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Introduction and Summary

The development of holographic duality [6] [93] has been highly effective and substantial in
addressing major problems in theoretical particle physics. The significance of this development
relies on the establishment of the connection between weakly and strongly coupled theories. This
fact allows the study of long standing questions on quantum gravitational phenomena , gives
access to the strong coupling regime of quantum field theories, while it allows for the study of
non-perturbative string theory through weakly coupled gauge theories.

Regarding quantum field theory, enormous progress has been achieved with the use of powerful
computational techniques based on supersymmetry which allow for obtaining exact results for
supersymmetric observables. One of the leading exact result methods in gauge theories is the one
of supersymmetric localization [114] [99], which relies on reducing an infinite dimensional path
integral to a finite-dimensional integral. This method has found application in supersymmetric
gauge theories in various dimensions with some notable mentions being the two-dimensional
N = (2,2) theories (partition function on round and squashed S? [27][60][70]), three-dimensional
N = 2 theories [79] (supersymmetric Wilson loops in Chern-Simons matter theories) and the
four-dimensional N' = 2 theories (Localization on round S*[99], Nekrasov partition function
[96]).

The theoretical background of this work is the holographic duality between three-dimensional
N = 4 superconformal theories and type IIB supergravity on the warped background AdSy X,
Mg , where the six-dimensional manifold is comprised by two two-spheres wraped over a two-
dimensional Riemann surface: S2 x §2 x Y(2). Both the supergravity solutions and this class
of superconformal theories have been subjects of intensive study and offer a rich ground for
exploring various directions such as interesting dualities or new approaches to important questions
in quantum gravity. This correspondence has been developed in [12][13] and has been tested
throughout [14]. In the present work, we study specific questions in the theories of both sides of
the aforementioned duality.

The first main axis of this work regards the solutions of the gravitational side of the correspondence
and in particular the study of massive N' = 4 (super)gravity in four dimensional anti-de Sitter
space. Relativistic theories of massive gravity [47] [105] [76] [48], have received a great amount of
attention over the last years among other theories of modified gravity. The question that lies in
the core of these theories, is a long-standing one of theoretical physics and regards whether the
graviton can obtain a mass.

General relativity (GR), is an accurate and physically elegant theory of gravity at low ener-
gies. It is given in terms of the Einstein-Hilbert (EH) action and describes the non-linear self-
interactions of a massless spin-2 field. Modifications of gravity are mainly motivated by important
questions in cosmology [50] [37] , with the most significant being undoubtedly the cosmological
constant problem [112]. Well promising directions are the ones where gravity is modified at large
distances, or equivalently at low energies. An example of such an IR modification of gravity, is
a theory of massive gravity. Consistently modifying GR into a theory of massive gravity would
simply be based on adding a mass term for the graviton to the EH action so that in the limit
of vanishing graviton mass (m — 0), GR would be recovered. Nevertheless, this logic hides sig-



nificant inconsistencies and pathologies. The first attempt of writing an action of a theory with
a massive graviton, was made in [63]. Indeed, in this case, in the limit of vanishing graviton
mass the predictions of the obtained theory are far from those of GR. A particular example , is
the case of the linear theory coupled to matter, in the work [111], the massless limit of which
gives a different prediction for light bending from the one GR gives. This is one of the typical
disagreements in physical predictions one confronts in theories of massive gravity in the massless
limit, a fact that is characterized as a van Dam-Veltman-Zakharov discontinuity [87][100] . The
source of this problem has to do with the degrees of freedom the mass term introduces. This
can be seen from the decomposition of the Pauli-Fierz mass term: the four-dimensional massive
graviton possesses five degrees of freedom out of which two correspond to the helicity-2 mode
(massless graviton), another two to the helicity-1 mode (massless vector) and finally one to the
helicity-0 mode (massless scalar). The scalar provides the coupling to matter, as it couples to the
trace of stress-tensor of the theory. In the massless limit, this coupling remains, and therefore,
the theory obtained in this limit is not GR but rather GR plus a massless scalar, which turns out
to be the source for the aforementioned physical parameter discontinuities.

The problem of such disconituities is resolved by the so called Vainshtein screening [109].
This concept suggests that a massive gravity theory becomes strongly coupled in the IR, in the
massless limit. Therefore the linear theory does not provide the complete description but rather
a first order description of a non-linear theory. These non-linearities which become dominant in
the massless limit, are the ones that finally compensate the discontinuities. However it has been
shown that the non-linear theories suffer from the presence of ghost-degrees of freedom. This
regards the work [33], where the studied non-linear theory appeared to possess instead of five
degrees of freedom, an extra one, which corresponds to a scalar with negative kinetic term, called
Boulware-Desser ghost. In flat background, this mode decouples but on the contrary around
non-trivial backgrounds its mass remains finite and hence it is a part of the theory.

Nevertheless, the attention this interesting subject has attracted has led to significant devel-
opments which provided solutions to certain of the aforementioned pathologies, at some extent.
These include developements in effective field theory [10][35][51][26][49] where regimes of validity
and properties of such theories have been studied and the constructions of non-linear extentions
of the Fierz-Pauli actions which are ghost free [48][74][36].

Questions regarding consistency and validity of these theories could be answered by embedding
massive gravity in string theory, which is ultraviolet (UV) complete. String theory is a consistent
theory and therefore it is expected that the effective four-dimensional theories obtained by the
embeddings studied in this work will be free of ghosts and other pathologies. An important detail
is that most of the problems that regard massive gravity theories, like the vDVZ discontinuity,
are absent in anti-de Siter space.[75][100][80] Therefore studies of string theory embeddings of
massive gravity in AdS space could be very promising, apart from the fact that are far from
realistic, apparently due to the negative cosmological constant and of supersymmetry.

A model that concerned four dimensional massive gravity in AdS space, is the one intrduced
by Karch and Randall [82][81]. This work regards the study of metric fluctuations in AdSs in the
presence of a thin AdS; brane on which the four dimensional graviton would be localized (two
slices of AdSs glued along the thin AdSy brane). It was shown that if the ratio of the AdS radii
of curvature is small (Ls/L4 < 1), this result to a slightly massive graviton localized on the AdSy
brane along with two infinite towers of AdSs modes. The string-theory embedding of the Karch-
Randall model is given by the exact solutions describing intersecting D3, D5 and NS5 branes
[52][54]. Nevertheless, this thin-brane approximation fails, as it is going to be explained in the
main text [20] and therefore the Kaluza-Klein scale, beyond which any effective four-dimensional
description breaks down, is the AdSy radius (L4) and not the AdSs (Ls).

Other proposals regarding string theory embeddings of massive AdS gravity are based on
transparent boundary conditions in AdS [102] [101] [61] or on multitrace deformations of the dual
CFT [85][4] [86] and they share the characteristic that the graviton mass arises as a quantum



effect.

The second main axis of this work regards the gauge theory side of the correspondence. Specifi-
cally, the objective is the study of exactly marginal deformations of the superconformal theories
at hand.

One way of deforming a given conformal field theory is by adding an appropriate term in its
action. The term is of the form §Sy = A [ dzO, where X\ a coupling constant and O is a local
operator of the original theory. The study of deformations actually relies on the inspection of
the conformal multiplets of the theory: In particular the deforming local operator is a confor-
mal primary of the corresponding multiplet (and moreover a scalar so that Lorentz symmetry
is preserved). The type of deformation depends on the scaling dimension (Ap) of the local op-
erator. Irrelevant deformations are initiated in the case where A»n > d and then the CFT is
an IR fixed point of the renormalization group flow along which the coupling A flows to zero.
Relevant deformations are initiated if Ap < d, where the original CFT is the UV fixed point
of the renormalization group flow and the coupling grows towards the IR . Apparently in both
above cases conformal symmetry is broken at leading order in the coupling. Finally, marginal
deformations are initiated in the case Ap = d and preserve conformal invariance at leading order
in the coupling. Hence marginal deformations lead to a neighboring CFT. Next to leading order,
when the coupling receives corrections, these are divided into marginally irrelevant, marginally
relevant and exactly marginal, depending on whether conformal symmetry is broken at higher
order in A or not.

In the case of superconformal field theories, the logic is similar: Superconformal deformations
are the ones that preserve supersymmetry. They are activated by conformal primaries that are
annihilated by (all) Poincaré supercharges, up to a total derivative. These operators are charac-
terized as "top components” of the multiplet, in order to stress the difference between them and
the "bottom component”-namely the superconformal primary of the multiplet -which does not
meet the above requirement of initiating a superconformal deformation. An important detail is
that top components may appear both at the top level of a multiplet (namely by the action of
all Q-supercharges on the conformal primary) but also at intermediate levels of a multiplet [38].
Therefore the enumeration of all possible superconformal deformations of a given theory boils
down to the enumeration of all possible top components, which demands a detailed inspection of
the superconformal multiplets of the theory. Regarding exactly marginal superconformal defor-
mations, the deforming operators are top components of short (absolutely protected A) multiplets
of the theory.

The observable which encodes all the information about the short multiplets of the theory, is
the superconformal index. First studied in [84] and [30], this object has the definition of a Witten
index variant in radial quantization (Hamiltonian definition), as a trace over the space of local
operators of the given theory, constructed to receive contributions only from short multiplets. This
fact indicates that the index is invariant under continuous deformations of the theory. Moreover,
the superconformal index has a definition as a partition function on S9! x S' (Lagrangian
definition) and can be computed using supersymmetric localization. This approach has been
quite successful in the computation of protected spectra of superconformal theories as well as in
the study of dualities in various dimensions [77] [83] [103].

The outline of this work is as follows. In the first chapter, we introduce in detail the three-
dimensional A/ = 4 superconformal theories. The starting point is the relevant supersymmetry
algebra and its superconformal extention. We then describe how the content of these theories
is organized in N = 2 multiplets and we write down the supersymmetric actions that describe
them. The theories considered in this work are linear quiver theories [65], whose structure is
explained in detail throughout this chapter. These theories can be understood as low-energy
limits of theories living in the worldvolume type-IIB string theory branes [73]: D3-branes ending
on N S5-branes and being intersected by Db5-branes. The brane picture is very important for



establishing the connection with the dual supergravity. The final section is devoted to the moduli
space of vacua and the symmetries of these theories [11][72][43]. We present the Higgs, Coulomb
and mixed branches, and comment on their structure. For selected examples of quiver theories,
the brane configurations that encode the information on their moduli space are presented. The
final addition to the section regards the global symmetry of the linear quiver theories and three-
dimesional Mirror symmetry [78]. It is explained how the mirror symmetry acts on the branches
of the moduli space of the theories and how the mirror dual of a theory can be obtained, using
the IIB string theory analogue of mirror symmetry, which is the S-duality. Finally, the full
global symmetry of these theories is presented, as the product of the unitary groups rotating the
fundamental hypermultiplets of the the theory.

The second chapter is devoted to the IIB dual supergravity solutions, which are the afore-
mentioned warped geometries. [52][54]. In the case where the Riemann surface X, is compact,
string theory on this background geometry provides a realization of four-dimensional quantum
gravity. In the first section of the chapter we provide a detailed presentation of these solutions.
They are parametrized by two harmonic functions on the Riemann surface, on the boundary of
which they have (admissible) singularities, interpreted as sources of D5 and NS5 branes. Addi-
tionally, the singularities carry D3 brane charge and therefore the supergravity solutions have a
brane description similar to the dual superconformal theories. Throughout the second section of
the chapter, we present the precise holographic dictionary developed in [12]. With this chapter,
we close Part I and we proceed to the main part of the work.

