by

I (fw)
1

= dz 22 S2ma ZUSH(2)
g P mi ml m2Z D
pzzg)g Z 7{ 2mizy j{ 271'222 S (227 m2)><

(m1,m2)€
H Zchir(f 21" 25%; s1ma + sama; 1/2) (6.4.9)
$,81,52==+1
=TT Zeir (53 7%0:1/2) Zane (9 C720%5051/2)
s==+1
= ] Zenir WF?0;1/2) Zenir (0™ £7;0;1/2)
s==+1

where ( is the fugacity of the U(1 )E\/]t magnetic (topological) symmetry of SO(2), f is
the fugacity of the SU(2) 4 flavour symmetry, g is the fugacity associated with the Zy
topological symmetry (see Table (6.3.20)), the fugacity w is defined as

w=gch (6.4.10)

and the contribution ZUSP(Q) from the USp(2) vector multiplet is as defined in (4.6.4).

Observe that the Zg zero-form symmetry, associated with the fugacity g, can be
absorbed into the magnetic symmetry. This results in a U(1)[% zero-form global
symmetry with fugacity w. The last line of (6.4.30) is indeed the index of the theory
with two free hypermultiplets. These are identified with the gauge invariants dressed
di-baryons:
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BS = =Ty Aq By =T 1 1 4a. (6.4.11)

where in this case @ = 1,2 is an index for the SU(2) 4 flavour symmetry.
Comparing (6.4.2) with (6.4.30), we see that

Tiimy (frw) = Thiy (w = fiv = fiw =w) . (6.4.12)

The U(1)! zero-form topological symmetry of theory III(R) with fugacity w is
mapped to the U(1)[% zero-form symmetry of theory III(L) with fugacity w, whereas
the SU(2) 4 flavour symmetry of theory III(L) with fugacity f is identified with the
diagonal subgroup of the SU(2)4 x SU(2)p flavour symmetry of theory III(R) with
fugacities u and v respectively.

[U(N)4 X U(N)_4]/Z4 with N >2
The index for theory III(R): [U(N)4 x U(N)—_4]/Z4 can be written as

Tin(r) (4, v, w1, w2, 9)

3 N () (4) . -
Z Z H dzy dzy (Nrvam@ () —4m@
- g 5 me‘z(j) ngﬂ'iz(j) (Zl ) (22 ) 2
p=0 Sp j=1 2
N m(J) N m(])
wlzj L= ”Z ,zéN);mél),...,méN))x

H H Zehir(u zl)/z2 ,m1 m2 ,1/2) chir (V° z2 /z1 ,mg) mgj);l/Q)
1,j=1s=%1
(6.4.13)

where g* = 1, the notation S, stands for the summation over

2N

and the contribution Zg(N) of the U (V) vector multiplet is as defined in (4.6.2).
Note that the integration over the diagonal gauge U(1) leads to a delta-function
imposing the constraint”

7As explained in [65, Section 4.1.4], due to the D-term equations, the gauge invariant quantities
can be formed provided that the magnetic fluxes of the two gauge groups are paired:

mP =mP =m® | j=1,... N, (6.4.15)

provided that we use the Weyl symmetry to order fluxes so that m(ll) > m(IQ) > > mgN) and
mgl) > m§2> > 2 mgN). We point out that (6.4.15) only holds at the level of the moduli space of
vacua. In fact, it can be shown that there are non-trivial contributions to the index (at higher orders
than 2®) from the magnetic fluxes that satisfy (6.4.16) but not (6.4.15). We thank Luca Viscardi for
pointing this out to us.
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Somi =3 my) . (6.4.16)
j=1 j=1

According to [153, Section 2.3|, the apparent Z; zero-form symmetry, associ-
ated with the fugacity g, is actually Zgcp(n,g)- More generally, in the [U(N)g x
U(N)_k]/Zy, theory part of the Zj zero-form symmetry can be absorbed into the
U(1)top topological symmetry and only Zgep(v,k) remains. By explicitly computing
the index, one can indeed check that it can be rewritten solely in terms of two new
fugacities®

w = glww)V* | g = g/ (6.4.17)

where w is the fugacity for the "new" topological symmetry U(1)?) while ¢’ is the
Zgcop(n k) -valued fugacity for the Z[(E:]CD( N.k) discrete symmetry (see Table (6.3.20)).
This means that the actual zero-form global symmetry of the theory is SU(2) 4 X

SU2)p x UM x Zep s

The special case of N =2
After redefining the fugacities as in (6.4.17)

w=g(ww)'?, g =g*, (6.4.18)

the index (6.4.13) for the case of N = 2 can be written as

IINIITF%) (u’ v, w, g/)

SU(2 SU(2 —1 SU(2 SU(2
=14z {Xm ( )(“)X[l] ( )(U> +w 1X[2] ( )(u) +wX[2] ( )(U)}

+2° {(9' + 1)w_2xiﬂj(2) (u) + (9" + 1)w_1X[S3§J(2) (U)X[Sl?(z) (v) (6.4.19)

(e w™ e v) + (6 2y P P o) o

S S
- X[z?@) (u) — X[2§](2) (v)] o

The unrefined index is (cf. [90, (4.5)])

iy (u="1v=Tw=1,¢g =1) =14 10z + 752° 4+ 2302° + 449" + ... .
(6.4.20)

8We normalise the power of w such that the di-baryon operators, which involve the monopole op-
erators T 1/ ... 1/k; 1/k,--- ,1/k}> COILY U (1) topological charge +1; see (6.4.21). This explains

N

N
the power N/k of wiws in (6.4.17).
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Note that the operators with R-charge 1 are?

PO M = (AR

—1_.85U(2 .
w IX[Q] ( )(u) : Baﬁ = T{_i’_i;_i’_i}(Aa)?(Ag)gewéab (6.4.21)
sSU(2 ; j
wX[2] ( )(1)) : B/oc’ﬁ’ = T{+%7+%;+%7+%}(Ba/)Z(BB/)ieijﬁab
where the last two are the gauge invariant dressed di-baryons. Here a,b,... = 1,2
and 7,7,... = 1,2 are the gauge indices for each U(2) gauge group, «,f3,... = 1,2
are the indices for the SU(2) 4 flavour symmetry, and o/, 8’,... = 1,2 are the indices

for the SU(2)p flavour symmetry. Let us discuss some examples of marginal opera-
tors, contributing at order 2?2 of the index. The combinations BB transform in the
representation Sym?[2; 0] = [4;0] + [0;0] of SU(2)4 x SU(2)p and similarly for B'B':

w—%(ﬁjj(g)(u) +w 2 BogBys 6.4.22
i . (6.4.22)
wixpy () +w” o! B'2y5" -

Note that the index (6.4.19) can be rewritten in terms of characters of SU(4)
representations as follows:

(6:4.13)v=2 = 1+ 2X{j 05 (5)

(6.4.23)
SU(4 SU(4 SU(4
+22[(g' + DX () + Xio a0 (8) = Xiroa] (8)] +
where we have taken
w = ¢* (6.4.24)
and have used the fugacity map!”
S1=qu, Sa=¢q°, S3=qu. (6.4.25)

Since this theory is known to be dual to the Bagger-Lambert-Gustavson [16, 103]
theory [SU(2)4 x SU(2)_4]/Z2 and the USp(4)/Zs super-Yang-Mills (see [153, Table
1]), it has /' = 8 supersymmetry. This can be seen from the index (6.4.13) as follows.
(The argument given below is the same as that of [28, Appendix C.1]'1). We rewrite

9 As pointed out in [22, 24, 31, 125, 128], for a U(N); gauge group, the monopole operators with
the magnetic fluxes (mi,ma,--- ,mn), with m; > mg > --- > my, transform under the representa-
tion of the SU(N) gauge factor with the Dynkin label [k(m1 —m2), k(m2 —ms3),- -, k(my—1 —mn)]
and carry U(1) gauge charge k Zf\;l m;. Consequently, the monopoles T{i%,ii;i%,i%} have charge
(£2,F2) under the U(1) subgroups of the two U(1) = SU(2) x U(1) gauge groups. Moreover, in
(6.4.21) the e-tensors are with respect to the SU(2) parts. Hence, the object (Aa)f(Ag)le”eq is
invariant under the SU(2) parts, while it has charge (+£2,F2) under the U(1) parts, making the
operator B, gauge invariant and similarly for B,/ g.

9Tn this convention, the character of the fundamental representation [1,0,0] of SU(4) is written
as X[Sl%%i(s) =51+ 5257 + 8355 + 55

HSee also [88, 92, 97] for other examples of supersymmetry enhancements in 3d detected with the
index.
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(6.4.19), or equivalently (6.4.23), as an A’ = 3 index.!? This can be achieved by setting
uw=v=fand w = ¢ in (6.4.19), or by using branching rules of representations of
SU(4) to those of a maximal subgroup of USp(4) in (6.4.23). Either way, we obtain
the N/ = 3 index in terms of characters of representations of USp(4) as

(64.18) =2 = 1+ axp o (h) + 22| (' + DX (R) + X (h) +1 6
Us Us US; o
+ X0 n V (h) = Xt P (h) = X T ()] +
where we have used the fugacity map'3
hi=gqf, ho=gq "
1=qf 2=q f (6.4.27)

-1
st=hi, sy=hihy , s3=h.

Note that (6.4.26) satisfies all of the necessary conditions for the enhanced N = 8
supersymmetry [74]. The blue term in (6.4.26) is the contribution of 5 marginal
operators in the representation [0, 1] of USp(4), whereas the red term in (6.4.26) is the
contribution of the extra supersymmetry currents. These two contributions precisely
cancel with each other. Since we have 5 extra supersymmetry currents, supersymmetry
gets enhanced from N = 3 to N/ = 345 = 8, as expected. Let us discuss the marginal
operators corresponding to the blue term in (6.4.26) in detail. First of all, since [0, 1]
is a subrepresentation of Sym?[2,0] = [4,0] @ [0,2] @ [0,1] @ [0,0], we expect that
such marginal operators can be constructed by appropriately multiplying those in
(6.4.21). Secondly, since the representation [0, 1] of USp(4) decomposes into those of
SU(2)rxU(1)4 as [2]o @ [0]—2 @ [0]2, we propose that the corresponding operators are
respectively!?

—

i By b 7l By ab
(6% ) (6% 9 « 9 b
(Tr M)Mag,  MapB,se®e M8, 5e7e (6.4.28)

where «, 3,7,8 = 1,2 are the indices for SU(2)s, which is a diagonal subgroup of
SU(2) 4 x SU(2)p of theory ITI(R), and we have defined

—

1
Tr M = Mze®? | Mug = Mg — §(TrM)eaﬁ . (6.4.29)

12 As a requirement of an N = 3 index, the order z receives a contribution solely from the ' = 3
flavour current, and so the coefficient of  must be an adjoint representation of the flavour symmetry
of the corresponding N = 3 theory. The index (6.4.19), or equivalently (6.4.23), is an N = 2 index,
not an N = 3 index, since the coefficient of order z is not an adjoint representation of SU(4). As
can be seen below, one can rewrite this as an /' = 3 index by tuning some fugacities to be equal and
reexpressing the index in terms of characters of representations of USp(4).

31n this convention, the character of the fundamental representation [1,0] of USp(4) is written as
X @ (R) =ha 4+ hi' + o + by

“There are other two operators in the representations [0]x2 of SU(2); x U(1), that are contained
in the branching rule of the representation [4, 0] of USp(4), namely

faﬁéw(Aa)?(Aﬂ)b(Bv)i(Aé)%jkGacT{_i,_%;_%,_%} ;

J
aB ~6 i 7 b k ac
€7 (Ba)a(Bp )y (Ay)i(Bs)eejne Typr y1i1 1y
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Finally, let us remark that in the case of N = 2 the di-baryon operators B and B’
have R-charge 1 and so they contribute at order x of the index, which makes it fulfil
the condition for having N' = 8 supersymmetry. For a general IV, the di-baryons have
R-charge N/2, and so for N > 3 they contribute at a higher order of the index. In the
latter case, the only contribution at order x comes from the operators M, which have
4 components. We thus expect the theory with N > 3 to have AN/ = 6 supersymmetry
[74].

[SO(QN)Q X USp(QN)_l]/ZQ with N > 2
The index for the theory III(L): [SO(2N)a x USp(2N)_1]/Zs is

1 N () (4) 4 .
dz dz N 2m@ () —2m@ TN ()
LD Hfl 1(]) ?{ .2(3') ()2 ()2 | (s
S

p—0 o \j=1Y 2mizg 2mizy

p
SO(2N), (1 N 1 N)\ »USp(2N) , (1 N 1 N
Zy, ( )(zé),...,zg );mg),...,mg ))ZV w( )(zé) zé )mg),...,mg ))><

N
H H Zeir (fS(Zi’L))Sl (Zéj))”; Slmgz) + Sngj); 1/2>
i,j=1 s,s1,520==%£1
(6.4.30)
where S, stands for the summation over (mgl), . ,mgN), mgl), .. 7mgN)) € (Z + g)QN
f is the fugacity associated with the SU(2)4 flavour symmetry, ¢ is the fugacity as-

)

sociated with the (Z[QO]) M magnetic symmetry of the SO(2N) gauge group satisfying
¢? =1, and g is the fugacity for the topological (Z[QO})g symmetry satisfying g2 = 1
(see Table (6.3.20)).

Let us provide an explicit expression for N = 2 up to order z2:

TN (£:6,¢)
=142 |1+ g+ C+o0xp D] + 22 [5xi P +5 (6.4.31)
+(a+C+0) (20 P + 22 D) = xi D) +

with the unrefined index IINH(LQ)(f =1,g=1,{ =1) given by (6.4.20). Note that it is
not possible to absorb g with a redefinition of ¢ as in (6.4.17). The manifest zero-form
global symmetry of this theory is therefore SU(2) 4 % (Z[QO}) g X (Z[QO}) M. We can match
the indices (6.4.19) and (6.4.31) as follows:

i) (f8 = 6= = Thmu=Ffv=Ffw=&6g =1, . (6432

In the theory ITI(L) only the diagonal subgroup SU(2)4 of the flavour symmetry
SU(2)4 x SU(2)p of the theory ITI(R) is manifest. Moreover, the U(1)[ zero-form
topological symmetry of the theory III(R) is not manifest in the theory III(L), but its
Zs subgroup is identified with the diagonal Zy symmetry of (Z[O]) X (Z[QO}) M in ITI(L).
Furthermore, the Z[g}CD( Nk = Z[ } symmetry with fugacity ¢’ of the theory III(R) is

not manifest in the theory III(L). Since we claim that the theories III(L) and III(R)
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are dual to each other, the theory III(L) is expected to have an emergent zero-form
symmetry SU(2)4 x SU(2)p x U(1)I x Z[QO}.

6.4.2 SO(ZN)Q X USp(2N)_1 <~ [U(N)4 X U(N)_4]/Z2

In this subsection, we consider the duality between the following two theories:

II(L): SO(2N)s x USp(2N)_1 ¢ II(R): [U(N)g x U(N)_4]/Zs .  (6.4.33)

The theory II(L) can be obtained by gauging the (Z[QO])g zero-form symmetry of
the theory III(L), where at the level of the index this corresponds to summing over
g € {£1} in (6.4.30). Note also that in the description II(L) there is also a (Z[QO])C
zero-form charge conjugation symmetry, whose fugacity will be denoted by x.

On the other hand, we can obtain the theory II(R) from the theory III(R) by
gauging a Zso subgroup of the U(l)[o] X Z[((;]}CD( N.4) zero-form symmetry. In general,
we can only gauge a Zy subgroup of this symrr’letry such that ¥ = m'm = 4, with
m’,m € Z. In our case m’ = m = 2. From the perspective of the index, this discrete
gauging can be done as follows.

First, we rewrite the index (6.4.13) using the variables w and ¢’ as indicated in

(6.4.17); these are indeed the correct fugacities for the U(1)1% x Z[GO]CD( N.4) Symmetry
to explicitly appear in the index.
Then, we define a new fugacity
G € Ly = {exp(2mij/m)|j=0,1,..., m' — 1} (6.4.34)
to substitute the g fugacity in the index (6.4.13). Thus, taking
w=glwrwy)V g = gt (6.4.35)

and summing over § € Zq, we are left with the fugacities (wjws)™: /k and ¢’ such that
<g/)GCD(N,k:) =1.

By computing the index one can check that we can further redefine'®

GCD(N, k)

)N/m/ mN/k g = (g/)GOw | (6.4.36)

w' = g'(wiwy = ¢ (wiws)

where

(g")GCPWm) — (4/\GCD(Nk) — 1 | (6.4.37)

The zero-form symmetry of the theory II(R) is therefore SU(2)4 x SU(2)p X

U1l % Z[GO}CD(N,m’)

with the discussion in [31, Section 2.5] and, in fact, it works for any k, m and m’.

with fugacities u, v, w’ and ¢” respectively. This is in agreement

5Similarly to Footnote (8), we normalise the power of w’ such that the di-baryon operators,
which involve the monopole operators Ti{l/m’, 1w 1w, 1/mye CATTY U(l)[o] charge +1;

N

N
see (6.4.52). This explains the power N/m’ = mN/k of wiws in (6.4.36).
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As a result of gauging a Z[QO] zero-form symmetry, both of II(L) and II(R) have a

Z[Ql] one-form symmetry.

The case of N =1

Let us examine the theory II(R): [U(1)4 x U(1)—4]/Zy. The index of this theory is
almost the same as (6.4.2), with two exceptions: the summation over (mi,msg) is in
(Z + p/2)?, and the summation over p is from p = 0 to 1. The index, up to order 22,

can be written as

= SU(2 SU(2 —-1_SU SU
INw =1+ [y P gy @) + oy @) + wxg) @ )]
+ 22 [w_in?(z)(u) + w_lxﬁmjj@) (u)xﬁ?(z) (v) + (w wlu v)

SU(2) SU(2) —1y. SU(2) SU(2) (6.4.38)
+ X[2] (U)X[g] (v) = (w+w )X[l] (U)Xm (v)

— X;ﬁj@) (u) — XfQ]U(Q) (v) =2 +....

It turns out that the theory II(R) coincides with the ABJM theory U(1)ax U(1)_o.
To see this equivalence, we make the following change of variables: m} = 2m; and
m/, = 2mg. The contribution from the Chern—Simons levels is therefore zfmll ng;
The summation of (m1,mz2) € (Z + p/2)? is then equivalent to the summation of
(m},mh) € (2Z + p)?, where p is summed over {0,1}. At this point, we can just
set g = 1 since GCD(N,m) = GCD(1,2) = 1 and take the summation of (mf,m})
to be over Z2. Since Z. only depends on m; — mg, which is an integer, we can
replace the latter by m) — mj. Overall, we obtain the index of U(1)y x U(1)_3. Due
to this equivalence, we conclude that the theory [U(1)s x U(1)4]/Z2 also has N' =8
supersymimetry.

Let us comments on the operators that contribute to the index (6.4.38). From the
perspective of the [U(1)s x U(1)4]/Zs theory, there are monopole operators

Tig =Ty (11, MEL, (6.4.39)

which carry gauge charges £m(2, —2) under the gauge group U(1)y x U(1)_4, due

to the discrete Zo quotient. On the other hand, the monopole operators T';1 do not
2

exist in the U(1)2 x U(1)_2 theory, but there are instead the monopole operators

Vim = V:I:m{l;l} , me 7 ; (6440)

which carry gauge charges +m(2, —2) under the gauge group U(1)s x U(1)_2. The
operators that contribute at order x are

SU(2 SU(2

Xn] ( )(U)X[l} ( )(U) : Moo = Aa By
—1.85U(2

w 1X[2] ( )(u) : T_%AQAQ — V1AL Ag (6.4.41)

SU(2
U)X[Q} ( )(U) : TJF%BO/B/B/ — V+1Ba/Bﬁl
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Observe that the di-baryon operators in [U(1)s x U(1)4]/Z2 get mapped to the
dressed monopole operators in U(1)g X U(1)_o. The marginal operators, contributing

to order z2, are

w72xi§](2) (u): Voo An, AayAnsAa,
w_lx[sé]U(Q) (u)XﬁHJ@) (v) : V_1Aa, Aas Aas By (6.4.42)
Xy )Xy @ (@) 0 Aay Aay Buy Bay,
where in the first two lines we can obtain those correspond to the terms w2xiﬂU(2) (v)

and fwquj]@) (v)xﬁ?@) (u) by simply simultaneously exchanging V_,,, <+ V,, and A <

B. These gauge invariant combinations are written from the perspective of the U(1)2 X
U(1)_2 theory. In the [U(1)4 x U(1)4]/Z2 duality frame, one simply needs to replace
Vim by T4y, /2 in the above expressions.

Similarly to (6.4.23) and (6.4.26), the index of the theory [U(1)s x U(1)4]/Z2 =
U(1)2 x U(1)—2 can be written in terms of SU(4) characters and USp(4) characters
as follows:

- SU(4 SU(4 SU (4
IINI(R% =1+ xX[o,o(,z])(s) +a’ {X[070E4])(S) B X[I,OSI])(S) B 1} e

= 1 () + 2 g () = xgor @ () = ) - 1
where we use the fugacity maps (6.4.25) and (6.4.27). The first line should be regarded
as an A/ = 2 index, whereas the second line should be regarded as an A/ = 3 index,
since e.g. the coefficient of x is an adjoint representation of the flavour symmetry
of the N' = 3 theory. The red term is the contribution of the N' = 3 extra super-
symmetry currents. Since there are 5 of them in the representation [0, 1] of USp(4),
supersymmetry gets enhanced from NV = 3 to N' =3 +5 = 8. The term —1 at or-
der 22 worths some explanations. This corresponds to a conserved current associated
with the U(1) global symmetry that gives charge 1 to all of the chiral multiplets A,
and B,s. For convenience, we shall denote this symmetry by U(1)p. Note that this
symmetry is specific to the abelian ABJM theory, since the superpotential vanishes.
In the non-abelian case, the superpotential (6.2.4) does not vanish and so the U(1)p
symmetry is explicitly broken. Moreover, the current of the U(1)p symmetry does
not belong to the N' = 3 flavour current multiplet and so does not contribute at order
x of the index. This is because the N/ = 3 superpotential (6.2.3) of the abelian ABJM
theory does not allow such a charge assignment.