In Part II, we present some new proposals for top-down string theory embeddings of mas-
sive four-dimensional anti-de Sitter gravity and of corresponding bigravity models[22][21]. The
problem we encounter is to look for supergravity solutions that allow for the lowest-lying AdSy
graviton to acquire a small mass. The solutions are the ones presented in the first part, with
the difference that the six dimensional internal manifold is non-compact: semi-infinite throats of
Janus geometry are attached to the compact manifold and are the characteristics of the geometry
that lead to a slightly massive graviton. Although the main analysis is carried out in supergrav-
ity, the underlying holographic duality presented in Part I, provides instructive insights on the
Higgsing mechanism and motivates the construction of the supergravity solutions in question.
This is explained in the first section of Chapter 3, where the problem of the small graviton mass
is reformulated in field theory as the problem of the small anomalous dimension for the dual
stress tensor. The sections that follow include the main analysis, which relies on the study and
search of metric fluctuations, around the considered supergravity solutions, that can acquire a
small mass. The main result of this study is a quantized formula for the graviton mass, which
depends on the effective gravitational couplng of the compact manifold along with the quantized
charge of the semi-infinite throat and the variation of the dilaton throughout the throat.

The final chapter of Part II regards a more general setting, the one of an AdSy bimetric theory.
Holographically this is motivated by the connection of two initially disjoint three-dimensional
linear quiver theories, by gauging of a common global symmetry. This corresponds to an extra
gauge node of low rank, connecting the two quivers. The two initially conserved stress-tensors of
the disjoint quivers eventually mix into a combination which remains conserved and one which is
not conserved and hence acquires a small anomalous dimension. The dual supergravity picture
is the one of two initially decoupled AdS4 x Mg spacetimes, which are connected by a thin throat
with AdS5x S5 or Janus geometry, depending on whether the dilaton varies throughout the throat
or not. This depends on the characteristics of each of the two supergravity solutions. The two
initially massless gravitons mix and the final result is bigravity theory, which includes one massless
and one massive graviton. As in the previous chapter, the mass of the graviton is computed and
it depends as before on the effective gravitational couplings of the two spacetimes as well as on
the quantized charge of the throat and on the dilaton variation. The massive AdSy gravity of the
previous chapter, turns out to be just a special case of this more general framework: In the limit
where one of the two effective gravitational couplings vanishes or when the AdSy radius of one of



the two spacetimes diverges, the massless graviton decouples and only the massive one remains,
verifying that for our solutions, the massive gravity is a special decoupling limit of the bigravity
theory.

The content of Part III is almost entirely focused on the three-dimensional linear quiver theo-
ries and their operator content [23] . The objective is to map out the superconformal manifold of
such theories, namely the family of such theories generated by superconformal (partially or fully
supersymmetry preserving) deformations that are exactly marginal. Therefore, we are focusing
on scalar top components of short N' = 4 multiplets with scaling dimension A = 3. However, top
components preserving N/ = 4 supersymmetry do not exist. The maximal supersymmetry that
allows the existence of such operators is N' = 2. The first part of the analysis relies on ”"detecting”
such exactly marginal operators by the analysis of representations of the superconformal algebra
in three dimensions with N’ = 2,4 supersymmetry. In particular, after determining in which
representations these operators sit, they are extracted and counted with the help of the super-
conformal index. The index is computed via Coulomb branch localization, namely as a complex
multiple integral over the Coulomb branch, summed over monopole charges. The calculation is
given in full detail throughout section 4 of Chapter 5. Consequently the Coulomb branch integral
is re expressed in terms of superconformal characters, and in this way the relevant superconfor-
mal moduli are clearly identified. The main result is that the marginal (chiral) operators of the
T,f[S U(N)] theories, transform in the S2(AdjG, AdjG) representation of the electric and magnetic
flavor symmetry, plus length-4 strings modulo redundancies for linear quivers with abelian nodes.
In particular the the mixed marginal operators transform in the (Adj, Adj,0) representation of
the global symmetry (5.1.4), up to some overcounting the quivers of have abelian gauge nodes.
The last addition to the chapter regards the holographic interpretation of the results.



Part 1

3d N = 4 Superconformal Theories
and type IIB Supergravity Duals



Chapter 1

3d N = 4 Superconformal Theories

1.1 N =4 supersymmetric gauge theories in three di-
mensions

In (241)-dimensions, the N' = 4 supersymmetry algebra has 8 real Poincaré supercharges. This
fact renders it half-maximal, given that the maximal rank of supersymmetry in three-dimensions
is A/ = 8 which corresponds to 16 real supercharges. The algebra is written in terms of four real
spinors {Q4}:

{04, QF} = 201,07 P, + 2¢0527 (1.1.1)

, with A, B = (1,2,3,4) and p = (0,1,2). This algebra is obtained through dimensional re-
duction from the N' = 2 supersymmetry algebra in (34+1)-dimensions. The matrices o/ generate
the three-dimensional Clifford algebra, whereas the central term Z, is a real and antisymmetric
matrix, which commutes with the algebra generators. The superconformal extention of the al-
gebra is given by o0sp(4]|4) and has in total 16 real supercharges, as it contains 8 additional real
conformal supercharges. Finally, the supercharges are rotated by the SO(4) ~ SO(3)r x SO(3) rr
R-symmetry group.

The field content of a 3d N’ = 4 super Yang-Mills with gauge group G is organized in hy-
permultiplets (H) and a vector multiplet (V), defined in terms of N' = 2 multiplets [7] [46]. A
3d N = 4 hypermultiplet is expressed in terms of two N = 2 chiral multiplets in conjugate
representations (R, R):

H:{¢,¢a,Fo ; &%a,Fp} (1.1.2)
N~— —_———
PN=2 =2

, with (¢,¢) and (Fg, Fé) being complex scalars and complex auxiliary scalars accordingly,
whereas (¢q, @a) are two-component complex spinors.

A N = 4 vectormultiplet is written in terms of an A/ = 2 chiral and N/ = 2 vector multiplet,
in the adjoint representation of the gauge group (AdjG):



Vi{duyAa, 0, F 5 6,60, F} (1.1.3)
—_——— ——

N=2 N=2
Vadgie) Yige)

One notable mention is that in three dimensions there is a duality between the abelian vector-
field and a real scalar field:

F;w = E,ulzpapSO (114)

This scalar is refered to as dual photon and is real and periodic (¢ ~ ¢ + g).

The N = 2 vectormultiplets and chiral multiplets in terms of which the N' = 4 vectormultiplets
nd hypermultiplets are expressed, can be introduced in the form of vector (V) and chiral ()
superfields, accordingly:

_ _ __ _ 1 .-
V = —0%",6° A" — 060 + i6°0) — i6°0) + 5920217
O = ¢+ V20¢ + 0°Fp, Da® =0

The supersymmetric action- in flat space- for a three-dimensional A/ = 4 gauge theory is
comprised of the pieces for the NV = 4 vector and hypermultiplets. These can be written in terms
of the above superfields. The first piece is the action for the vector multiplet:

_ 1 1 .
Y=t = gly=2 4 ?ng = 92/d3xd29d29Tr(W§ - @Te”@) +he (1.1.5)

, with W, = —1/4DDe "V D,eY, being the chiral field strength and g the three-dimensional
coupling. The two pieces of the expression written in component form read:

1 1 - -
P e ——— / d*Tr (5 Fu PP + Dyo Do + D? 42 Dyd + iAo, A
295y s 2
SN2 / 0*2(Dub D6+ 0% + FF — ity* Dy + ithery + it + DAY — M)

The second block of the total supersymmetric action is the one regarding the matter content,
namely hypermultiplets:

S=1 / Ped?0d*0 Y (21D + Bl 2Vd) (1.1.6)
(o)

8



,with the two chiral superfields in conjugate representations and the sum over the matter
content ({¢}) of the theory. The last piece is the action for the N/ = 4 superpotential, Wxr—4
which reads:

Syt = —zf/d%d%z (609) +hec (1.1.7)
!

The final addition to this section regards the deformations of the above supersymmetric
actions. For each abelian factor of the gauge group there can be a Fayet-Iliopoulos term. The
three real parameters transform as a SU(2)g-triplet and they can be considered as the bottom
components of a background A/ = 4 abelian vector multiplet Vo coupled to the topological
currents J; associated with the abelian factors of the gauge group.

Skt = / Brd20d20Te(S " Viey) + / Bd2OTe(dDp; + hic) (1.1.8)

, here the deformed Lagrangian is obtained by Vgr ~ 7]@9 and Ppr = 0:
SF] ~ 77F[/d3.%'D (1.1.9)

For the hypermultiplets there can be real and complex mass terms. In this case the three real
parameters transform as a triplet of SU(2)r and can be considered as the bottom components of
a background N = 4 abelian vector multiplet Vj coupled to the flavor symmetry currents Jgay:

Spunt = /d3xd29d292 (¢te2Vm g+ gle?Vng) — zf/d%d?ez $0mé) + b (1.1.10)
@ @

Here, m stands for the real mass parameter, the complex mass is rotated to zero and the
deformed Lagrangian is obtained by setting |¢,, = 0 and V;;, ~ m#6. It then reads in component
form:

SN =1 = Sn=2(¢,m) + Sy=2(d, —m) =
/d3 WODF )+ m*pp + FoFp — iy Dyap + imapp) - (1.1.11)



1.2 Linear quivers and their Brane Realizations

1.2.1 T/[SU(N)] theories

In this work we are interested in a specific class of three-dimensional ' = 4 theories [73] . These
theories arise as non-trivial infrared (IR) fixed-points of the renormalization group (RG) flow
of linear quiver theories [65]. Designated as Tﬁp[SU(N)], with p, p being integer partitions of N,
these theories under certain conditions which will be presented shortly, flow in the IR to 3d N' = 4
super Yang-Mills theory with gauge group SU(N).

The full information on the gauge and matter content of these theories is conveniently pack-
aged in a quiver diagram, as it is going to be explained in detail below. The gauge group G of
the Tg [SU(N)] theories is a product of unitary groups:

G = U(Nl) X U(N2> X .. X U(Nl%—l) (121)

To each unitary factor U(N;) corresponds a N/ = 4 vector multiplet and Ny ;- = 4 hyper-
multiplets in the fundamental representation of the gauge group. On top of that, there isa N' =4
hypermultiplet transforming in the bi-fundamental representation of each U(N;) x U(N;+1) prod-
uct. In the quiver notation, a node is assigned to each unitary group, a box contains the number
M; of the hypermultiplets transforming in the fundamental of U(NN;) and finally a horizontal
segment connecting two nodes represents a bi-fundamental hypermultiplet

The above data that characterize the gauge theory, are completely determined by the three
labels (p, p; N) for which:

, where the integers {/;} and {l;} are ordered so that {; > l;; and l} < ZA;_H, a fact that has a
particular meaning as we will see in what follows. The two partitions apparently correspond to
two Young diagrams, with N-boxes each. The i row of the p-diagram is of length I; whereas
the length of the " is lAZ Apart from these two Young diagrams, it is instrumental at this point
to introduce also the transpose diagrams p’, p7, as it will be useful for later analysis. Regarding
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the p” Young diagram, the length of its 7" row is denoted as ZJT whereas the length of the ;"

row of the p” Young diagram is denoted as fJT . The notation we use for the transposed diagrams
is carefully chosen; the meaning of this will become clear soon.