Let us now analyse the index of the SO(2)2 x USp(2)_1 theory. This can be
computed using (6.4.30) with two modifications: the summation of (my,ms) is over
72, and the part Z;ly:o g? is removed. The result is the same as (6.4.38), with u =
v = f and w = {. In other words, the SU(2)4 flavour symmetry of theory II(L) is
identified with the diagonal subgroup of SU(2)4 x SU(2)p of theory II(R), and the
U (1) o magnetic symmetry of theory II(L) is identified with the topological symmetry
of theory II(R). In fact, we can also turn on the fugacity x for the (Z[ZO])C zero-

form charge conjugation symmetry [4]. For xy = 1, the index is the same as that of
SO(2)2 x USp(2)_1, i.e. as discussed before. For y = —1, the index is



6.4. Dualities and superconformal indices 197

d
Z % 22 —2m2ZUSp( )(22’ m2) H Zchir(SlstSQ; 521M2; 1/2)

=, 2mizy 2 5,51,50—=+1 (6.4.44)

st (e () () e

Let ¢’ be the fugacity for a Zy subgroup of the U(1) s magnetic symmetry. The
index can be written in terms of the fugacities f, ¢’ and yx as

o [+ ¢+ x+ <oy @)
(6.4.45)
SU(2)

22 (¢ +x+ O+ 2 P = xg P = ([ Hx+C)] +

where ("2 = 2 = 1. Note that ¢’ and y appear on an equal footing and they can be
interchanged. In this notation, we can match the indices (6.4.38) and (6.4.45) as

[(6.4.38)](u = f,v = f,w=Y) T [(6.4.45)](f, ¢ = x,Xx) - (6.4.46)

The unrefined indices of theories II(L) and II(R) with N = 1 are given by |54,
(4.2)]:

14 10z 4 1922 + 262> + 492* + 262° + ... | (6.4.47)

[U(2)4 x U(2)l/Zs
The index of theory II(R): [U(2)4 x U(2)4]/Z2 can be written as

Lt [y g @ )]+ [(g" + D'y ) + (6 + Dw'x P (v)
+ g (W +w' ™) + (6" + 2)xjy Py () + 1
— X P w) = xy D) = 1]+
(6.4.48)

where (¢”)? = 1 and we have used the notation as discussed around (6.4.36). The
corresponding unrefined index is given by

14 4z + 4322 + 10823 + 2412 4 ... . (6.4.49)

The operators that contribute at order = are

X Py @) Maw = (4a)(Bu)l, - (6.4.50)

Due to the Zo quotient, the elementary monopole operators are
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Toi =T p1ip1 a1y (6.4.51)

Arising from the discrete gauging, they transform non-trivially under the Z[G]CD( 42) =

Z[z} zero-form symmetry. They carry charges £1 under the U(1)[ zero-form topo-
logical symmetry. Moreover, T 1 carries gauge charges 4 (—% — %, % + %) = (—4,+4)
under the U(1) x U(1) gauge suégroup of the U(2)4 x U(2)_4 gauge group. Similarly,
T, 1 carries such gauge charges (+4, —4).

Now let us discuss the marginal operators, contributing the positive terms at order

. The di-baryon gauge invariant operators are'6

— S a a a as i1t
g"w' ! (X[4§J(2)(u) + 1) 0 Bayag = T—%(Aal)ill (Aaz)'z(A%)i; (Aa4)ifall%alazem%%m

2
n.! SU(?)( )+1 . B/ :T (B )il (B )iQ (B )Z'; (B )i4 .. Ja1a2 . . _a3zaq
gw X[4] v : of..afy +% o) Jar \Pab)as\Bay)az\ Pal) Jay Ciriz€ €igis€
(6.4.52)

where the representations [4] @ [0] come from the decomposition of Sym?[2] of SU(2) 4
or SU(2)p. There are also the following marginal operators:

S
"X * (w)xiy P (v) :

%;%7_%})(11121314) (A )al(AB)% (Ba,)ffg (BB’)Q%; % (6.4.53)

(a1aza%al;) i1 i

Glapyp) = (Ty1 -
ihis 4
€37e 4 ey taz€alay -

where we remark that the monopole operator T{ 1 _1.1 _1, transforms in the repre-
27 2727 2

sentation [49;4o] of the U(2) x U(2) gauge group. There are gauge invariant dressed

monopole operators, contributing w’~ 1X[€1§]( )( ) and w’ Xa?@)( ) at order 22,

) (A )8 (A )52 (Aag )3 (Aay )32
2 (B )i (Buy)2, (Bay )i (Bay )i

(M-1)ay..an = (T—1,0,-1,01)

(6.4.54)
(/\/hrl)a'l“.ozgL = (Tt41,0,41,03)

(
(
(
(
where, as for the ABJM theory, T\ 1y .10} transform in the representation [A14;474]

of the U(2)4 x U(2)_4 gauge group.!” Finally, there are also the following marginal
operators:

SU SU
X[2] @ (U)X[g] @ (v) +1: Mao Mpgr

(6.4.55)
X;?(2)< )Xégj(z)(v) . Qaﬂo/ﬁ’ = (A )z( ) (Aﬁ> (Bﬂ')

where the latter are subject to the relations (6.4.71) coming from the F-terms. We
will discuss these two operators in more detail around (6.4.70).

The dressing of the monopole operators works similarly to to what was explained in Footnote
(9).

"Here [kq] stands for a U(2) & SU(2) x U(1) representation consisting of the spin k/2 represen-
tation of the SU(2) part and having charge g under the U(1) part.



6.4. Dualities and superconformal indices 199

Theory II(R): [U(2)4 x U(2)4]/Z2, in fact, has N’ = 6 supersymmetry. This can be
seen from the index as follows. It is convenient to rewrite (6.4.48) in terms of an N' = 3
index simply by setting u = v = f and using the fact that [2] ® [2] = [4] @ [2] & [0]:

L [10g O] + 220"+ D@+ 0 g P 0)
9"+ (" + 200 ) +xpy ) D) 1 (6.4.56)
- XE]U@)(JC) - (Xé?@)(f) + 1)} +...

where the contribution of the A/ = 3 flavour currents is denoted in blue and the the
contribution of the N/ = 3 extra supersymmetry current is written in red. Since there
are 3 of the latter, we conclude that supersymmetry gets enhanced from A = 3 to
N=3+3=6.

SO(4)2 x USp(4) -1
The index of theory II(L): SO(4)2 x USp(4)—1 can be written as

Lo [L+ Gy P 0)] + 22 [+ 20+ 30 + 1+ 00 x5 P ()

SU(2) SU@) (6.4.57)
+ (1400 D)+ 1+ 204+x0) = (1= 0¢ =Xy D]+

with the unrefined index given by (6.4.49). The indices (6.4.48) and (6.4.57) can be
matched as follows:

[(6.4.48)](u=v=f w' =1, ¢"=x)=[6.457)](f,x,¢(=1) . (6.4.58)

In other words, the SU(2) 4 flavour symmetry of theory II(L) is identified with the

diagonal subgroup of the flavour symmetry SU(2)4 x SU(2)p of theory II(R). The
ZZ[O] zero-form symmetry of theory II(R) with fugacity ¢” is identified with the zero-
form charge conjugation symmetry (2[20])6 of theory II(L) with fugacity x. However,
the U(1)[ zero-form topological symmetry of theory II(R) with fugacity w’ is not
manifest in theory II(L), whereas the magnetic symmetry (Zg)]) M of theory TI(L)
with fugacity ¢ is not manifest in theory II(R) (see Table (6.3.20)).

6.4.3 O<2N)2 X USp(QN),l e U(N)4 X U(N),4

In this subsection, we consider the well-known duality between the following two
theories:

I(L): O(2N)2 X USp(QN)_l <~ I(R): U(N)4 X U(N)_4 . (6.4.59)

Theory I(L) can be obtained from theory II(L) by gauging the zero-form charge
conjugation symmetry of the latter. At the level of the index, this can be done by
summing over y € {—1,+1}. Asaresult, we are left with the fugacity f for the SU(2) 4

flavour symmetry and the fugacity ¢ for the (Z[QO]) M zero-form magnetic symmetry.
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On the other hand, theory I(R) can be obtained from theory II(R) by gauging the

0

zero-form symmetry Z[G]CD( N2) of the latter with fugacity ¢”. In particular, given the

index of theory II(R) written in terms of u, v, w’ and g”, where (g")6P(N:2) = 1 we
are summing over g’ € {e2™/GEPWN.2) |5 =0 1,... GCD(N,2) —1}. As a result, we
are left with the fugacities v and v for the SU(2)4 x SU(2)p flavour symmetry and

the fugacity w’ for the U(l)[o}

top topological symmetry.

The case of N =1
The N = 2 index for theory I(R): U(1)4 x U(1)_4 is

SU SU SU 1 SU
L+ |xpy @) (u)xm ) (v)} + 22 [w’xw ) (v) +w' 1X{4] @) (u)

SU@), . SU(2) SU(2) SU(2) (6.4.60)
+ X (U)X[Q] (v) — X (u) — X[2] (v) =2 +...

In order to write this in terms of the N’ = 3 index, we set u = v = f and use the
tensor product decomposition [2] ® [2] = [4] & [2] & [0]:

1421+ xé?@)(f)} + a2 [(w’ T w’—l)xi?@)(f)

+x P+ PO+ 1= O P DD = P =1+

(6.4.61)
where the blue terms denote the contribution of the A/ = 3 flavour currents in
SU(2)s x U(l)gp, and the red terms denote the contribution of the N' = 3 extra

supersymmetry current. Since there are three of the latter, we conclude that super-
symmetry gets enhanced from N = 3 to N/ = 6, as expected. The last —1 term at
order z? is the contribution of the current of the U(1)p symmetry, discussed below
(6.4.43).

The operators contributing at order x of (6.4.60) correspond to

My = AaBy . (6.4.62)

Those contributing to the positive terms at order x? (i.e. N' = 2 preserving
marginal operators) are gauge invariant dressed monopole operators and the square
of M:

—1_8SU(2
U), IX[4] ( )(U) : (Mfl)al---a4 = T{—l;—l}Aa1Aa2Aa3Aa4 )
SU(2
w'Xpy D) s (Mi1)ayay = Tir1013Bay Bay Bay Bay, (6.4.63)

SU(2 SU(2
X @ @x P (0) : Qapary = (Aadp) (BarByr) = Moo My -

On the other hand, the index of theory I(L): O(2)2 x USp(2)_1 can be obtained
by summing over y € {—1,1} in (6.4.45)
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1+ [1 +c xfg]m)(f)} + 22 [(c’ 2

SU(2) SU(2) SU(2) SU@) ) (6.4.64)
+X[4] (f)—i_X[Q} (f)—l-l—(X[g] (f)+1)—xm (f)_C}‘i‘

where (¢')? = 1.18 The indices (6.4.60) and (6.4.64) can be matched as follows:

[(6.4.60)](u = f,v = f,w' =1) = [(6.4.64)](f, ¢ = 1) . (6.4.65)

(0]
top

In other words, the U(1)
theory I(L), whereas the (Z[QO}) M magnetic symmetry of theory I(L) is not manifest in
theory I(R). As usual, the SU(2)4 flavour symmetry of theory I(L) is identified with
the diagonal subgroup of the SU(2)4 x SU(2)p flavour symmetry of theory I(R) (see
Table (6.3.20)).

The unrefined indices of theories I(L) and I(R) with N = 1 are, of course, equal

and are given by |54, Table 1]:

topological symmetry of theory I(R) is not manifest in

1+ 4z + 1122 + 1223 + 252 + 1225 + ... . (6.4.66)

The case of N =2
The N = 2 index for theory I(R): U(2)4 x U(2)_4 is

e P P o] s 2 T e
+ 2 P gy )+ 1= gy P ) - gy ) 1)+

As before, the N' = 3 index can be obtain by setting u = v = f:

1+ [1 + Xy @ (f)] + a2 [(w/ +u' ey ()

+ 20 D)+ 2xp D)+ 2+ 1= (g D)+ 1) - x‘é]w}(f)} T

(6.4.68)

The operators contributing at order x is

X Py P @) s Maw = (Aa)¢(Bar)i, (6.4.69)

¥ The magnetic symmetry of O(2)2 is not U(l)g?,]17 but rather (Z[QO] )M, see for example [60, Appendix
H]. It is interesting to point out that the index is sensitive to this. Indeed, if we compute the index of
the O(2)2 x USp(2)—1 model treating the magnetic fugacity ¢’ as a U(1)B?/]l fugacity, that is without

imposing (¢')? = 1 as in (6.4.64), we would get fractional coefficients such as 3(¢’ + 1/¢’), which

is clearly incosistent. This signals that the actual symmetry is (Z[QO]) M and by accordingly setting
¢’ =1/¢’ we get the sensible result (6.4.64).
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The marginal operators, which contribute to the positive terms at order 2, are!”

SU(2 i1eed a @
’U}/ 1X[4] ( )( ) : (M—l)a1~~a4 = (T{ 1,0;— 10})5;1 -;z)(AO‘l)i; cee (Aa4)i44 ,
SU(2 .
'LU/X[4] ( )(’U) : (M+1)a1 ai; = (T{+10+1 0})(?1 Z:;)(Bal)ll e (Ba4)zai ,
SU(2 SU(2
X[]( )( )X[Q]( )( )+1: MawMgg

X P whxy P @) 1 Quparsr = (Aa)?(Bar)y(45)}(Ba)i
(6.4.70)

where we comment on the above operators as follows:

e The monopole operators T 1 o, 41,0y and T{_1 .10} transform in the represen-
tations [444;4_4] and [4_g4; 4+4} of the gauge group U(2) x U(2), respectively.

e The gauge invariant combinations M M in the third line transform in the rep-
resentation Sym?[1;1] = [2;2] + [0;0] of SU(2)4 x SU(2)3.

e The gauge invariant combinations Q,gn/5 are subject to the F-terms coming
from the superpotential of the ABJM theory (6.2.4) and so

eaﬁgaﬁa/ﬁl =0, Ea,B,Qa,ga/ﬁ’ =0. (6.4.71)

Thus, Qo transform under the representation [2;2] of SU(2)4 x SU(2)p.

e Note that one could also consider the following gauge invariant combinations:

(Aa)? (Ag)52 (B! (Bﬂ')bfalagé“” e, 5,

_ , 2 5(b1 5b2] i1 sio]

= (Aa ) (A ) } (Ba ) ( )g)z a1 Oas 5]1 5]2 (6.4.72)
= (Aa)i! (Bar)e, (Ap)i2 (Bp)e, — (o < )

= Maa’M,Bﬂ’ — (O/ — ,8 )

and so they are not independent from those in (6.4.70).

The index of theory I(L): O(4)2 x USp(4)_1 is

o |14+ xg P] + 22| + 1>xf4§”2)<f> + zxi?@)(f )
(6.4.73)

Let us discuss the operators, contributing to order x, in this theory. In the fol-
lowing, i,j = 1,...,4 are the O(4) gauge indices; a,b = 1,...,4 are the USp(4) gauge
indices; and «, 8 = 1,2 are the SU(2)4 flavour indices. They are

¥Notice that the monopoles Tt+1,0;+1,0} are in a representation of the U(2) x U (2) gauge group that
have charges (£1/2,F1/2) under the U(1) x U(1) part and that are in the symmetric representation
of each of the two SU(2) part.
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Lo mygg) = (Aa)a (Ag)i2000 I

al

. . 6.4.74
¢ Xé?@)(f )i Map) = (T{l,o;l,O})E?fﬁ)(Aa)éﬁ (Ap)e ( )
where m transforms as a singlet under SU(2) 4, due to the total antisymmetrisation
of the indices o and 3, and 9 transforms as a triplet under SU(2) 4, due to the total
symmetrisation of the gauge indices in the elementary monopole operator Ty .1 03
These operators are mapped to the mesons (6.4.69) of the unitary theory I(R). Hence,
from the perspective of the N' = 3 theory, these are the moment map operators of the
U(1) x SU(2) 4 symmetry, whose contribution of the currents is denoted in blue. The
contributions in red are instead identified as the N’ = 3 extra supersymmetry-currents
that make A" = 3 supersymmetry become N = 3 + 3 = 6 supersymmetry?? 2!,
The indices (6.4.67) and (6.4.73) can be matched as follows:

(6.4.67)[u=fv=fw=1] = (6.473)[f,¢ = 1] (6.4.76)
The fugacity ¢’ for the (Zg)]) M magnetic symmetry of theory I(L) cannot be
mapped to any fugacity in theory I(R), and so it is not manifest in theory I(R)
and should be considered as emergent in theory I(R). Similarly, the U (1),£(3)]p zero-form
topological symmetry of theory I(R) with fugacity w’ should be considered as emer-
gent in theory I(L). As usual, the SU(2) 4 flavour symmetry of theory I(L) is identified
as a diagonal subgroup of the SU(2) 4 x SU(2) g flavour symmetry of theory I(R) (see
Table (6.3.20)).

20Tt is also interesting to analyse this theory from the perspective of A" = 5 theory. For an SCFT
with A/ = 5 (and not higher) supersymmetry, it is necessary that the coefficient of z in the index
must be 1 [74], whose contribution comes from the AN/ = 5 stress-tensor multiplet decomposed into
one N = 2 multiplet LB1[0]$" (in the notation of [59]). However, for an SCFT with A" = 6 (and not
higher) supersymmetry, the coefficient of z must be 4 [74], which is the case for (6.4.73). Observe that
the singlet operator m is present in any O(2N )2, X USp(2N)_j, theory, where for k > 2 the theory has
N = 5 supersymmetry [1]. We thus conclude that the operator m resides in the ' = 5 stress-tensor
multiplet B1[0]§1’O), whereas the triplet operators 9 reside in the N/ = 5 extra supersymmetry-
current multiplet By [0] §0’2>. The singlet in the tensor product decomposition of [0, 2] ® [0, 2], where
each [0,2] is the representation of the latter multiplet under so(5)r symmetry, corresponds to the
U(1) global symmetry, which must be present in any N' = 6 SCFT [17]. This is mapped to the
U(l)L?D]p symmetry of the unitary theory I(R). We thank Oren Bergman for explaning and pointing
this out to us.

2170 elucidate further Footnote (20), we provide, as a reference, the index of the O(4)4 x USp(4)—2
theory, which has A/ = 5 supersymmetry:

L+ lz+a” 24 1+ O @) = x5 @] + (6.4.75)

From N = 2 perspective, the negative term at order z? indicates the contribution of the N' =
2 SU(2)a flavour currents in the multiplet AsA> [O}gO)A From the N/ = 3 perspective, the three
components of SU(2)4 currents split into two parts. Suppose that we write the character of the
adjoint representation of SU(2) as f2+1+4 f 2. Two components (f2, f~2) of this SU(2) 4 symmetry
currents are identified as the N' = 3 extra SUSY-currents in the multiplet A5[0] EO); this makes N' = 3
supersymmetry become A/ = 3 4+ 2 = 5 supersymmetry. The remaining component (corresponding
to 1) of this SU(2) 4 symmetry currents resides in the N'= 3 U(1) flavour current multiplet B[0] 52>.
The corresponding moment map operator is the singlet operator m, contributing +1z to the index.
Thus, this U(1) symmetry from the A/ = 3 perspective is identified as the Cartan subalgebra of
SU(2)a.
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The unrefined indices for theories I(L) and I(R) for N = 2 are, of course, equal
and are given by [54, Table 1]:

1+ 4z + 2222 + 5623 + 131zt + 25225 + ... . (6.4.77)

6.4.4 50(4)2 X USp(2)_1 < [U(3)4 X U(].)_4]/ZQ

As pointed out in [153, Section 3.3|, the consistency conditions of the quotient [U(N +
x)p X U(N)g]/Z, are

kz

A (6.4.78)

p divides k and

In this section, we take N =1, z = 2, k = 4 and p = 2. Indeed, the theory in

question can be obtained by gauging the Z[Ql] one-form symmetry of the U(3)4xU(1)_4

theory. The index for [U(3)4 x U(1)_4]/Z2 reads (here we define w = (wlwg)%)

SU SU _1_SU SU
L+ [X[l] @ (u)xp) @ (v)} +z° [w 1X[4} @ (u) + WXy @ ()
SU(2 SU(2 - SU(2 SU(2
T X ( )(U)X[Q} ( )(U) + g(w'? + wl/?) - X[g] ( )(u) — Xpg ( )(’U) -1 +....
(6.4.79)

As before, we can obtain the AN/ = 3 index by setting v = v = f and compute the
relevant tensor product decompositions:

L [T+ D 00] + 22|+ o™ D)+ )+ D) +1

9w +w™) = (N + 1) =y D]+
(6.4.80)

where the blue terms are the contribution of the N = 3 flavour currents and the
red term is the contribution of the A/ = 3 extra supersymmetry current. Therefore,
N = 3 supersymmetry gets enhanced to N = 6.

As usual, the operators contributing at order x of (6.4.79) are the mesons,

Maa’ = (Aa)a(Bo/)a (6481)

where a,b,c = 1,2,3 are the U(3) gauge indices. As usual, the monopole operators
T- =T 100-13 and Ty = Ty410,0,41y transform in the representations [[0, 4] —4; +4]
and [[4,0]44; —4] of the gauge symmetry U(3) x U(1) respectively, where [0,4]_4 and
[4,0]+4 are from the 4th symmetric power of the antifundamental and fundamental
representation of U(3) respectively.

We can write down the marginal operators, contributing to the positive terms at
order z2, as follows:
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w G D@ (Marear = (T-)@azasan ()™ -+ (Aa,)™
S aljazasa.
wxp D) (Mit)agea = (T @25 (Boy )y -+ (Bay)ay  (6.4.82)
S S
Xpy DXy P 0) 1 Qapars = Mo Mag

Moreover, there are marginal operators, associated with the terms gw*/2 at order

22 in the index, that involve monopole operators T .= Ti{+; +1-L1Ys arising from

2 27027 272
the Zy discrete quotient. Here Qupq/4 is defined as in (6.4.70) with the absence of
the indices 4, j, and M4 are the gauge invariant dressed monopole operators.