The most substantial part of this analysis regards to the IR-fixed point of the RG flow itself.
It is to be made precise that not all of T 5 [SU(N)] theories flow to a non-trivial fixed point in
the IR. Some of them flow to theories with decoupled sectors with free hypermultiplets or free
vector multiplets. On the contrary, we focus on the class of theories which have no such decoupled
sectors in the IR. In [65] it has been conjectured that such theories have a non-trivial IR fixed
point if and only if each unitary gauge group factor U(N;) of G has at least 2/NV; fundamental
hypermultiplets:

Nyi = 2N; (1.2.2)

where Ny ; stands for the total number of flavors/hypermultiplets of the U(/N;) node, which
for a quiver diagram is translated to:

Ni—1+ Ng; + Nip1 > 2N; (1.2.3)

When this condition is met for each node of a linear quiver, the gauge symmetry group of the
theory can be fully Higgsed a fact that corresponds, as introduced above, to the existence of a
non-trivial IR fixed point. Theories which exhibit this trait are characterized as ‘good’. Theories
for which the inequality is satisfied, are called ‘balanced’ and more will be presented about them
in the discussion of the moduli space of the theories in question, in following chapters. On the
contrary, when this condition is not met, the corresponding theory is called ‘bad’ and does not
have a non-trivial fixed point in the IR. A last type of theories are the ones for which Ny = 2N;—1,
that are called ‘ugly’: these flow on the IR to a free twisted hypermultiplet. The present work
though, mostly regards ‘good’ theories ; the rest is mentioned for consistency.

This IR-flow condition has an analogue expression in terms of the two integer partitions p, p
of N which completely determine the quiver data, as it will be immediately presented in what
follows. In [65] the condition on the partitions is translated to be:

pl > p (1.2.4)

and the equivalent of this condition is that the rank of each of the unitary gauge groups in
the quiver, is positive: {N;} > 0.In what follows, we will see how the above partitions are defined
and how the this inequality is obtained by the brane configuration from which we can read-off a
linear quiver theory.

11



1.2.2 Brane Configurations

The theories we just introduced are realized as low-energy limits of brane configurations involving
D3 — D5 and NS5 branes. It will become clear how the ‘good’ theory conditions can be obtained
from such brane pictures. In order to retain N' = 4 supersymmetry, the branes extend in the
various spacetime directions as dictated in the table below:

H 0123456789“
D3 © 0 ® ©

D5 & & © O O 6

NS5 ©® & O O O

Let us explain gradually and in detail, how a simple quiver is obtained from such a configura-
tion. Consider a U(N) theory with M-fundamental hypermultiplets, as in Figure 1.1. The U(N)
theory is the one living in the worldvolume of N-coincident D3 branes, which have an infinite ex-
tent along the (012)-directions while being suspended between two N.S5’s along the (3)-direction.

8 1 8
M N-D3

Figure 1.1: A U(N) theory with M-fundamental hypermultiplets. The U(N) theory lives in
worldvolume of the D3 branes and the hypermultiplets are provided by the strings stretched
between the D3 and the M-D5 branes.

In the low energy limit, this finite separation becomes irrelevant in comparison to the large
wavelengths we consider and hence, effectively the theory becomes three-dimensional. The M-
hypermultiplets in the fundamental of U(NN) are obtained by the strings stretched between the
D3 and the M — D5 branes intersecting them (3-5 strings). This is generalized to longer quivers,
by considering consequent NS5-D3,5-NS5 "blocks” as shown below, in Figure 1.2.

12
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Figure 1.2: A general linear quiver and the corresponding brane configuration

In this case, the above fields are supplemented by hypermultiplets transforming in the bifun-
damental hypermultiplet of U(N;) x U(N;4+1), which correspond to strings stretched from the
N; — D3 brane stack to the neighboring N;;1 — D3 brane stack. Since in the low energy limit
the (3)-direction becomes irrelevant, we can consider horizontal moves of the D5 branes along
this direction, the result any of which, describes the same quiver theory. However, these brane
moves involve some non-trivial string dynamics: each time a D5 brane crosses an NS5, a new
D3 brane is created between them. This is known as a Hanany-Witten transition [73]. Such
brane configurations can be encoded in a way invariant under these moves, in terms of D5 and
N S5-brane linking numbers. These quantities are defined in the following way:

li = —niy + RN (1.2.5)

l; = fjyu + LP° (1.2.6)

, where with n; » and n; 4 we denote the net number of D3’s ending on the ith D5 and
on the j™ NS5 brane accordingly, where RN 95 and L?E’ denote the number of NS5 branes on
the right of the *® D5 and the number of D5 branes on the left of j** NS5. There are two
details which should be taken into account regarding this labeling. First, by convention the D5
branes are labeled from left to right whereas the N.S5 ones are labeled conversely. Moreover, the
linking numbers are non-increasing, with all the D5 ones having the extra trait that are always

non-negative, while automatically Zk =N;_;:

>l 5 b=l (1.2.7)

Now, let’s see what information does the inequality satisfied by the IV.S5 linking numbers gives
us. If we consider the linear quiver of the picture above the inequality for the linking numbers
of the j® and (j + 1)™® NS5 branes results to the conjectured relation presented above for the
existence of a non-trivial IR fixed point. Note that in terms of the brane picture, the bifundamen-
tal hypermultiplets of U(N;) X U(Nj4+1) and U(Nj+1) X U(N;y2), are N2 + N; hypermultiplets
transforming in the fundamental of U(N;41).

Moving gradually all the D5 branes of the above configuration on the right of all NS5 ones,
by taking simultaneously into account the D3 brane creation at each crossing with a D5, results
to a final configuration with a total number of N — D3 branes, being suspended between NS5
on the left and Db5s on the right. Then:

13



NS5

Figure 1.3: The resulting brane picture after moving all the D5 branes on the right
of the NS5 branes. The linking numbers of the fivebranes comprise the partitions
p and p of N, where N is the total number of D3 branes suspended between the
fivebranes.

;=N (1.2.8)

and hence the five-brane linking numbers define the two ordered integer partitions of N, (p, p),
introduced in the previous section, which correspond to two Young diagrams. The number of
fundamental hypermultiplets is then given, according to their definition, by the multiplicity of
each integer in p and p:

:l1+l2++l]2;+1

=1+ .+1+2+.+2+..
—_—— ——
My Mo

A~

p=li+l+ ..+l
=14+ .+14+24+..+2+..
—_—

My Mo

where Mj are the number of fundamental hypermultiplets of the magnetic (mirror dual)

quiver, which will be introduced in one of the following sections.
These are exactly the brane configurations that realize the T/[SU(N)] theories.

Before we turn on two interesting examples, now that we have described the notion of the
linking numbers, we return to the general linear quiver of the above figure and its brane picture,
in the form where the fivebranes are factorized, as shown in Figure 1.3: The brane configuration
corresponding to any (good) linear quiver can be brought to the form where D3 branes end up
on a number of NS5 branes on the left and on a number of D5 branes on the right. Excatly from
this picturewe read directly the labels (p, p, N) of the theory.

14
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Figure 1.4: Quiver diagram and brane configurations of T((23 232121)) [SU(8)]

We study the move of each D5 brane, towards the left, starting with the innermost one and by
taking into account the vanishing of a D3 brane each time a D5 crosses an NS5. Supersymmetry
requires that no more than one D3 branes can suspend between a D5 and an NS5: this is the so
called s-rule. As shown in detail in [12], respecting the s-rule results to a number of inequalities
for the linking numbers which are actually the ‘good’ IR flow conditions in terms of the two
partitions of N/Young tableaux, in a weaker form than the one given in (1.2.4).

> p (1.2.9)

We close this section with a simple example of a linear quiver. Consider T((;’;”’le’;)) [SU(8)], which
is a good theory. From the partitions, we have that the brane picture includes four D5s with
linking numbers (2,2,2,2) and four N S5s, with linking numbers (3,3,1,1). The brane configuration
is given in Figure 1.4. Moving the Db5s until the net number of D3s ending on them is zero, we
obtain the quiver diagram, displayed at the lower part of Figure 1.4. Note that from the brane
picture found at the upper part of Figure 1.4 one reads directly (p, p, N), whereas from the one
at the lower-left part of the same figure, the quiver diagram is directly extracted.
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1.3 Moduli Space and Symmetries

1.3.1 Moduli space of vacua: Higgs, Coulomb and Mixed branches

Three-dimensional AN/ = 4 gauge theories have a moduli space which is parametrized by the
vacuum expectation values (vevs) of the vector multiplet scalars (o, ) and hypermultiplet scalars
(o, @ There are three distinct cases of parametrization. The first is the one where the vevs of
the vector multiplet scalars vanish while the ones of the hypermultiplet scalars are non-zero, the
latter parametrize the so called Higgs (Cpr) branch of the moduli space. In the opposite case,
when the vevs of the hypermultiplet scalars vanish and the ones of the vectormultiplet scalars are
non zero, then the latter parametrize the Coulomb (Cc) branch. Finally, apart from purely Higgs
or Coulomb branches, there also exist the ones that are parametrized by vevs from both sets of
scalar fields and those are called Mized branches. A general description of the the full moduli
space of a three-dimensional ' = 4 theory with gauge group U(N) is as a union of these mixed
branches [106]:

M =JCu, x Cc, (1.3.1)

We start by the description of the Higgs branch of a theory with Ny flavors. The bosonic fields
of the hypermultiplets are pairs of complex scalars Qn = (¢a, 9*1)T with o = 1,2, ..., N +, which
transform as SU(2)r doublets. The vevs of these scalars parametrize the Higgs branch and they
satisfy a triplet of D-term equations Tr[QQo;] = 0 modulo gauge transformations, which defines
the Higgs branch as a hyper-Kahler quotient. The gauge group is completely broken at the Higgs
branch and the theory in the IR is that of free hypermultiplets. On the contrary, when complete
Higgsing is not possible, the low-energy theory contains also free vector multiplets. Finally the
Higgs branch is classically exact, it does not receive any quantum corrections and hence can
be studies from the classical Lagrangian of the theory. This is implied from the fact that once
the gauge coupling is promoted to a superfield the scalars of the superfield are SU(2) g singlets,
transform only under the SU(2)y and so they appear only in the Coulomb branch [78].

The Coulomb branch is a hyper-Kéahler manifold, parametrized by the vevs of the vector
multiplet scalars. These are diagonal matrices breaking the gauge group to its maximal torus,
U(1)", with r = rankG. The matter fields are massive and the IR theory is the one of free (abelian)
vector multiplets. On the contrary with the Higgs branch, the Coulomb branch receives quantum
corrections that modify the geometry of its classical descritpion. The quantum corrections are
induced by monopole operators. These operators that belong to the general category of defect
operators, are extra chiral (with respect to an A/ = 2 subalgebra of the A" = 4) operators subject
to quantum relations not derived from a superpotential. They are defined by the prescription
of singular boundary conditions in the path integral. Specifically the insertion of a monopole
operator Vi (x) at point x, corresponds to performing the path integral over the gauge field
configurations with a Dirac monopole singularity at xz: At ~ (£l — cosf)d¢, where we use
the spherical coordinates (r,0,¢) and Ay denotes the gauge connection on the two patches of
a two-sphere enclosing the monopole insertion point x. The monopole singularity is given by
an embedding U(1) — G, determined by the monopole charge, taking values in the weight
lattice GNO dual group modulo Weyl reflections, m € I'gv /W, alongwith the Dirac quantization
condition *™™ = 1.

In order for the monopole operator to preserve N’ = 2 supersymmetry, the boundary condtition
is imposed for the A/ = 2 vectormultiplet scalar: o ~ m/2r,(r — 0). In this way the inserted
operator is a %—BPS monopole operator sitting in a chiral multiplet of the theory, and therefore
they are counted along with the other chiral multiplets of the theory.
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Having already introduced the Higgs and Coulomb branches we now focus on the mixed
branches. These subregions of the moduli space are generated when scalars from both the vector
multiplets and hypermultiplets acquire non-vanishing vacuum expectation values. The description
of the mixed branches can be given in terms of type-IIB brane configurations [34] , as the ones
introduced in previous section.

One important detail regarding the brane configurations in this discussion, is to specify the
boundary conditions of the bosonic fields living on a D3 brane which ends on either kind of
fivebrane. A three-dimensional scalar can obey either Dirichlet boundary conditions and vanish
at the boundary, or Dirichlet, where its value at the boundary is free. For the three dimensional
vector, we have to take into account the dimensional reduction from four dimensions: he vector in
four dimensions reduced to a three-dimensional vector , which is set to zero by Neuman boundary
conditions and a scalar, vanishing for Dirichlet boundary conditions. On the D3 branes the
effective three-dimensional theory includes a scalar plus the fluctuations along three transverse
directions as the bosonic massless modes of the NV = 4 hypermultiplet and finally the three-
dimensional vector and the fluctuations along the rest of the transverse directions as the bosonic
part of the AV = 4 vectormultiplet. Therefore, the boundary conditions imposed when a D3 brane
ends on a D5 brane, set to zero the bosonic part of the vector multiplet and the only surviving
modes are the hypermultiplet scalars. On the contrary, the vectormultiplet scalars are the only
ones surviving when a D3 brane is suspended between two NS5 branes.

This information can be combined with the discussion of the previous section regarding Higgs
and Coulomb branches. D3 branes suspended between two NS5 branes and moving freely along
the NS5 directions, correspond different values of the vectormultiplet scalars and namely to
Coulomb branch moduli. On the other hand, motions of D3 branes along the D5 directions (while
being suspended between them) correspond to different values for the hypermultiplet scalars and
hence to Higgs branch moduli. Finally, and D3 brane suspended between a D5 and an NS5 , has
no moduli as half of them are set to zero by Dirichlet and the other half of them by Neuman
boundary conditions. In a given brane construction, by counting the number of mobile D3 branes
per case one can determine the dimension of a Coulomb or Higgs branch of the theory.

The mixed branches are determined by a partition

A=A M) 5 D A=N

the entries of which determine the number of D3 branes ending on each D5 of the brane
configuration describing our theory. Moreover,the “good” theory condition holds: p7 > A > p.
The case p7 = X is the full Higgs branch of our theory, whereas A\ = p corresponds to the full
Coulomb branch. The intermediate A-partitions correspond to the various mixed branches of the
theory. In this sense, the full moduli space of vacua of a 3d N' = 4 theory is:

M= |J CixHy

pT2A>p

M= |J CGxCr ;5 M= |J My xHy

PT>A>p PT>A>p

where the second line just uses the fact that the two branches are exchanged by mirror
symmetry, which characterizes superconformal theories in three dimensions and will be explained
in detail in the following section. Therefore, the Higgs branch of a theory the mixed branch of
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Figure 1.5: The quiver diagram and the brane configuration of T&’é;)l )[SU (8)].
The linking numbers of the fivebranes are specified in the parentheses above each

brane.

which is determined by the partition A is mapped to the Coulomb branch of the theory the mixed
branch of which is determined by the partition dual to A (which is its transpose).
We can proceed to an example and answer two questions:

e For a particular A\, which is the theory whose full Coulomb branch coincides with the
Coulomb branch part of the above mixed branch, Cy? Accordingly for the Higgs branch.

e Can we determine the dimensions of the Coulomb and Higgs branches?

Example: Mixed branches of T (222; )[S U(8)]

The quiver diagram and the brane configuration of this theory are found in Figure 1.5. As
indicated by the linking numbers above the fivebranes, this theory is labelled by two partitions
p=(1,.,1) and p = (4,4,2), whereas pT = (8) and p7 = (3,3,1,1). The various branches
can be given by integer partitions of 8 obeying 57 > A > p. As noted above, the marginal cases
correspond to full Coulomb and full Higgs branches, so here we can pick an intermediate partition
to study the case of a mixed branch.

A=(2,2,1,1,1,1) AT =(6,2)

In this case, two D3 branes are frozen on the innermost D5, another two on the next one and so
on. The mixed branch brane configuration is the following;:

The Coulomb branch part of the mixed branch is generated by the mobile D3 branes (red),
stretched between the NS5 branes and the Higgs branch part of the mixed branch is generated
by the mobile D3 branes (blue), between the D5s. The D3 branes suspended between the two
different kinds of fivebranes have no moduli, as explained in the previous paragraph.

By giving infinitely large vevs to the Higgs branch moduli, namely by moving the blue D3
branes to infinity, we can read off the quiver theory the full Coulomb brnch of which coincides
exactly with the Coulomb branch part of the above mixed branch. We get the quiver theory
below which is labeled by the partitions A and p.
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Figure 1.6: The brane configuration corresponding to the mixed branch A =

(2,2,1,1,1,1) AT = (6,2) of T(;35 [SU(8)]

We see that the full Coulomb branch of this theory is exactly the Coulomb branch part of the
Mixed branch labeled by A and therefore C\ = C[T p)‘] .

Acting accordingly for the Higgs branch, we see that it coincides with the full Higgs branch
of the theory with gauge group U(2) and eight fundamental hypermultiplets, labeled by the

partitions p and A”. Therefore H, = H[T};] and finally:

M= |J axmy= |J ] <xHTL) = |J clT) xc[T)] =

PT=A>p PT>A>p PT>A>p

Given that we know the partitions which label the theories the full Coulomb and Higgs
branches of which coincide with the corresponding factors of the Mixed branch of the initial
theory, we can directly compute their dimensions.
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For the above cases, we obtain the correct results, namely (dC[Té] ,d = (4,12) and
p

ey
these are exactly the number of mobile D3 branes per case.

1.3.2 Mirror and Global Symmetry

Three-dimensional AN/ = 4 theories are characterized by Mirror symmetry [78] [45]. This is
a particular symmetry which exchanges the Higgs with the Coulomb branch of two theories,
exchanges the Fayet-Iliopoulos and mass parameters and finally the SU(2)r and SU(2) g of the
SO(4) R-symmetry. Regarding the above brief discussion regarding the moduli space of vacua,
we see that the Coulomb branch of a theory, which is in pronciple difficult to study due to the fact
that receives quantum corrections, can be studied from the classical Higgs branch of the mirror
theory.

Regarding the linear quivers studied in this work, mirror symmetry exchanges the integer
partitions p and p. Of course this implies that we have another IR flow condition which should
be satisfied in order for the mirror symmetric quiver to have a non trivial fixed point in the IR:

TY[SUN)]  TP[SUN)], p">pepl >p (1.3.2)

Specifically, both theories of the mirror pair flow in the IR to the same fixed point. Apart
from mirror symmetry, these theories are characterized by additional global symmetries, which
are determined by p and p. From the previous discussion on the general linear quivers, these
global symmetries correspond to the ones rotating the fundamental hypermultiplets of the theory:
H,=1[;U(M;) and H; =[], U(M;) for the mirror theory. Therefore at the fixed point, the total
global symmetry is expected to be:

H, x H, (1.3.3)

Mirror symmetry is realized as S-duality in type IIB string theory. We can go back to the
brane description of the quiver theories and apply S-duality. Such action exchanges D5 with NS5
branes while leaving the D3 branes intact. Since the the 5 brane data (linking numbers) are
encolded in the Young diagrams p and p, it is obvious that S-duality acts actually by exchanging
them. In this way, by starting from a given quiver (e.g electric/magnetic), we can obtain its
mirror dual (e.g magnetic/electric).

At this point all of the above can be summarized in an instructive example. The first step to
start from a given (electric) linear quiver. By writing down its brane picture and factorizing the
5 branes as explained througout the text, we can retrieve its full data, in terms of the two integer
partitions.
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Figure 1.7: Quiver diagram of T((l6 ’._15)[5(] (8)] along with the brane construciton
with the fivebrane-linking numbers indicated

This is a theory with eight fundamental hypermultiplets provided by the eight D5 branes
intersecting the second set of D3s. The linking numbers are computed using the definition given
in the previous section and are given in parentheses for each type of five-brane (under each NS5
and above each one of the D5s). Below the data that identify this quiver theory are given; it can
be verified that the good- theory conditions are automatically satisfied:

(p.p V) {C 8] (1.3.4)

After having identified the electric theory, the next step is to proceed to obtaining the magnetic
theory. The first step is to break all the D3 branes between the D5s and then apply S-duality,
which, as stated above, exchanges D5 with NS5 branes while keeping D3 branes invariant. Finally,
by moving the (converted) D5s towards the interior of the brane configuration until there are no
D3 branes attached on them, gives the picture from which the magnetic quiver can be obtained.
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This is the magnetic theory, which is of course good and flows to the same fixed point in the IR
as the electric theory does. From the brane configuration one can verify that the integer partitions
that label the magnetic theory are the exchanged partitions of the electric theory. In Part III of
this work, the discussion on the moduli space is continued, with focus on mixed branches of dual
pairs of such linear quiver theories.
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Chapter 2

Holographic DuAals: IIB Supergravity
on AdSy x 5% x 5% x ¥y

2.1 The supergravity solutions

The second part of the correspondence regards a particular class of solutions of type IIB su-
pergravity whose global structure was developed in [12]. The local solutions preserving osp(4/4)
superconformal symmetry were constructed as holographic duals to BPS domain walls in four-
dimensional N' = 4 super Yang-Mills theory [52][54] [1]. The solutions were constructed to have
OSp(4/4) symmetry, by imposing that the type IIB Killing spinor equations are solved by Killing
spinors generating this symmetry. The global solutions which be discussed in the main part of
the chapter, where constructed in [12], and an exact holographic dictionary was developed. We
start with presenting the local solutions. The first step of the construction is that the bosonic
part of the symmetry group is encoded in the following metric ansatz:

dsioq = L?LdSQAd&; + f2ds§2 + deS%Q + 4p?dzdz (2.1.1)

which describes an AdS, fibration over the six-dimensional manifold S2 x 52 x ¥ (2), where
39 stands for a two-dimensional Riemann surface with the topology of a disk. In this analysis we
focus on solutions with ¥,y being the infinite strip:

2(2) ={z=2+4+1yeCl0<Imz< -} (2.1.2)

v 3

In this way, indeed, the SO(2,3) x SO(3) x SO(3) bosonic part of OSp(4|4) is given as
the AdS, isometries times the isometry groups of the two-spheres. The scale factors Ly, f, f 3 D,
are real functions of the local complex coordinates (z,z), which parametrize the strip and are
expressed in terms of two real harmonic functions: h(z,z) and h(z,z). Along with these, their
dual functions are defined, which will be necessary in determining the gauge potentials of the
setup, as we will see in what follows.
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hP(2,2) = A+ A, hP(z,2) = i(

,where A, A are holomorphic and analytic in the interior of the Riemann surface. Below it
will be seen that they may have singularities on the two boundaries of the strip, the nature of
which will be explained in detail. The explicit expressions for the metric factors are:

U UUW?
8 8
Uw? . ~UW?
f8 = 16n8 TR f8 =16n8 7 (2.1.4)

where U ,Zf[ and W, are auxiliary functions defined as:
U = 2hh|d.h)? — B*W, U = 2hh|8.h|? — KW, where W = 8.05(hh) (2.1.5)

The solutions include non-vanishing R-R and NS-NS three-form field strengths:

Fg) = w@) Ndbz, Hz) = we) Adb (2.1.6)

where @(9), w(2) stand for the volume forms of 5’2, 52 and the b1 2 are one forms which depend
on the harmonic functions. The remaining components of the supergravity solution are the R-R
5-form and the dilaton:

NGNS

Fs = —4L3W(4) ANF + 4f2f2LU(2) A (21(2) A (*(2)}—), et = (2.1.7)

;with w4y being the AdSy-volume form and F being a 1-form on the infinite strip with the
property that the quantity L3F is closed. It is straightforward to prove the following identities
that hold between the metric factors and the dilaton: L3f% = 4e?*h2, L? f& = 4e729h2 and
PO £2 f2 = 4W?2. These will be important for the analysis in Part II, where metric fluctuations
around these solutions will be studied. The details of most of the above functions are given
throughout [12][52][54] but are not of practical use and in terms of simplicity, are not mentioned
in this text.