The index of SO(4)2 x USp(2)_1 reads

142 [1+Cxiy @)

(6.4.83)
+2 [+ P+ b+ 1= =iy D]+
The indices (6.4.79) and (6.4.83) can be matched as follows:
(6479))(w=Fv=fu=1g=x) = [(6483))(/,C=1x) . (648

The flavour symmetry SU(2)4 of the orthosymplectic theory can be identified
with the diagonal subgroup of the flavour symmetry SU(2)4 x SU(2)p of the unitary

theory. The Z[QO] zero-form symmetry of the unitary theory with fugacity g is identified

with the (Zgﬂ )e zero-form charge conjugation symmetry of the orthosymplectic theory.
The U(1)!% zero-form topological symmetry of the unitary theory is not manifest in

the orthosymplectic theory, whereas the (Z[QO}) M zero-form magnetic symmetry of the
orthosymplectic theory is not manifest in the unitary theory.
The unrefined indices for both theories are equal to

[(64.7)|(u=1,v=1,w=1,9g=1)=[(6483)](f=1,(=1,x=1)

6.4.85
=1+4x+ 142> + 352 + ... . ( )

6.4.5 O<4)2 X USp(Z)_l <~ U(3)4 X U(1>_4

The O(4)2 x USp(2)—_1 theory can be obtained from the SO(4)2 x USp(2)_1 theory
by gauging the (Z[QO])C charge conjugation symmetry of the latter. Correspondingly,
the U(3)4 x U(1)—4 can be obtained from the [U(3)4 x U(1)_4]/Z2 theory by gauging
the Zg)] zero-form symmetry with fugacity g of the latter.

Thus, summing over g € {1} in (6.4.79), we obtain the index for the U(3)4 x
U(1)—_4 theory as

i @ gy @) + a2 [w gy P @) gy @ )

SU(2) (U)xéﬁm)(v) B X%f@)(u) _ Xégf@) () =1 +... .

(6.4.86)

The operators are as listed in (6.4.81) and (6.4.82), except that there are no
monopole operators 7', 1 due to the absence of the discrete Zy quotient. By the same
2
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argument as in the precedent subsection, the index indicates that the theory has
N = 6 supersymmetry, in agreement with [1].

Similarly, summing over y € {£1} in (6.4.83) gives the index of the O(4)y x
USp(2)_1 theory:

L [T+ Oy @] + 22 [+ P D+ 1= C=xi D]+ . (6.487)

The indices (6.4.86) and (6.4.87) can be matched as follows:

[(6.4.86)](u= f,v=fw=1) = [(6.487)](f,c =1) . (6.4.88)

The correspondence between the global symmetries of the U(3)4 x U(1)_4 theory
and the O(4)2 x USp(2)_; are as discussed below (6.4.83). The SU(2) 4 flavour sym-
metry of the orthosymplectic theory is identified with the diagonal subgroup of the
SU(2)a x SU(2)p of the unitary theory. The U (I)L(()}p zero-form topological symme-
try of the unitary theory is not manifest in the orthosymplectic theory, whereas the
(Z[QO]) M zero-form magnetic symmetry of the orthosymplectic theory is not manifest

in the unitary theory. The unrefined indices for both theories are equal

[(6.4.86)](u=1,0=1,w=1) = [(6.487)](f =1, =1)
=1+4dz + 1222 + 823 +272* +362° + ... |

(6.4.89)
as computed in [54, (2.8)].
6.4.6 Circular quivers
In this subsection, we examine the following duality for n > 3:
1SO(2)2 x USp(2)_1 x -+~ x SO(2)2 x USp(2)_1)/Zx
2n gauge groups
+— circular quiver (6.4.91) (6.4.90)

«— circular quiver U(1); x U(1)_1 x --- x U(1)1 x U(1)—1

2n gauge groups

where the theory on the second line, also known as a Kronheimer—Nakajima quiver
[131], is described by
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This theory is self-mirror, and its Higgs/Coulomb branch describes one PSU (n) =
U(n)/U(1) instanton on C2/Z,, with the holonomy of the gauge field at infinity that
brakes PSU (n) into U(1)"/U(1).

The duality between theories in the second and third lines of (6.4.90) is well-known
and can be seen from the brane system (see e.g. [13, 135]) by applying the T* SL(2,Z)
transformation, which reads

i e (101
T' = —TST = <0 1) (6.4.92)

where T and S are the generators (3.2.2) such that S? = —1 and (ST)3 = 1.
Under such transformation the NS5 branes remain invariant but each D5 brane
turns into a (1, 1) brane, as follows

(6 D66 w0 DE-() e

Upon applying the T transformation to the brane system of Fig. (6.4.91), we
obtain the configuration of Fig. (6.4.94) giving rise to the theory in the third line of
(6.4.90).

NS5
(1,1)5

(6.4.94)

NS5 NS5

(1,1)5

The case of n =1

In the case of n = 1, we have seen in Section (6.4.1) that the [SO(2)2 x USp(2)_1]/Zs
theory flows to a theory of two free hypermultiplets. This is indeed dual to the special
case of (6.4.91) with n = 1, namely one U(1) instanton on C? [15] with quiver

1 (6.4.95)

where the two free hypermultiplets come from the adjoint hypermultiplet of the U(1)
gauge group and the elementary monopole operators T1;. By the above argument and
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the discussion in Section (6.4.1), this is also dual to the ABJM theory U(1); x U(1)_;
and [U(1)r x U(1)-1]/Zg.
The case of n =2

The case of n = 2 requires a separate discussion. We find that the [SO(2)s X
USp(2)_1 x SO(2)2 x USp(2)_1]/Za theory with quiver

/Za (6.4.96)
is dual to
NS5
x D5
x D5
NS5

which is the Kronheimer-Nakajima quiver whose Higgs/Coulomb branch describes one
PSU(2) = U(2)/U(1) instanton on C?/Zy with the monodromy that preserves the
PSU(2) symmetry. This is also dual to the following circular quiver:

NS5
' (1,1)5 ‘NSS (6.4.98)
(1,1)5

The duality between (6.4.97) and (6.4.98) can be realised by applying the action
T* (6.4.92) on the brane system as dlscussed above. The N = 2 indices for (6.4.97)
and (6.4.98) can be written in terms of the fugacity d of the U(1)y symmetry and the
fugacities p1, p2, p3, pa4 of the SU(2)* global symmetry as follows:
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1+=x

4
-2 Z XSU(2) (p;) + d2 Z ngf@) (p@')]
- Z X[4] pz )+ d* Z XSU(Q)

+d ? Doy ><p2> + Xy Rm)xéﬁf ® (pa)

SU(2 SU(2
+ d4X[2] (@ )(PS)X[Q} ( )(P4) +X[2] ( )(

4
- (Z XFQ]U(Q)(M)> —2
i=1

where the origin of the each U(1)q x SU(2),, in each theory is as follows.

For (6.4.97), U(1)4 is identified with the axial symmetry that assigns charges —1
to each chiral multiplet and 42 to the scalar fields in the vector multiplet, SU(2),,
can be identified with the flavour symmetry that exchanges the two bifundametal
hypermultiplets, SU(2),, can be identified with the flavour symmetry of the two
fundamental hypermultiplets denoted by the square node, SU(2),, can be identified
with the enhanced U(1) topological symmetry of the left gauge node, and SU(2), can
be identified with the enhanced U (1) diagonal subgroup of the U(1) x U(1) symmetry
of the left and right gauge nodes.??. Since the theory is self-mirror, the index is
invariant under the simultaneous exchange of d <> d~! and (p1,p2) <> (p3, pa)

For (6.4.98), let wy,...,ws be fugacities for topological symmetries of node 1 to
4 and let ¢;, ¢; * to be the fuga(ntles for the U(1) symmetry that gives charge +1 and

(6.4.99)

SU(2
p3)X[2} ( )(pz)

+...

—1 to the chlral multiplets Q;, QZ carrying gauge charges (1,—1), (—1,1) between the
i-th and the (i 4+ 1)-th nodes. Then, we have the following fugacity maps:

C1C2
pPl=ws, pi=—-— pi=ce(wiwpwywy), pi=wz.  (6.4.100)

W1 WoaW3W4
In other words, the U(1) topological symmetries of the two nodes with zero CS lev-
els get enhanced to SU(2). The operators associated with the currents of the SU(2),,
and SU(2),, flavour symmetries are, respectively, the dressed monopole operators:

Tr 1 qq_ . Trgira1 i @1Q2
{—1;-1;—1; 1}Q1Q2 {+1,+1,+1,+1}Q1Q2 (6.4.101)

T4+ @3Qa T{71;71;71;71}©3©4 .

For (6.4.98), the U(1)y symmetry assigns the charges —1, —1, +1, +1 to the
(Q1,Q1), (Q2,Q2), (Q3,Q3), (Q4,Q4) respectively. Matching of the unrefined indices

of theories (6.4.97) and (6.4.98) is demonstrated in |90, (5.3)]:
14 12z + 422% 4 4823 + 1152 + ... . (6.4.102)

The N' = 3 indices of (6.4.97) and (6.4.98) can be obtained from (6.4.99) by setting
d=1.

22Note that the monopole operators T(1;0y and T'(y;1) have R-charge 1. The former corresponds to
SU(2)p, symmetry and the latter corresponds to the SU(2),, symmetry.
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Let us now discuss the theory (6.4.96). As usual, not all symmetries of the unitary
quivers (6.4.97) and (6.4.98) are manifest in the orthosymplectic quiver (6.4.96). The
index of the theory (6.4.96) can be obtained from (6.4.99) by setting ps = p2 and
p4 = p1, where the origin of U(1)4, SU(2),, and SU(2),, can be explained as follows.
Let ¢; and (s be the fugacities for the U(1) magnetic symmetries for the first and the
third SO(2) gauge group respectively. Let g be a Zg zero-form symmetry arising from
the Zs discrete gauging, so that g2 = 1. If we denote the half-hypermultiplets in the
bifundametal representations of the gauge groups in (6.4.96), from left to right, by
A1, A, Ag and Ay, the U(1)y symmetry assigns the charges +1, —1, +1 and —1 to
them, respectively. In this notation, the index can be written as follows

1 1.
Ltz (247242 +g Y EUETET |+ (6.4.103)

81,582,83==%1

However, the index does not really depend on g, since it can be absorbed into
a fugacity for the magnetic symmetry. In particular, (; 2 and g are related to the
fugacities p1 2 as follows:

1/2 1/2 _
C1/ = gpip2 ; Cg/ =p; Tpy . (6.4.104)
Using this fugacity map, we obtain (6.4.99) with p3 = py and ps = p1, as required.

The case of n =3

The N = 2 index of the unitary theories in the second and third lines of (6.4.90) can
be written as

3
3
1+ 2(3d® +3d72) + 22 [d‘3 (pmzpz +p0py st D (pi+ PZI))
=1

3
+d3 (wlwgwg + wi twy fwg 4 Z(wl + w;l))}

i=1 (6.4.105)
+ [ =34 (6d 4 6d7) 47 YD (mipy + 0wy )

1<i<j<3
+d* Z (wiwj + wi_le_l)] +...

1<i<j<3

where the theory has a U(1)% x U(1)4 global symmetry, where the fugacities for U(1)"
are denoted by p1 23 and wy23. The N = 3 index can be obtained by setting d = 1.