The regularity of the solutions is ensured by the fact that the harmonic functions h, h obey

particular boundary conditions on the two strip-boundaries. The first harmonic function van-
ishes on the lower boundary along with the normal derivative of the second harmonic function

24



while the converse holds for the upper boundary. In this sense the X(5)-boundary is realized in
terms of divisions:

hly=0 = d1hly=0 =0 and hly—z =81 hl,—z =0 (2.1.8)

2

The above conditions imply that the f-factor vanishes in the lower strip-boundary whereas
the f—factor vanishes on the upper strip-boundary. This, in turn, corresponds to the fact that the
radius of the S? vanishes on the lower strip boundary and accordingly the radius of the 52 vanishes
on the upper boundary. Therefore, the points on the X ()-boundary are interior points of the
full ten-dimensional geometry; the only boundary in this framework is the conformal boundary
of AdSy.

These conditions, along with the requirement that both the dilaton and the metric factors be
regular in the interior of () but divergent at isolated points of the boundaries, form a set of
global consistency conditions that severely constrain the supergravity solutions and directly the
form of the harmonic functions (h, lAz) Regarding the aforementioned isolated points of the ¥ (o)
boundary, there are three kinds of admissible singularities for the harmonic functions, interpreted
to be sourced by type 1IB branes: D5, NS5 and D3 branes. The ones interpreted as fivebranes, are
logarithmic-cut singularities and in what follows we will see that they also carry D3 brane charge.
As regards the ones interpreted purely as D3 brane sources, they are square-root singularities[52].

We can proceed to the detailed description of the simplest solution which contains brane
singularities. The form of the two harmonic functions is given below:

iir z—0
4

h = —iasinh(z — 3) — ylog [tanh( )} +c.c (2.1.9)

N

h = écosh(z — B) — Alog [tanh(zT_é)] +c.c (2.1.10)

The two harmonic functions are labelled by two sets of four real parameters, («, 3,7, d) and the
corresponding hatted ones. The underlined part of the expressions corresponds to the fivebrane
singularities: § and 5 are the positions of the D5 and NS5 sources on the upper and lower strip-
boundaries. Obviously this solution describes just one stack of D5 branes on the upper boundary
at z =90+ % and one of NS5s on the lower boundary, at z = 5. Except of these singular points, all
the rest of the boundary belongs to the interior of the full ten-dimensional geometry. Regarding
the rest of the parameters, we will see that (5,3) determine the dilaton and in particular the
dilaton variation between the two asymptotic region of the strip. This is explained in detail in
the corresponding Appendix A, but also through the Part IT of this work. The parameters («, &)
and (,4%) play an important role in the physics and the geometry of our setup and are going to
be explained below. It is notable that they are assumed to be all non-negative [52].

Let us now examine the physics in the vicinity of the D5 branes. Recall that the two sphere 52
shrinks to zero radius on the upper boundary. Consider a segment I surrounding the singularity
at z = 6+ % and the fibration of the $2 over this segment: I x $? is a non-contractible three-cycle.
It has topology of a three-sphere given the fact that on the upper boundary the second harmonic
function and the second two-sphere form factor vanish (iz =f= 0). It can be verified that this
three cycle supports a non-vanishing RR three-form flux, which corresponds to the total number
of the D5 branes at the particular point (or equivalently to the total D5 brane charge).
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Figure 2.1: Solution with one D5 and one NS5 brane: The indicated three-cycles
at the region of each point singularity, are non-contractible and support R-R and
NS-NS three-form fluxes, as explained in the text. The boundary conditions for the
harmonic functions are specified, along with the asymptotic AdSs/Zs x S° regions.

Accordingly, focusing on the lower-boundary singularity, we have the non-contractible three-
cycle I’ x S2obtained as a fibration of S? two-sphere over a segment I’, which surrounds the
singularity at z = 5. This three-cycle (which also has the topology of a three-sphere as on the
lower boundary h = f = 0) supports non-vanishing NS-NS three-form flux, which counts the
total number of NS5 branes at that point (or equivalently the total NS5 brane charge).

1 4 1 4
Nps = —— Fiay = — N = — Hioy = —4 2.1.11
D5 = 15 /I><S‘2 3= % NNss =5 /I’><32 3 = 7 ( )

, from where the meaning of the real parameters 7,4 becomes evident: they count (in ap-
propriate normalization) the number of fivebranes per stack. Moreover, it should be noted that
the fivebrane charge is quantized in units of 2koTs, with 2x2 = (27)7a/* being the gravitational
coupling, and with the fivebrane tension being 75 = W, while since the dilaton is being kept
arbitraty, one has the freedom to choose for the string coupling gs = 1 which renders the tensions
of the two fivebrane types equal.

What remains to be presented regarding the singularities is the D3 brane charge of these
solutions. First of all, the aforementioned singularities carry D3 brane charge, apart from the
fivebrane charge already described. Focusing on the upper-boundary supporting singularities,
except from the F3 flux supported by the three-cycle I x 52 there is also a five-form flux threading
the non-contractible five-cycle which is obtained as a fibration of the S? over the above three-
cycle: (I x 52) x S2. A significant detail is that this five-form is not just simply the R-R F,
but rather the five-form F5 = Fy — By A F3, with By being the gauge potential of the NS-NS
three-form. Accordingly, regarding the lower-boundary singularities, except from the Hs flux
supported by the three-cycle I’ x S2, there is also a five-form flux threading the non-contractible
five-cycle which is obtained as a fibration of the 52 over the above three-cycle: (I’ x S2) x 52
The five-form here is the gauge-variant combination F; ¢t = F5+ Cy A Hs, with Cy being the gauge
potential of the R-R three-form:
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Figure 2.2: Compactification limit: As o, & — oo, the asymptotic regions close and
are replaced by regions homeomorphic to AdSs x Mg. Here, solutions with multiple
fivebrane singularities are depicted.
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The above D3 charges are called Page charges. This subtlety in defining the D3 brane charge
is explained in detail in [12]. Briefly, it turns out that in the presence of the two kinds of
fivebranes, the RR five-form, which is gauge-invariant, corresponds to a non-conserved current
generating a non-conserved D3-brane charge. However, a particular definition, of a gauge-variant
this time, five form as a combination of the RR fiveform and the gauge potentials for the RR
and NS NS three-forms, results to a local, conserved and quantized but gauge-variant D3 brane
charge, which is called Page charge. in this setup, there are two ways to define such a five-form,
respecting the criterion of which out of the two gauge potentials can be globally defined on each
of the non-contractible five-cycles in introduced above. Apart from being supported on fivebrane
singularities, D3 brane charge can also be found at the asymptotic regions of the strip.

In the figure above, there is a new piece of information regarding the geometry of the asymp-
totic regions. Substituting the form of the harmonic functions introduced above in the metric,
results to asymptotic regions with geometry AdSs x S°. The details of the solution, are explained
in the corresponding Appendix B . AdS5 x S° is the near horizon geometry of a number of D3
branes and therefore there is also charge associated with these regions. Nevertheless, this charge
will not play any role, given that the focus is given to the case where these asymptotic AdSs x S°
regions are capped-off. The limit of interest in the presented solutions is the one where a, & — o0,
which is smooth. In this limit the asymptotic AdSs x S° regions cap-off and the points at infinity
become regular interior points of the full ten-dimensional geometry. This has been given in detail
in [12] The harmonic functions that describe this setting are introduced below:

S

! s zZ — (52 ~ a R 2 — 0.
h=-— ;vilog[tanh(4 - )| +ce b= —jz::l ;log [tanh( . O] +ee  (2112)

, where for the positions of the singularities have opposite ordering. This choice of harmonic
functions corresponds to the compact geometry AdSsy x Mg as it can be verified by substituting
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them into the metric ansatz. Regarding the fivebrane charges, we still have that the number
of D5 (NS5) branes at each stack is proportional (or equal, depending on normalization) to the

corresponding ; (4;)-parameter of the solution: N ég ~ v; and N ](\%5 ~ 4;. Finally, the D3

brane charge is obtained by the expressions for the page charges defined above, for which the
substitution of the two harmonic functions gives:

i 2 , j .
N]% D5 Z N](\?SE) arctan( %), Ng?z = NS5 Z N D5 arctan( 9 %) (2.1.13)
Jj=1 i=1

These expressions show that the particular solutions have the description of near horizon
geometries of a brane configuration involving D3 branes being suspended between stacks of NS5
branes and D5 branes. This brane picture is of paramount importance for establishing the duality
between these solutions and the three dimensional theories presented in the previous chapter:
Recall that all the data that label a linear quiver theory can be obtained by the exactly same
type of brane configuration.

2.2 Holographic Dictionary

The conjectured duality presented in [12] is between the IR limit of three-dimensional N' = 4
theories and type IIB supergravity on AdSy x Mg. A common description of these holographically
dual theories, is in terms of the specific type-1IB brane configurations described above. Regarding
the three dimensional theories, the brane picture is comprised by N-D3 branes, suspended between
k-D5 branes and k-NS5 branes. In the supergravity side, these quantities are related to the
numbers of fivebranes per point singularity on the strip boundaries and to the corresponding
charge of D3 branes emanating from or ending on each stack:

b — N(z) . @
{ P NI()JS) N =3 Np=-) Ng, (2.2.1)
NS5 =1 j=1

, with the relation on the right hand side implying charge conservation. The labels that
remain are the integer partitions of N,namely p and p. The linking numbers for the fivebranes,
defined in the first chapter, give the net number of D3 branes attached on each one of them. In
the supergravity side, the partitions are given in terms of the usual linking numbers, which are
now defined as the ratios:

A Np) Ng
@) _ Nbs _ Zq: VU arctan(eh o) _ (O, O o)

Nli)5 2 NS5 , P Sy S eeene , s enes

o
o N(]) q 2 R N . o

W) = = ZNDS arctan(e% %) p= (N, 00, 1@ @)
N i—1 N— \W_/

NS5 NS5
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, where here the linking number [(9 stands for the number of D3 branes ending on each
D5 brane of the i*" brane stack and accordingly [@) gives the number of D3 branes emanating
from each NS5 of the j*™ brane stack. These quantities should be integer and this imposes that
the parameters 9;, Sj are quantized. With this addition, the two integer partitions of N in the
supergravity side, are written above. We see that the theories at both sides of the correspondence

are practically labeled by the following : number of D5 branes per stack (N g%), number of NS5
)

branes per stack (N ](\? g5) and the linking numbers 1), ). From the form of the partitions we see
that the number of D5 branes per stack matches with the number of fundamental hypermultiplets
per gauge node of the Tg [SU(N)] while the number of NS5 branes per stack matches with the

number of fundamental hypermultiplets per gauge node of the mirror theory, Tf [SU(N)].