For the theory (6.4.91) with n = 3, the U(1)4 symmetry corresponds to the ax-
ial symmetry that gives that assigns charges —1 to each chiral multiplet and 42 to
the scalar fields in the vector multiplet; the fugacities w23 correspond to the U (1)3
topological symmetry; and the fugacities p; 23 correspond to the U(1)? flavour sym-
metry. Since the theory is self-mirror, the index is invariant under the simultaneous
exchange of d <> d=' and (p1, p2, p3) <> (w1, wa, ws3). To specify our parametrisation
of p1, pa2, p3, let us first define cl-,ci_1 to be the fugacities for the U(1) symmetry
that gives charge +1 and —1 to the chiral multiplets Q;, sz carrying gauge charges
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(1,-1),(—1,1) between the i-th and the (i + 1)-th gauge nodes, and let f;, f; ' be the
flavour charges of the fundamental chiral multiplets carrying gauge charge —1 and +1
under the i-th gauge node. Then, p1 23 are related to these fugacities as

pi=fiel ol pa= facafyl, ps=facsfit. (6.4.106)

For the theory on the third line of (6.4.90), namely the circular unitary quiver
with alternating CS levels, we label the nodes as 1,...,6 from left to right. The
U(1)q assigns alternating charges (—1)*t! to the chiral multiplets (Q;,Q;) in the
bifundamental representation of the i-th and the (i 4 1)-th gauge nodes. Let us define

¢ (with ¢ =1,2,...,6) as above. Then, p; 23 are related to these fugacities as
_ C1l _ Cc3 _ (&5
b1 = wiws b2 = wawy p3 = Wswe (64107)
w1 = CQwaws W2 = CLW4Ws5 w3 = CeWweWy -

where w; (with ¢ = 1,2,...,6) the topological symmetry associated with the i-th
node.

As usual, not all symmetries of these unitary quivers are manifest in the orthosym-
plectic quiver in the first line of (6.4.90). In fact, the index of the latter can be obtained
from (6.4.105) by setting w; = p;, with ¢ = 1,2,3. Indeed, if we denote by (1,2, (3
the U(1)? magnetic symmetry associated with each SO(2) gauge group from left to
right, we then have the fugacity map

e SN S et N (YR
where g is the fugacity associated with a Zy zero-form symmetry associated with the
Zs discrete quotient in the first line of (6.4.90) such that g = 1. We emphasise that
g can be absorbed in a redefinition of a fugacity of the magnetic symmetry and so the
index does not really depend on g. The U(1)y symmetry assigns the charges (—1)"*!
to the half-hypermultiplets A;, with ¢ = 1,...,6, in the bifundamental representation
of SO(2) x USp(2) from left to right in the circular quiver in the first line of (6.4.90).

This discussion can be generalised in a straightforward manner to the cases of
n > 3.

6.4.7 (S)O(QN + 1)2 X USp(2N)_1 and [U(N + 1)4 X U(N)_4]</Zg)

In this subsection, we demonstrate that the indices of the following four theories are
equal:

O(2N + 1)2 X USp(QN)_l U(N + 1)4 X U(N)_4

SO@2N +1)2 x USp(2N)—1  [U(N + 1)y x U(N)_4]/Zs (6.4.109)

The duality of the theories in the first line were pointed out in [1]. The one-form
symmetry of each theory in the first line is Zo, which can be realised as follows. For
the orthosymplectic quiver in the first line, the O(2N +1) and USp(2N) gauge groups
both have a Zs centre and the bifundamental matter screens a diagonal combination,
so we are left with one Zs centre symmetry. For the unitary quiver in the first line,
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namely U (N +1)4 x U(N)_4, the presence of the Zs one-form symmetry was pointed
out in [153, Section 3.3].

The theories in the second line arise from gauging the Zs one-form symmetries
of the theories on the first line. This is consistent because the conditions (6.4.78)
are satisfied. We thus expect that the theories in the second line are also dual to
each other. However, what is surprising is that all of the four theories have the same
indices. Let us demonstrate this point as follows.

We first provide an argument to show that the indices of the U(N +1)4 x U(N)_4
theory and the [U(N + 1)4 x U(N)_4]/Z2 theory are equal. We emphasise that, in
each of these theories, there is an overall U(1) that does not act on matter fields.
Upon integrating over such a U(1) fugacity in the index, we obtain a delta-function
which imposes the following condition that the magnetic fluxes of the U(N +1) gauge

group, m(L), with ¢ = 1,..., N + 1, and those of the U(N) gauge group, mg%), with
7=1,...,N:

N+1 ) N )
Sml =3 "mf) (6.4.110)
i=1 j=1

In the [U(N + 1)4 x U(N)_4]/Z2 theory, we have to sum over the fluxes
(mM N ) e (Z 4 py2)PN (6.4.111)

and sum over p € {0, 1}, whereas in U(N+1)4 xU(N)_4 theory there is a contribution
only from the p = 0 sector. Observe that, for p = 1, if one of the two sides of (6.4.110)
is half-integral the other is integral.?® This means that there is no contribution from
the p = 1 sector to the index, since it is forbidden by (6.4.110). As a result, the index
of the [U(N + 1)4 x U(N)_4]/Zs is the same as that of the U(N + 1)4 X U(N)_4
theory. We see that the Za zero-form symmetry arises from the Zg discrete gauging of
the former theory acts trivially on the theory and hence it is an unfaithful symmetry.
This leads us to conclude that the Zg one-form symmetry of the U(N +1)4 x U(N)_4
theory also acts trivially on the line operators.

Similarly, we can provide an argument to show that the zero-form charge conjuga-
tion symmetry of the SO(2N + 1) x USp(2N)_; theory acts trivially on the theory
and hence it is unfaithful. The index of this theory can be written as

ISO(2N+1) kXUSp(QN’) o

dCL —|m m m
st 3 f e [l acorais

" mezN

N
% H x—|:i:ma+mb\(1 - (_l)ima:tmbxktma:l:mb\Z(:Itlzl:)tl) H zgkmacma

a<b a=1

l

du;
@ 2oImil (1 = (=i glnily, £2
< v o ¢ Hmz' (1= (-1)reahlut?)

nezN’ =1

23This argument can be generalised to any theory of the form [U(N + x)ex, x U(N)_2x]/Z2 with
odd. In such a theory, the Zs zero-form symmetry arising from the discrete gauging acts trivially.
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N/ N/
% Hm—|:|:nz+n]|(1 _ (71):|:m:|:njx\:|:m:|:nj\uiilu_il) Hu2k n;
j i
=1

1<j

/ i 1 Tl . 24l .2
N ((—1)”><?ﬁ fFraztilg )oo
NG
i=1

((71)711')( wtl L gz, y[;2)

o
/ +me+n; ,F1 1 1. 24| tmae+ni|. .2
NN [ ES— ((_1) zftut fT e | |,x>
<[[1[=* - % (6.4.112)
st ((_1)mizi1 utl fE m§+\ima+ni|;$2>
oo

where f is the fugacity for the SU(2)4 flavour symmetry, ¢ is the fugacity for the
(Z[QO}) M topological symmetry satisfying ¢2 = 1 and y is the fugacity for the zero-
form charge conjugation symmetry (Zgﬂ)c. In the problem at hand, we take N’ = N,
k =1 and k¥ = —1, but the following argument holds for general N, k and k'
We claim that the charge conjugation symmetry can be re-absorbed with a gauge
transformation. This can be seen in the index from the fact that if we simultaneously
rescale

Za = XZa, a=1,--+ N wi — xu;, i=1,---,N (6.4.113)

then the fugacity x completely disappears from the matrix integral since y is a square
root of unity y = ™" with n = 0,1. What is crucial for this to happen is that the CS
level of the SO(2N + 1)qy, group is even.?* This observation leads us to conclude that
the Zy one-form symmetry of the O(2N +1)2 x USp(2N)_; theory also acts trivially
on the spectrum of line operators. Since we can obtain the theories in the second
line of (6.4.109) from those in the first line by gauging the Z[Zl] one-from symmetry
in the latter, from the perspective of the U(N + 1)4 x U(N)_4 theory, such gauging
removes from the spectrum Wilson lines in representations that are not multiple of
2 of (N+1,N). We thus conjecture that there exist only the Wilson lines in the
representation ((IN + 1)2™ N2™), with m > 1, in the spectrum of this theory, and so

the action of such a ZQ] one-form symmetry is trivial. We leave the verification of
this statement to future work.

As a final remark, we see that the four theories in (6.4.109) seem to be dual to
each other, even though the Zs one-form symmetry seems to be present in the theories
in the first line of (6.4.109), but not in the theories in second line. One might ask if
there exists a topological field theory that provides the Zy one-form symmetry in the
former. The answer seems to be no. This is in contrast with, for example, the duality
appetiser [119], which is a duality between the 3d N' =2 SU(2); gauge theory with
one adjoint chiral multiplet and a free chiral multiplet together with a topological
quantum field theory (TQFT) given by U(1)_2. Indeed, the SU(2); gauge theory
has a Zg one-form symmetry (as it can be seen from the centre of the gauge group),
whereas the theory of a free chiral multiplet does not have any one-form symmetry;
in this case the Zy one-form symmetry is provided by the TQFT U(1)_2. The latter
can be detected by the index by turning on an appropriate background magnetic flux,
which is the one associated with the U(1) flavour symmetry, as we demonstrate in
Appendix (D). However, upon turning on background magnetic fluxes for the theories
on the first line of (6.4.109), we are not able to detect the presence of the TQFT that

*"Indeed, if we consider the index of SO(2N +1)2541 x USp(2N")s/, the CS factor [T)_, {2k ma
would produce odd powers of x after the shift (6.4.113), thus leaving a non-trivial x dependence.
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supports the Zs one-form symmetry. We thus conclude that such a symmetry acts
trivially on the spectrum of the line operators.

Let us report the index of the theories (6.4.109) when N = 1. It turns out that,
up to order 2, those of the unitary theories are given by (6.4.86), and those of
the orthosymplectic theories are given by (6.4.87). Note, however, that from order z°
onwards, they are different; see |54, Table 1| for the unrefined indices of these theories:

(6.4.109)y—1 : 144z + 1227 + 823 + 272 + 3225 4 . ..

6.4.114
(6.4.89) : 1+ 4a+ 122°% + 823 + 272" + 362° + ... ( )

As a final remark, we also observe that the circular quivers SO(3)2 x USp(2)_1 X
SO(3)2 xUSp(2)—1 and O(3)2 x USp(2)—1 x O(3)2 x USp(2)_1 have the same indices;
up to order z2, they are

1422 [(G 4+ G+ GG + 2 D) + GG+ 1

(6.4.115)
—(G+Ge+Gk+ 2)X;§J(2)(f) +..

where (; 2 are fugacities for the magnetic symmetry of the (special)orthogonal gauge
groups. For the theory with special orthogonal gauge groups, the index does not
depend on the fugacity for the charge conjugation symmetry. For reference, we report
the unrefined index up to order z* as follows:

1+122% + 42t + ... . (6.4.116)
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Chapter 7

Conclusions and perspectives

In this final chapter we want to collect the main results of the original parts of the
work and point out possible future directions and leftover open problems. The aim of
the this thesis was to use the three-dimensional indices, such as the Hilbert series and
the superconformal index, to study different properties of a variety of SCFTs from
several perspectives.