NO =, NUL = (2.2.2)

This, along with the charge conservation condition given in the beginning of this section, gives
an overall matching of parameters between the theories in the two sides of the correspondence.

Furthermore, the inequalities p? > p that are necessary to be met in order for the three-
dimensional theory to have a non-trivial IR fixed point, are also satisfied in the supergravity side
by the defined linking numbers, so there is also s matching of constraints.

Finally, the duality map is completed by the matching of symmetries. The starting point is
the three-dimensional theories: first of all, the superconformal symmetry OSp(4]|4) the bosonic
symmetries of which, SO(2,3) x SO(3) x SO(3) are realized as isometries of AdSy x S2 x S2,
as stated in the beginning of this chapter. Moreover, in the final section of the previous chap-
ter, it was explained that in the IR these theories have a global symmetry given by the prod-
uct of the groups that rotate the fundamental hypermultiplets of the dual pair of theories:
Hy,x Hy =1L, U(M;) x[]; U(Mj). In holographic duality, the global symmetries of the boundary
theory, correspond to gauge symmetries of the bulk theory. The supergravity solutions presented
in this chapter, are characterized by singularities interpreted as fivebranes in string theory. The

gauge theory that lives in the worldvolume of a stack of NV g% D5 branes is U(N g%) and accord-

ingly for a stack of N }%5 branes, U(N ](\%5) Therefore, the full gauge symmetry in the bulk

reads: [[; U(N g;) x [L; UN ](\?3%) Combining this with the parameter matching of the previous
paragraph, we have that indeed the full global symmetry of the three-dimensional theory matches
the gauge symmetry of the bulk supergravity:

H, x Hy = [JUVE) x [TU(NGE) (2.2.3)
i J

With this final section we close the Part I, which was a presentation of the theoretical back-
ground on which the work introduced throughout the following chapters is based. Some important
individual parts are left as Appendices (Elements of Representation theory for three-dimensional
N =2 and N = 4 theories, AdS5 x S° and its Janus deformation) as they are used in all the
chapters that follow.
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Part 11

String Theory embeddings of Massive
AdS,y Gravity and Bimetric Models
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Chapter 3

Massive AdS,; gravity from String
Theory

3.1 The holographic viewpoint

The holographic duality described in the first part of this work, is instrumental for the treatment
of the problem of the AdS,4 graviton Higgsing, the details of which have been introduced in the
corresponding part of the general introduction. Although the main analysis is carried out in the
gravitational side of the holographic correspondence, starting the study of the problem from the
point of view of the dual sCFTj3 is instructive regarding the construction of the massive AdSy
supergravity solutions.

The question of the presence of a bulk massive graviton is related to the energy-momentum
conservation in the dual boudary CFT. Holographically the AdS4 graviton is dual to the stress
tensor of the dual sCFT3, the scaling dimension of which is related to the graviton mass [6]:

m2L2 = A(A - 3) (3.1.1)

, with Ly being the AdS4 radius and A the scaling dimension of the stress-tensor. The represen-
tation of the three-dimensional conformal algebra so(2,3) which contains T, and its conformal
descendants, is actually short, due to the conservation of the stress-tensor which results to three
null states (null descendants). The scaling dimension of the conserved stress-tensor does not
receive quantum corrections and hence it is canonical: A = 3. From the above holographic ex-
pression, it becomes obvious that a conserved stress tensor of the boundary three-dimensional
CFT corresponds to a massless AdSy graviton. Therefore, a slightly massive graviton would
correnspond to a non-conserved stress-tensor.

In this case, its scaling dimension would receive quantum corrections in the form of a small

anomalous dimension [5], € < 1, which would then correspond to a small graviton mass:

m2L3 ~ O(e) (3.1.2)

The above scenario can be realised in a setup where the three-dimensional theory is a boundary
of a four-dimensional one. The bulk theory is a N' = 4 super Yang-Mills SU(N) theory.

The conservation of the stress-tensor fails, due to its non-zero component along the extra
dimension. Indeed, in this case there is no shortening condition and the stress-tensor acquires
an anomalous dimension, which corresponds to a mass for the dual graviton. A similar physical
setting is the one where the initial three-dimensional theory is a defect of a four-dimensional one
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and accordingly we have two contributions of anomalous dimensions, from the left and the right
of the defect. Both cases are depicted below, along with their generic quiver form:

sCFT, sCFT; sCFT,

@ .......... ..........

Nevertheless, we are interested in a slightly massive graviton, and hence in a small anomalous
dimension. This requirement suggests that the stress tensor should dissipate weakly in the extra
dimension. Weak dissipation is ensured by the scarcity of the degrees of freedom of the four-
dimensional theory in comparison to the three dimensional boundary one. A direct way to see
this is from the corresponding brane configurations. The above linear quivers can be read off
from the brane diagrams below. The conditions {(N;, M;)} > Ng and {(N;, M;)} > Ng, N ,
where Ny, g is the number of semi-infinite D3 branes attached on the leftmost and rightmost NS5
branes (in the world-volume of which the 4d theories live), are the ones which finally guarantee
the weak dissipation of the stress tensor, a fact which as explained above corresponds to a small
anomalous dimension and hence to a small graviton mass. In the final part of the analysis we will
see a more concrete way to realise the weak dissipation of the stress tensor, which involves the
expression of the anomalous dimension in terms as a ratio of free energies of the four-dimensional
and three-dimensional theories.

From the brane picture and from what we already know regarding the dual supergravity
solutions from Part I, we can comment on the geometry of the solutions with a massive graviton:
The semi-infinite D3 branes corresonding to the four-dimensional theories, have an AdSs x S°
near horizon geometry, whereas the three-dimensional theory is dual to an AdS4 space fibered
over a six-dimensional compact manifold, Mg. Therefore we already got a hint for the gravity
side from the dual CF'T picture.
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Apart from the above discussed mechanism, there is another physical setup which can eventu-
ally lead to a slightly massive AdS4-graviton. This would be the case where two initially decoupled
three-dimensional theories are coupled weakly while comformal symmetry is preserved[22]. The
coupling is mediated by messenger degrees of freedom. The gravity dual of this picture is a
connection of two initially decoupled AdSy4 universes, with two initially masseless gravitons, via
a thin throat of particular geometry. The result is a bimetric AdSy theory, where a massless
and a massive graviton are both included. This possibility will be examined in detail in the final
chapter of this section.

3.2 Higgsing in Representation theory

Before moving to geometry, let us discuss the Higgsing from the point of view of representation
theory. The notation and the conventions, along with selected aspects of representation theory
for three-dimensional N'= 2 and N = 4 theories are given in the Appendix A

Let D(A, s) denote a unitary highest-weight representation of so0(2, 3) with conformal primary of
spin s and scaling dimension A. Massive gravitons belong to long representations of the algebra.
The decomposition of a long spin-s representation at the unitarity threshold reads [101]

e—0

D(s+1+¢€s) —— D(s+1;s)®D(s+2;s—1). (3.2.1)

Thus the AdS, graviton (s = 2) acquires a mass by eating a massive Goldstone vector. In the
10d supergravity this vector must be the combination of off-diagonal components of the metric
and tensor fields that is dual to the CFT operator Ty 4.

Since we will here deal with N' = 4 backgrounds, fields and dual operators fit in represen-
tations of the larger superconformal algebra osp(4|4). These have been all classified under mild
assumptions [59][39]. In the notation of [39] (slightly retouched in [19]) the supersymmetric
extension of the above decomposition reads

. e—0 . .
L)%Y ——— A0 @ By [0 (3.2.2)

where L denotes a long representation, A; (B;) a short representation that is marginally (ab-
solutely) protected, and [S]XU ) denotes a superconformal primary with spin s, scaling dimension
A and s0(4) R-symmetry quantum numbers (j; j'). The above decomposition (or recombination)
describes the Higgsing of the N' = 4 graviton multiplet in AdS;. That this is at all possible
is not automatic. For instance N/ = 4 supersymmetry forbids the Higgsing of ordinary gauge
symmetries because conserved vector currents transform in absolutely protected representations
of osp(4]4) [90][38].

The bosonic field content of the above A/ = 4 multiplets is as follows:
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Ao[0]% = [0)8%9 @ (0] g 1850 OD g [2) L) g fermions (3.2.3)

B, [O}(l;l) _ [0](1;1) ® [1]:(31;1)69(1;0)@(0;1) ® [0]g2;0)69(0;2)€B(1;0)69(0;1)69(1;1)®(0;0)

EB[1]510;0)69(1;0)@(0;1) @ [0]511;1)@(0;0) @ [0]&0;0) & fermions . (3.2.4)

The supergraviton multiplet Ay has in addition to the spin-2 boson, six vectors and two
scalar fields, making a total of 16 physical states. The eaten Goldstone multiplet B; contains
112 physical bosonic states and as many fermions. These latter include massive spin-3/2 states
which are not part of the spectrum of gauged 4d supergravity [19]. Higgsing with that much
supersymmetry is thus necessarily a higher dimensional process.
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3.3 Massive spin-2 on AdSy x Mg

The main analysis regards in confronting the problem of the AdS,—graviton Higgsing in the
gravitational side of our holographic framework. This problem is hence going to be considered
in the supergravity background which was introduced in detail in the previous section. Working
in a collective approach as regards the base manifold Mg = (52 x 5’2) X Y(g), we start with the
metric of our warped geometry:

dsty = L3(Y)Gu(X)dX dX" + gij(V)dY'dY’ (3.3.1)

where L4(Y) is the radius of the AdS;—fiber at a point-Y of Mg, the coordinates X,Y
parametrize AdSy and Mg respectively, while p,v : {0,1,2,3} and (i,7) : {4,5,6,7,8,9}. Note
that the base manifold, can be either compact (Mjg) or non-compact (Mg). In the first case,
AdSy x Mg is a standard compactification, where the string spectrum contains a massless spin-
2 mode. On the contrary, in the following we will see how a non-compact internal manifold,
corresponds to the case where the lowest-lying graviton acquires a small mass. In this case,
Mg is comprised by semi-finite throats of radius Ls, attached to a central compact ‘bag’ of size
L«qg > Ls, which are the ones contributing to the small graviton-mass, as we will see from what
follows. The typical size of the bag, is parametrically bound to the AdSy radius, Lag Ls. This
is a general characteristic property of AdS; x Mp warped backgrounds, widely known as the scale
non-separation problem [108][67], where the size of the internal manifold if of the same order as
the radius of the AdS, space.

AdS; x S°(Janus)

Lbag ~ L4
L; << Ly

bag throat

Figure 3.1: The manifold described in the text, is comprised by one (or two at most)
semi-infinite AdSs x S° or Janus throat of radius Ls attached on a compact ‘bag’ of typical
size L‘bag7 ~ Ly> Ls.

The full ten-dimensional geometry of the semi-infinite throats is AdSs x S°, or its supersym-
metric Janus generalization. Both geometries are presented in detail in the Appendix B. While
in the AdSs x S° case the dilaton remains constant throughout the throat,the Janus solution
includes a dilaton whose value interpolates between two constant ones: the one at the refion
where the throats attache on the bag, ¢p,y and the value at infinity, ¢o. Therefore, the variation
A¢p = ¢oo — (pag of the dilaton is a parameter which characterizes the throat, along with its
radius, Ls.

We are interested in metric perturbations around our AdS4 vacua, which have a small mass
and are of factorized form:
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dsiy = Li(Y) (G (X) + huw(X,Y) )dXHdX" + g;j(Y)dY'dY? (3.3.2)
N————’
=h (X)) (Y)

where 1, (Y) is the internal-space wavefunction and hy(X) is a solution of the Pauli-Fierz
equations for a massive spin-2 mode in AdSy:

(Dg?) - A)huu;)\ =0 (3.3.3)
v#huu;k =0= g“l/huu;)\

,where Dg?) is the Lichnerowicz-Laplace operator, acting on two-index tensors in AdSs; whereas
from the last two equations it is evident that these spin-2 excitations are transverse and traceless.
Finally, the eigenvalue A is related to the invariant square mass.

A2 =m?(Y)Li(Y) (3.3.5)

It is significant to note that while both the mass and the AdS, radius may vary along the
internal space, their product is constant, and this is a characteristic of warped solutions. A
substitution of the mass eigenstates h,,(X,Y’) along with the Pauli-Fierz relations, in the lin-
earised Einstein equations according to [20], results to a second order differential equation for the
wavefunction:

CLA(Y)

(9iv/997 Li(Y)0;)A(Y) = (A + 2)en(Y) —

M2
— MPP\(Y) = m?*(Y)LI(Y)A(Y) (3.3.6)

, with M? being the Laplace-Beltrami operator on Mg. It is notable that the above spin-2
eigenmode equation depends only on geometric data and not on details of matter field back-
grounds, in contrast with the case of lower-spin modes, the linearized equations of which do not
depend on metric details of the background fields.

A complete definition of the spectral problem, recquires the introduction of a norm for the
wavefunctions, which is obtained from its Kaluza-Klein reduction from ten dimensions:

wilva) = [ &Y VGLIV v (337)
Me
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The last two relations, summarize the full spin-2 mass-eigenvalue problem in the considered
geometry. A significant detail is that the mass-squared operator is hermitean and that its eigen-
value is non-negative, a fact that can be easily checked with an integration by parts:

(), M) = / d°Y \/gL10ip* 0" > 0 (3.3.8)
Me

Nevertheless, the ultimate goal is not the solution of the full eigenvalue problem -which is
a highly complicated project- but rather the computation of the mass of the lowest lying AdSy
graviton, namely the computation of the minimal eigenvalue of the mass-squared operator.

As we will see in detail in the following analysis, the contributions to the graviton mass are
only made by the regions of the semi-infinite throats. Recall that the warped background of
interest is dual to a three-dimensional linear quiver theory. This suggests, as explained in the
previous chapter, that this theory can be coupled as a boundary to a four-dimensional theory, or
can be a defect, separating two four-dimensional theories. Holographically, this corresponds to
at most two semi-infinite throats attached to the compact ’bag’ This can of course change for
other cases of theories, such as for backgrounds dual to star-shaped quivers, where more than
two throats may be attached and hence contribute to the graviton mass.

The strategy therefore is to concentrate to the computation of the smallest eigenvalue of
the mass squared operator. This is computed by the minimization of the expression (3.3.8)
complemented by the normalization condition for the norm:

m3L% = miny | /M dSY \/gLi(g" iy 050)] (3.3.9)

/ Y /gLi|v* =1 (3.3.10)
Msg

Since in the case where the internal manifold is compact (M) the lowest-lying graviton is
massless and hence it is described by a constant wavefunction. Once the semi-infinite throats are
introduced, a distinction has to be made and the wavefunction in the 'bag’ will be designated as
Ypag- Minimizing the mass in the ‘bag’ region sets the wavefunction to a constant :

VoY) = Ppag = [/M dﬁy\/gLi]‘% = const. (3.3.11)

A crucial point is that once the semi-infinite throats are introduced, the integral which de-
scribes the norm of the wavefunction diverges and hence the wavefunction is non-normalizable.
This fact implies that the wavefunction has to vanish inside the throats. This should happen
though in accordance with the minimization of the mass eigenvalue.

This can be indeed quantified. We go back to the variational problem and start from the
expression for the mass eigenvalue. Specifically, we focus on the region of the throats and hence
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our initial problem which regards the full internal manifold, is reduced to the one regarding only
the throat region, the geometry of which is the Janus one B. B
Given that for the scalar wave operator we have g%/ 9;0; = p~200:

| v yatigiowram = [ v yaLisou? (3.3.12)
Mg Me
The metric on the strip is 4p?dzdz and hence the volume element reads 4p’dxdy = V9dzdz,

while for the two-spheres we have dQd$ f? f2:

/ &Y JGLAp 2|02 = 4 - (47)2 / dadyLLf2 2100 (3.3.13)
Mg

Moreover, by using the definitions (2.1.3) and the corresponding identities we have L1 f2f2 =
16h%h2. Finally by combining the two parts:

VaLip™2 = Lif?f? = 16h2h? (3.3.14)

We now turn to the quantity which characterizes the norm of the Wavefunction,\/gLi. The
above identities are used, along with the form of the Janus harmonic functions and the fact that
the radius of the throat is given by Ls = QCOShi((SQﬁ) (throughout the analysis we have set for
convenience aw = & = 1). It is straightforward in this context to obtain the expression for 16h2h2:

~ 1.8
16h2h? = 16sin?(2y)(cosh(2z) + cosh(8¢))? = Tgsin2(2y)g(:ﬂ), (3.3.15)
hh)2  cosh(2z) 4 cosh(cosh)(86). 2
= |— = . 1
G(x) = |55] = ( —) ) (3.3.16)
Therefore for the quantity of interest we have:
2 _ 272 P _ £§ .2 @
VILE = 160°h* 75 = Jesin (2y)9 ()| 7 (3.3.17)

and hence we see that in the region of the throats it reaches the minimum value Ls, while it
blows up at infinity. Therefore as claimed above, the graviton wavefunction has to vanish inside
the throat in order to be normalizable. In particular, this should happen in the region where
the quantity which characterizes the mass eigenvalue, \/§Lﬁ, becomes minimal. The above are
summarized in the the following plot, where the AdSy radius L4 and the graviton wavefunction
which minimizes the mass are plotted as functions of the Janus coordinate .
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Figure 3.2: The AdS, radius, L4 becomes minimal inside the throat and diverges at
infinity, where the full ten dimensional geometry asymptotes to AdSs/Zs x S®. The graviton
wavefunction is constant in the compact region and vanishes exponentially at infinity

Starting from the ‘bag’ part of Mg, we have a nearly constant value for the AdS, radius
(dashed line) which, due to the non-separation of scales, is parametrically bound to the size of
the ‘bag’, L«yag' ~ L4. The region where the throat is attached to the ‘bag’ is the one circled in the
plot and there \/§Li vanishes exponentially fast. Finally, in the throat region , the wavefunction
vanishes exponentially fast, in the region of minimal \/gLi. The AdSy radius reaches a minimum
of Ly in the throat, while it diverges at infinity. Therefore, only the throat contributes to the
graviton mass whereas in leading order to Ls/L4 only the ‘bag’-region contributes to the norm
of the wavefunction.

In what follows we will derive the form of the minimizing wavefunction and an expression for
the mass of the lowest-lying. The variational problem in the Janus geometry reads:

272 . 6 4 ijoi%n YPpag  in matching region
mylLig == miny [/throats dY \/gLag? 0" 05|, Y- { 0 at infinity
(3.3.18)
Integrating over the two-spheres gives:
3 o0 2 _
272 o T r8 @ w‘bag’ T =Zc
mgLy ~ m1n¢{ 1 L /:vc de(:E)(dx) }, v — { 0 s oo (3.3.19)

The cutoff value z. is just a large negative value, at the boundary of the matching region, in
other case it could be replaced by —oo. The result is independent of this value and its role is
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just to remind us that the wavefunction would have been non-normalizable in the complete Janus
geometry.

The expression for the wavefunction which minimizes the mass inside the throats is obtained
by solving the above variational problem.

Specifically, the analysis followed in [20] regarding the spin-2 spectrum provides a significant
simplification in Janus geometry: the graviton wavefunction can be expanded in a basis of spher-
ical harmonics on the two-spheres. Therefore, the first step is to substitute the wavefunction in
its expanded form in the eigenmode equation. Choosing (I1,l2) = (0,0) since we are focused on
the lowest lying graviton, the eigenvalue equation is reduced to the form (6.1) of [20] :

1 d?
[

- m i 4(n + 1)2} (cosh(d¢) 4 cosh(2z))y(x) = (24 m2)¢(ac) (3.3.20)

, where in the above expression n is the relic of the Y-dependent piece of the wavefunction,
decomposed in a basis of trigonometric functions [20] . Demanding the lowest-lying graviton to
be nearly massless, we impose the condition (m,n) = (0,0) and the above expression takes the
form:

1 d?
(

= Teonag) g — ) (coshi(39) + cosh(22))(z) = ¥(z) (3.3.21)

For d¢ = 0, the obtained solution is the minimized wavefunction inside a semi-infinite Ad.S5 x
S5 throat. This will be presented in the next chapter and here the attention is given only in the
Janus case. The differential equation for d¢ # 0 finally boils down to:

(g(w)(%)) = Yo(z) = a1+ e Om QCZ,) (3.3.22)

a4
dx

with c¢1, co being integration constants whose form is fixed by the boundary conditions of the
problem. By performing the integral analytically while setting cosh(d¢) = « and by fixing the
lower integration limit so that the integral is an odd function of x, we finally obtain:

f‘ a’dx’
Iz, a) = /0 (cosh(2z) + a)? -
a? | {\/oz +1++va— 1tanh(a¢)} o tanh(z)
2002 —1)32 2l /a1 - va_Ttanh(z)) (@2 —1)[(a+ 1) — (a — 1)tanh?(z)]

(3.3.23)

And hence the expression for the minimizing wavefunction in the throat region reads:

[(z,) ] (3.3.24)

1
Yo(z, o) ~ §¢‘bag’ {1 " Tloo.a)
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The integral approaches its limiting values exponentially. Therefore up to exponentially small
corrections 1o(.) =~ Yrpag. Regarding the the norm and the mass, this result indicates that the
contribution of this wavefunction to the norm can be neglected in comparison to the one of the
Yebag’, While it is a dominating contribution to the mass.

Having obtained the expression for the wavefunction, the next step is to plug it back in the
mass eigenmode equation. Taking into account that the integrand is actually a total derivative
and moreover that G(z)dyodr = —tppag /21(00, o) and [1hg]30 = —1ag, We obtain:

3 d 3 d
ity = 18 [ aag@)(52) = T30 S = (3.3.25)
- % L Iz”ozai 7~ miL3 ~ L Fagd (@) (3.3.26)

We have finally obtained the main result of this analysis: a new formula for the mass of the
lowest-lying AdSy graviton, with dependence on the parameters of the throat (radius Ls and
dilaton variation d¢) and on the size of the internal manifold, through ¥rpag.