In Chapter (3) we propose a description of the three-dimensional mirror dual
theories of the circle reduction of the four-dimensional twisted x(aax) theories of class-
S. This is an "almost" star-shaped quiver with the central gauge node being USp(2N).
In checking such proposals, we compute the Hilbert series for both the Higgs and
Coulomb branches of such mirror theories and compare them to those of the four-
dimensional ones. We show, in fact, that the Higgs branch of the 4d SCFT matches
with the Coulomb branch of the corresponding 3d mirror theory. Furthermore, the
quaternionic dimension of the Higgs branch of such mirror theories matches with the
rank of the 4d SCFT. In many cases, there are more than one description of the
mirror theory, where one is constructed using the proposal of this paper and the other
involves only unitary gauge groups. One of the important features of these dualities
is that in many cases not all Coulomb branch symmetries of the 3d mirror quiver is
manifest in the quiver itself; in other word, one cannot turn on in the Hilbert series
all of the fugacities associated with the full global symmetry of the SCF'T in the IR.

Let us discuss some of the open questions that arise from these findings. First of
all, some of the quiver descriptions that we proposed are "bad" theories in the sense of
[85]. Even though we manage to use such a description to compute various quantities,
such as the Coulomb branch dimension and the Higgs branch Hilbert series, it would
be nice to come up with a "good" description for such theories. Secondly, it would
be nice to understand better the dualities between different descriptions of the mirror
theory of the S' reduction of the same 4d SCFT, such that as how to "derive" one
description from the others.

In Chapter (5), thanks to the superconformal index, we investigate the NV = 2 pre-
serving exactly marginal operators of two different families of 3d S-fold SCFTs. One
such family is constructed by gauging the diagonal flavour symmetry of the T(U(2))
and T'(U(3)) theories, and the other one by gauging the diagonal flavour symmetry of

the T[[;’ll;]
for each gauge group and to couple to each theory various numbers of hypermultiplets.
This detailed analysis, allows us to determine whether supersymmetry gets enhanced
in the infrared and to deduce the amount of supersymmetry of the corresponding
SCFT.

The results for the T[2712}
using other known theories as a guide, we do not have a full understanding of the chiral
ring of the theory. In this sense, one appealing line of possible future investigation

would be to better understand the chiral ring structure of this theory. Furthermore,

(SU(4)) theory. In both cases, it is possible to turn on a Chern-Simons level

2
2.1 ](S U(4)) theory are just preliminary results since, despite
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one could study other specific cases of S-fold theories, changing the p and o partitions
along with N.

In Chapter (6) we have obtained several new dualities between ABJ and related
theories, with at least N' = 6 supersymmetry, by gauging zero-form or one-form
symmetries. We analysed in details the symmetries of these theories and how they
are mapped across each duality, paying particular attention on the discrete symme-
tries. This result is also generalised to a circular quiver with alternating SO(2)2 and
USp(2)-1 gauge groups and a discrete Zy quotient.

There are several interesting directions for further study. First, it would be in-
teresting to generalise these results to theories with orthosymplectic gauge groups
with N/ = 5 supersymmetry, as well as more general U(N + z); x U(N)_; and
[U(N + x)k, x U(N)_k]/Z, theories with N' = 6 supersymmetry. Moreover, regard-
ing the duality involving the circular quivers, it would be nice to find the analog for
the higher ranks theories, such as those involving SO(2N)2 and USp(2N)_; gauge
groups.
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Appendix A

Reduction of the Dy[SU(2N + 1)
theory on S1

The 4d N = 2 Dy[SU(2N + 1)] theory was first studied in [49, 50]. For N = 1, the
D5[SU(3)] theory is simply the (A1, Dy) Argyres-Douglas theory. Upon reduction on
S' to 3d, the mirror theory is described by the following quiver [169, Figure 3]:

@@@@

The quaternionic dimension of the Coulomb branch of (A.0.1) is 2 Z ] =
1), in agreement with the dimension of the Higgs braneh of the 4d DQ(S U(N —|— ))
theory, which is given by

dimgz H[Ds(SU(2N + 1))] = 24(c — a)
Y %N(N +1) - 2—74N(N +1) (A.0.2)
_N(N+1).

where a = L N(N + 1) and ¢ = 1N (N + 1) are the conformal anomalies [50]. The
Higgs branch of (A.0.1) is 2 Z 1 j(] +1)+ N2 42N —2 Z;V:1 j%2 = N quaternionic
dimensional; this is in agreement with the fact that the Do[SU(2N + 1)] theory is a
rank N theory.

The Coulomb branch and Higgs branch Hilbert series can be computed as described
in the main text. The Coulomb branch symmetry is SU(2N + 1), whereas the Higgs
branch symmetry is U(1). In this work we focus mainly on the case of N = 1,2. The
case of N = 1 was discussed in the main text in the context of the (A, Dy) theory.
For N = 2, the highest weight generating function of the Coulomb branch Hilbert
series of theory (A.0.1) admits the following simple closed form:

HWG [Hc[(A.0.1) v=2]] = HWG[Hy[D2[SU(5)]]]

(A.0.3)
= PE [t* 1 pa + t*piopis] -

If we set the fugacities in the SU(5) characters to unity, we obtain the closed form
for the following unrefined Coulomb branch Hilbert series for N = 2:
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1+ 122 + 53t* + 8816 + 5313 4 1210 4 ¢12
(1—1)12(1 + )12 '

(A.0.4)

Observe that the order of the pole at ¢ =1 is 12, equal to the complex dimension
of the Coulomb branch.
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Appendix B

Monopole operators in some 3d
N = 4 gauge theories

In this section, we analyse the Coulomb branch operators of two 3d N = 4 gauge
theories, namely the U(N) gauge theory (with N = 2, 3) with one adjoint and one
fundamental hypermultiplets and the U(2) gauge theory with four flavours, using the
indices and Coulomb branch Hilbert series. The aim is to write down explicitly the
Coulomb branch operators with R-charges up to 2 and their relations. These turn out
to be extremely useful in drawing an analogy with operators in the S-fold theories
discussed in the main text.

B.1 U(2) and U(3) gauge theories with one adjoint and
one fundamental hypermultiplets

Let us first consider the U(2) gauge group. The index of this theory is

2(d[1] + 7 1]e) + (22 (2 + 2[1u e + 24 7%(2))
[d3(2[3]w + [1w) + 3d[2w[1]e + 3d ™" [20e[1]w + d 7 (2[3]c + [1]c)

1+

8

N|w

+x

+ 2? [d4(3[4]w 420w 1) + 428wl + (d = d Y w 5 ¢) + 5[2]w[2e (B.1.1)

—2e - [2w 2| +...

The terms at order 2 indicate that the theory contains two free hypermultiplets,
and so the above expression can be rewritten as

Ttvee(w; cd ™) Tivee(w; €™ d ™) Tiree (2 wd) Tivee (25w d)
% [+ @ (@2 + [Multle + d72[2e) + 2 (d' 4 + (3w 1+
+d ™ [4e + d7*Ble[lw + [2w[2e
= [Uu[t]e — d [ lle - 2w — 2l = 1) + ...

(B.1.2)

where Zgee(z;w) is defined in (5.3.73). In fact, this index can be rewritten in terms
of characters of SU(4) representations as

Thvee(2; ¢d ™) Tireo (25 ¢ 1) Tireo (25 wd) Tiveo (3w d)

x [1+12,0,00z + ([4,0,0 = [1,0,1])a? + .. |, (B-1.3)
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where we have used the following decompositions of representations of SU(4) into
SU(2)w x SU(2)e x U(1)4:

2,0,0]  —  [20)42 + [151]o + [0; 2] 2
[4,0,0] —  [4;0]44 + [3;1] 42 + [2;2]0 + [1;3] 2 + [0;4] 4 (B.1.4)
[1,0,1]  — [131]42 + [2;0]o + [0; 0]o + [0;2]o + [1;1]—2 -

Let us discuss (B.1.2) from the perspective of the A/ = 3 index, in which case
we have to set d = 1. The index can then be rewritten in terms of characters of
USp(4) = Spin(5) representations as follows:

Ifree(l'; C) Ifree(x; c_l) Ifree($; U)) Lree (27; w_l)

(B.1.5)
x |14+ [0, 2]a + 22 ([0,4]—[0,2][1,0]) + ...

The N = 3 flavour current is in the adjoint representation [0, 2] of Spin(5). We
indicate its contribution to the index in blue. The brown negative term at order z?2
in (B.1.2) implies that there are five extra SUSY conserved currents in the vector
representation [1,0] of Spin(5). We thus conclude that the interacting SCFT part
of this theory has N' = 3 + 5 = 8 enhanced supersymmetry, in agreement with [124,
Section 5.1|. Indeed, the symmetry Spin(5) is the commutant of the N' = 3 R-
symmetry Spin(3) in the N' = 8 R-symmetry Spin(8). Another way to see this is
to view (B.1.3) as an A/ = 2 index, in which the SU(4) = Spin(6) global symmetry
is manifest. This is actually the commutant of the A" = 2 R-symmetry Spin(2) in
Spin(8), which is the R-symmetry of an N' =8 SCFT.

We remark that, in (B.1.1), we include the contribution from the free hypermul-
tiplets. In particular they contribute negative terms —(d[1],, + d~'[1].) at order 2%/
and —([2]y + d?[1w[1]e + d72[1w[1]e + [2]c + 2) at order z%; see (5.3.73). These can
combine with the contribution of the interacting SCFT part and cancel that of the
operators constructed from products with the aforementioned free fields.

We denote the monopole operator with flux (m,n) by X(,, »), which carries topo-
logical charge m 4+ n and R-charge (|m| + |n|). Note that one can always use the
Weyl symmetry of U(2) to arrange the flux into the form m > n > —oo. As in the
main text, we use the following shorthand notations below:

X:t = X(:I:I,U) y X++ = X(lvl) ; X__ = X(—l,—l) . (B16)

In the following analysis we focus on the Coulomb branch operators. Up to order
22, these correspond to the terms with the highest power of d in (B.1.1). Another con-
venient way is to compute a quantity that counts such operators, known as Coulomb
branch Hilbert series, which can be regarded as a limit of the index (see (3.41) of
[144]). For the theory in question, the Hilbert series is computed in section 4.1 of [64]:

Z x%(lmlJr\n\)pU(Q)(m;mjn)wmﬁl

m>n>—o0

:PEP%mw+xmw—x2 (B.1.7)

N

=1+ 22U + 222w + 22 (2[3]w + [Lw) + 2234w + 2w + 1) + ...
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hypermultiplets

with

(1—a)2, m#n

(1—2)"Y(1 -2, m=mn (B.1.8)

Pyay(z;m,n) = {

The second line of (B.1.7) indicates that the Coulomb branch is isomorphic to
C? x (C2/Zy).

The Coulomb branch operators that carry R-charge 1/2 are the monopole opera-
tors with fluxes (+1,0)

Mw: Xy, X_ (B.1.9)

They parametrise the C? factor of the Coullomb branch and decouple as a free
hypermultiplet. These correspond to the term z2[1], inside the PE in (B.1.7).
The Coulomb branch operators with R-charge 1 are

[2]w : Xyt s (trep) , X__
2] : X2, X, X, X2,
It should be noted that X1 X_ = X1 0yX(_1,0) = X(1,00X(0,—1) 18 not subject to
any relation and is an independent operator; it can be identified with the monopole op-
erator with flux (1, —1). The quantities in the first line are generators of the Coulomb
branch, corresponding to the term x[2],, inside the PE in (B.1.7).
The Coulomb branch operators with R-charge 3/2 are

(B.1.10)

Bly: X3, X2X_, X, X2, X3
[3]11} . X++X+ 5 X++X_ 5 X__X+ y X__X_ (Blll)
Mo Xiltre), X_(try).

The Coulomb branch operators with R-charge 2 are

M.: X%, X3x_, X2x?
X, X3 X
[4]11) : X-2|-+ ’ X.H_(tr(p) ) X'Q‘F'FX—— = (tI’gD)Z ’
X__(trep), XZ_
Moo XeiX2, X (XoX), X\ X2 =XIX (B-1.12)
X (XyXx), X _Xx?
2l Xi(tre),  XoX_(rg),  X2(try)
0w tr(¢?)
where the relation
X 4 X = (tro)? (B.1.13)
is the defining equation of the factor C2/Zs of the Coulomb branch. Notice that the
left hand side Xy X = X ;)X (1 _1) occupies the point (0,0) on the magnetic
lattice and so as the right hand side. This relation corresponds to the term —z? inside
the PE in (B.1.7). Moreover, the relation
X X2 =X2X_ (B.1.14)

follows from the fact that the monopole operators on the left and right hand sides of
the equation occupy the same point (1,—1) in the magnetic lattice.
In the case of the U(3) gauge group, the Coulomb branch Hilbert series reads
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PE [g;% Mo + 2[2)w + 23 [3)0 — 23 [1e — 232w + . ..
) , (B.1.15)
=1+ 221}y + 222} + 22 (3[3]w + [1w) + 2% (4[4]w + 2[2]w +2) + ... .
The notations need to be slightly modified as follows:
Xt = X(1100) » Xix:=X1q1,0) > Xitr =Xpa10) - (B.1.16)

As we can see from the above Hilbert series, the generators of the Coulomb branch
are the same as for N = 2, except that there are additional ones with R-charge 3/2
in the representation [3],:

Blo: Xitv . X0, Xoon, X——o. (B.1.17)

The dressed monopole operators X 1) are as discussed in (5.4) of [64]:

Xii(rs) = X(£1,0,0)50r,5) = (£1,0,0)97 (45 + ¢5) + permutations , (B.1.18)

where along the Coulomb branch ¢ can be diagonalised as diag(¢1, d2, ¢3).

B.2 U(2) gauge theory with four flavours of fundamental
hypermultiplets

The index of this theory reads

1+ (d?[2w + d72[1,0,1]5) + 2 [d4([4]w + 2w + 1) + [2]u[1,0,1]5 B
2.1
+d*([2,0,2]5 +10,2,0]4) — 2w — [1,0,1] — 1| +... .

The monopole operator X, ,y with flux (m, n) carries the topological charge m+n
and R-charge 2(|m|+ |n|) — |m — n|. The Coulomb branch operators are captured by
the highest powers of d at each order of z in the index. The information about the
Coulomb branch chiral ring is contained in the Hilbert series, which was discussed in
(5.6) of [64]:

S gl By, a2

m>n>—o00

— PE [33[2]11; + 1‘2[2]w _ x3 . 1,4] (B.2.2)
=1+ 22w+ 2% (4w + 2w+ 1) +... .
The Coulomb branch operators with R-charge 1 are
[2]w : X0, (tro), Xcio) - (B.2.3)

These correspond to the term z[2],, in the PE in (B.2.2).
The Coulomb branch operators with R-charge 2 are
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[4]w X(21,0) ;o Xaotre), XaonXci, Xcoltre), X(2—1,0)
2] : X(1,00:(0,1) tl"(SOQ) ) X(-1,0,(0,1) (B.2.4)
0w (tre)?

The second line contains the dressed monopole operators, as discussed in (5.4) of
[64]:

X(il,O);(r,s) = (:I:17O)¢714¢§ + (07 :tl)qsggﬁi ) (B25)

where along the Coulomb branch ¢ can be diagonalised as diag(¢1, ¢2). The quanti-
ties in the second line correspond to the term z%[2],, inside the PE in (B.2.2). The
quantities in the first and third lines of (B.2.4) correspond to the symmetric product
Sym?[2] = [4] + [0].

In order to understand the relations at order 2% and z*, as indicated by the Hilbert
series (B.2.2), it is convenient to define the following traceless matrices, containing
the generators of the Coulomb branch:

tro  Xa 0)) ( tr(e?) X050 1))
X = ’ , Xy = AT , B.2.6
! (X(1,0) —tro 2 X 10501 —tr(e?) ( )

each of which transforms in the adjoint representation of SU(2). Similarly to (4.19)
and (4.20) of [105], the relations at order 23 and z* can be written respectively as

3 tr(AAR) =0
& X10X(-1,0:01) + X(-1,0X@1,0)0,1) + 2(tr ) tr(¢?) =0,
ot (&) + altr X2 =0 (B.2.7)
& X000 X (1,001 + [tr(9®)]?
+20[X(1,0)X(_1,0) + (tr)’]* =0,

where « is a non-zero constant, which can be absorbed by a redefinition of A} or A,.
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Appendix C

Consequences of the F-term
equations (5.3.44)

In this appendix, we discuss consequences of the F-term equations (5.3.44) on gauge
invariant quantities.
It is convenient to define
=QuQ5 . ()i = Q¢ (C.0.1)
so that we have
M} =trug . (C.0.2)
It then follows that

b
i (C.0.1) (5:344) o (5.3.44) a
QUM =" Q¥ ), Q < = pc — MH) =" —Q%(uc + pm)
~i i (C.01) =, (5.3.44) k (5.3.44) i
QM; =" Qu(nq)s el < @ — pc — ;m) 2 Qie + n)? |
b
(C.0.3)
or, equivalently,
Q5 [(un + poYedd + MISL] =0, Qf [(ur + ue)idl + MiGE] = 0. (C.0.4)
Multiplying @]g to both sides of the first equation in (C.0.4), we obtain
MjM] = (M?)} = —(pu + ne)oQ Q5 - (C.0.5)
Contracting the indices k£ and 7, we obtain
(M?)] = tr(ugy) = —(nu + pe)sQuQ) = — tr [(um + pe)uq) - (C.0.6)
For n > 2, it is convenient to define
17 i Lok i i 1 i

It satisfies the following identifies:
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—~ 9 . 1 )

(L)) = (M); = ~(ME)M] + —5 (ME)*S
i 1

(M)} = (M?)] — —(M[)? .

In the special case of n = 2, due to the Hamilton Cayley theorem?!

| .
(M?)i = Q(W)’ga; ., forn=2.

Using (C.0.2), (C.0.5), (C.0.6) and (C.0.8), we obtain

i ~ina 277 1 i
(MP); = —(unr + pe)aQhQ§ = ~Mj(r ) — —5 (tr )5

n2
4 1
(M?)i = —tr [(u + pe)ug) - ot 1Q)* -
It is also convenient to define
0 1
(ALY = ()i — - (WP)}55

Then, from (C.0.10), we have

. ~. 1 D
(M%)} = —(par + ne)s Q@) + — tr(umpq + pong)d; — Mt jug)
) ) 2 .
= ~(An)j ~ (Ac)j — ~Mj(trpg) .

where we define

, ~ 1 ,
(An)t = (un)iQLQ0% — - tr(papg)d;
. ~ 1 .
(Ac); = (n0)5QaQf — — tx(nonQ)d; -
Using (C.0.9), we also have

TR2Yi _
(M?7):=0, forn=2,
and so it follows from (C.0.12) that

(An)j + (Ac); = =Mj(tr pg) = =Mj (M), forn=2.

'For a 2 x 2 matrix A, it satisfies A% — (tr A)A + % [(tr A)? — tr(A2)] 1lox2 =0.

(C.0.8)

, we also have

(C.0.9)

(C.0.10)

(C.0.11)

(C.0.12)

(C.0.13)

(C.0.14)

(C.0.15)
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Appendix D

Topological sectors and indices: the
example of the duality appetiser

In Section 6.4.7 we mentioned that the 3d index can be useful for detecting the presence
of topological sectors in a theory. In this appendix we give some details of this for
the case of the duality appetiser of [119]. This is a duality which relates an SU(2);
gauge theory with one adjoint chiral to the product theory of a free chiral multiplet
plus a topological sector consisting of a U(1)_2 TQFT. The topological sector was
detected in [119] using the S partition function, where it was observed that the
U(1)y symmetry acting on the adjoint chiral on the SU(2); side of the duality is
mapped to a combination of the R-symmetry and the topological symmetry of the
U(1)—2 TQFT on the dual side. The topological sector can actually be detected also
in the index by turning on a background magnetic flux my for the U(1); symmetry.
The duality is indeed represented by the following identity of indices:

2 xz—R@+I2mf|.x2)oo

2m . —2mq _ .2m £2y( 2, Re—1 —|mf|( )
Z f?ﬂzz (1 —a™"25%)(f"z ) (fsz¢+|2mf\;x2)oo

L7 2 m2fR¢+\12m+2mf|;x2)oo

+2 QxRé—l)—\:l:m—i—mf\ (

x (Z ( +2 f2 Rq>+\:|:2m+2mf\.$2)
+oo
B (f4l,2Rq>—1)—|2mf\ (f 4 2 2Rg+|4my]. x Z 2m+2mf (:L,Rq,—i-lfQ)m
- (f4 2R +|4my]|. xz sz
(D.0.1)

where f, my are the fugacity and the flux for the U(1) s global symmetry and Rg is the
R-charge of the adjoint chiral field. The identity holds provided that the background
flux is quantised as m; € Z and for generic values of f and Re. Notice that the map
between the U(1); symmetry acting on ® and the topological symmetry of the TQFT
is compatible with the one found in [119] at the level of the S partition function. The
prefactor to the integral on the right hand side is the index of the free chiral, while
the remaining integral is the index of the U(1)_o TQFT, which evaluates to

Z %27722 s (qu)HfQ)m = (qu>+1f2)_mf (D.0.2)

and, as we anticipated, is trivial if we turn off the background magnetic flux m; = 0,
while it is non-trivial if we take my € Zo. In other words, the topological sector is
detectable by the index provided that we introduce such background flux.



228ppendix D. ‘Topological sectors and indices: the example of the duality appetiser

The identity (D.0.1) can be tested by perturbatively expanding both sides in x.
Taking Re = %, which is the value corresponding to the superconformal R-symmetry
[119], we find that the indices of both of the dual theories are for my =0

Lm0 = 1+f4$% + (f12 _f—4) . + [z 4 (16 — 1)22 +f20x§ 1Ay
+ (fzs . f*4) zg + (f32 . 2):54 + (f36 . f4) a:% (f40 +f78) 254
+ f44a;% + (% -225+0 <$%> , (D.0.3)
which is the same result that was found in [119, (9)]. Notice that —1 at order 22, which
represents the fermionic superpartner of the U(1) s conserved current. For non-trivial

my we find that the two indices still match and that the topological sector (D.0.2) is
crucial for the matching. For example for my = 1 we get

Tnyp=at1 = f*wac*i + f*6x% — f*14x% +0 (m’%> , (D.0.4)

but we also checked (D.0.1) for several other values of ms and Re.
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