The function J(«) in the above result, is actually a correction factor that reflects the effect
of the Janus geometry in the value of the mass:

3a3 302
2 _ 1| 2%
372 log {a +Va 1} (a2 =)

- T (3.3.27)

The behaviour of this function is given in the plot below and indicates that as the dilaton
variation increases, the graviton mass is suppressed. Of course its effect becomes trivial in the
case where the geometry of the throats is AdSs x S® and the value of the dilaton does not vary
throughout the throat (d¢ = 0)

Regarding the the value of the dilaton at the matching region (entrance of the throat), it is
fixed by the parameters of the bag. The value at infinity, determines the coupling constant (gy )
of the dual 4d N/ = 4 super Yang-Mills theory. The limit |§¢| — oo corresponds to the limit
where the four-dimensional theory decouples from the three-dimensional one gyj; — 0, which
results to the restoration of the conservation of the stress-tensor Ti,3 and to a vanishing graviton
mass. Nevertheless, as shown both numerically and analytically in [20] in this limit the low-lying
mass spectrum becomes discrete and hence no continuous Higgsing can be achieved.

A final insertion to this section is the rewriting of the obtained expression of the graviton
mass in terms of other physical parameters of the solutions.

We start from the minimizing wavefuntion in the ‘bag’ region, which can be re-expressed in
terms of the AdSy radius and the volume of the ‘bag’:

7. d°Y gL}
2 6 2 fMg 4
as = dY/gL; = —*>————

Vibag /_6 VaLj f &Y /7
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Figure 3.3: The Janus correction factor, J(d¢)

Substituting this to the obtained result for the graviton mass, we get an expression in terms
of geometric data:

3m3LE

272
miL; ~ ———2—
0 4V6<Lz21>‘bag’

x J(cosh(d¢)) (3.3.29)

This rewriting indeed gives an interesting result. First it should be noted that due to the non-
separation of scales - explained in the beginning of the chapter - the six-dimensional volume can
be rewritten as V61/ 3 o Lgag ~ (L?Q‘bag’, which indicates that the graviton mass is suppressed by
(Ls/L4)®. This is the main difference in comparison to the result obtained from the Karch-Randall
model, which is the ratio of the radii in the second instead of the eighth power, m? ~ (Ls/Ly4)*
[82] and is a hint of the failure of the thin-brane approximation followed in that context.

Another way to rewrite the result (3.3.25), involves - apart from the above rewriting of ¢ p,g-
the compactification volume and the four-dimensional effective gravitational coupling. Using the
expressions for the ten-dimensional gravitational coupling in terms of the above parameters as
well as of the string coupling (\s) and Regge slope (o)

3L% K3
P10/ (12) g

miL3 ~ (3.3.30)

Kio = Vori
2/@10 = (27()70/4A§

Now, inserting the expression for the radius of the Janus throat B Li = 4mwa/?A\;n, with n
being the D3 brane charge of the throat, the above expression takes the form:
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272 3n? K3

mgLi ~ 1672 (L2 x J(cosh(d¢)) (3.3.31)

The important information this expression provides, is that the mass is quantized, since it is
proportional to the quantized D3 brane charge. Therefore, Higgsing is not a continuous process.
Moreover, this expression is similar to the one obtained in [101]. It is interesting as the approach
followed in those works regards the graviton mass as a quantum effect, whereas in our approach
tha mass is rather obtained from a small-fluctuation analysis around our classical supergravity
solution.

This section closes with a rewritting of the main result for the graviton mass, this time within
the framework of the dual CFT. In particular, the concept of interest is the degrees of freedom of
both the three-dimensional theory and the bulk four-dimensional one. In the first section of this
chapter, it was explained that the weak dissipation of the three-dimensional stress tensor into the
fourth dimension -and hence the appearance of small anomalous dimension which holographically
corresponds to a small graviton mass- is ensured by the scarcity of the degrees of freedom of the
four-dimensional CFT with respect to the ones of the three-dimensional one. The quantity that
measures the degrees of freedom in three dimensions is the free energy on the S. The calculation
for arbitrary dimension [69] is given below, along with the specialization to four dimensions and
the free energy in three dimensions ( holographic computation [14] and CFT computation [28]
[97]):

Fy = sin(™)logZ(S%) — Fy = o2&

Finally, working out the main result gives:

67731:"4

3e ~ miL3 ~
F3

x J(cosh(d9)) (3.3.33)

The anomalous dimension is thus proportional to the ration of the degrees of freedom of the
bulk theory over the ones of the three-dimensionsal defect. The weak dissipation corresponds to
€ < 1 from which we obtain:

F4 < Fg (3.3.34)

,which is exactly the argued condition. In practice this can be realized as a small number
of semi infinite D3 branes attached on the outtermost NS5 brane of a configuration involving a
much larger number of D3 branes suspended between NS5s and intersected by a large number of
D5 branes.
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3.4 Conclusions and perspectives

In this section we proposed a top-down string theory embedding of massive AdSy gravity, with
the main results of the analysis being:

e that Massive AdS, gravity lies in the string landscape, namely this theory can be successfully
embedded in string theory

e a new quasi-universal quantized formula for the mass of the lowest-lying AdSy-graviton
,obtained by studying metric fluctuations around classical supergravity solutions (3.3.25)

the fact that such theory can be embedded in a UV-complete theory like string theory, in-
dicates that the corresponding four-dimensional gravity theory will be free of pathologies, such
ghosts or physical parameter discontinuities. The relevant energies in which one could compare
the effective theory with the already introduced ghost-free actions, lie between the lowest-lying
graviton mass and the inverse AdSy radius, at which the effective theory is considered to break
down. This is connected with the non-separation of scales in AdS compactifications, due to which
the AdS radius-as explained in the first section of the chapter-is bound parametrically to the size
of the internal space and to the Kaluza-Klein scale.

Nevertheless, it is highly non-trivial to write down an effective action from string theory. One
possible strategy could be to exploit the remarkable fact that the massive N' = 4 supergraviton,
has the same degrees of freedom as the massless N' = 8 supergraviton. This suggests that the
above Higgsing process could be described in four dimensions as an N = 4 deformation of the
maximal AN/ = 8 of Cremmer, Julia and Scherk [40]. Note that since the Goldstone multiplet

By [0];1;1) contains extra gravitini, it is not part of the spectrum of the usual N' = 4 (gauged)
supergravity in four dimensions. Extra degrees of freedom could be alternatively introduced by
adding N' = 4 higher-derivative terms as in [62]. The authors of this reference analyzed the
massive spectrum in Minkowski spacetime and found it to contain ghosts. It could be interesting
to repeat their analysis in Anti-de Sitter spacetime, especially if the hierarchy my < LZI can be
achieved.

Apart from the problem of pinning down the effective action for the already studied embed-
ding, there are more open questions in this direction.

First, given that apparently the main study of the problem took place in the gravitational
side of the holographic duality. Therefore an interesting task would be to perform the calculation
purely on the CFT side, namely compute the small anomalous dimension of the almost-conserved
three-dimensional stress tensor and match with our result for the graviton mass.

A third open direction, is the study of embeddings of AdS massive gravity in other dimensions
and with other amounts of supersymmetry. This is a priori constrained though [18] : Many exact
AdSp solutions with D > 4 and half-maximal supersymmetry are known by now, for instance
for AdS7 [9], for AdS6 [56] [57] [8], and for AdS5 [64]. But among them there are cases where
the stress tensor belongs to protected supermultiplets and hence cannot receive an anomalous
dimension, ruling out in this way the corresponding massive gravity. An example is the AdS7
supergravity, whose dual 6d A/ = 1 theory possesses a stress tensor that belongs to a protected
B-series multiplet Thus massive AdS; supergravity is a priori excluded. The same holds for
AdSg with N =1, and for supergravities that are dual to theories with more-than-half-maximal
supersymmetry such as A)2 in 4d and N)4 in 3d. However, a situation with no protection
is N' = 2, AdS5 and hence it would be interesting to search for embeddings of massive AdS
supergravity in this case.
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Chapter 4
Stringy AdS, Bigravity

This chapter includes the article ”Quantum Gates to other Universes” by C. Bachas and the
author [22]. The additional features are minimal modifications regarding the notation of the two
last sections as well as an addition of an extra final section.

Abstract
We present a microscopic model of a bridge connecting two large Anti-de-Sitter Universes. The

Universes admit a holographic description as three-dimensional A = 4 supersymmetric gauge
theories based on large linear quivers, and the bridge is a small rank-n gauge group that acts as a
messenger. On the gravity side, the bridge is a piece of a highly-curved AdSsxS® throat carrying
n units of five-form flux. We derive a universal expression for the mixing of the two massless
gravitons: M? ~ 3n2(k3 + x}2)/1672, where M is the mass splitting of the gravitons, k%, /,? are
the effective gravitational couplings of the AdS4 Universes, and n is the quantized charge of the
gate. This agrees with earlier results based on double-trace deformations, with the important
difference that the effective coupling is quantized. We argue that the apparent non-localities of
holographic double-trace theories are resolved by integrating-in the (scarce) degrees of freedom

of the gate.

4.1 Introduction

One of the tantalizing aspects of General Relativity is the possibility of connecting disjoint Uni-
verses. Most of the attention has been captured by wormholes which are pointlike contacts
between Universes. But one can in principle consider a wormbrane or Wp-brane, that is a bridge
whose entry and exit are of spacetime dimension p+ 1. In this language the usual wormholes are
W (—1)-branes.

When the Universes are AdSg41, holographic duality offers a different perspective of such
objects as bridges between two decoupled d-dimensional field theories. Consistency requires
that non-traverseable wormholes correspond to pure entanglement of the theories [92], while
traverseable bridges must also involve a Hamiltonian coupling [66]-[110]. The generic deformation
is given by a double-trace coupling

5L~ [ ¢ O@(0) O () K (o) (4.1.1)

where O, Q' are single-trace operators in the two theories, 2(¢) and 2/({) parametrize the
boundary submanifolds sewed together by the coupling, and K (x,z’) is an interaction kernel. If
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one insists on conformal invariance the coupling will extend at all scales, and the bridge will have
codimension (d — p) both in the boundary and in the bulk.! This excludes the case p = —1. In
this paper we will focus on the other extreme, p = d, where the entry and the exit of the bridge
are the entire AdS spacetime. From a higher-dimensional perspective on the other hand, they
look like entries to localized defects.

Double-trace deformations were introduced in [3]-[29] and used to model two or more inter-
acting gravitons in [102]-[86]. Because of the absence of the van Dam-Veltman-Zakharov (DVZ)
discontinuity in Anti-de-Sitter spacetime [87][100] a linear combination of the massless gravitons
can obtain an arbitrarily-small mass M. An interesting feature of these double-trace models is
that M comes from a one-loop quantum-gravity effect. However, although double-trace deforma-
tions have been understood as boundary conditions in the supergravity limit [115], their status
in string theory is less clear. Their presence seems to introduce non-localities both in the target
spacetime and on the worldsheet [3][29].

The gates presented in this paper share one key feature with these earlier models: M is
suppressed by two powers of the effective gravitational coupling k4y1. Contrary, however, to
double-trace models, our gates have a good semiclassical limit and are perfectly local when viewed
both from the boundary and from the bulk. The price to pay (as usual) for locality is that the
continuous double-trace coupling must be traded for an integer charge.

The basic idea is illustrated in figure 4.5. One starts with two large-quiver gauge theories
that are dual to two large AdSy spacetimes. The number of degrees of freedom in these quivers
is measured by the inverse-squared effective couplings, K,Z2 and 52_2. The bridge is then an
additional ‘messenger’ node representing a small gauge group with rank n < /@Iz, fi:l_z. We here
consider quivers corresponding to ‘good’ 3d N' = 4 supersymmetric gauge theories at the origin of
their Higgs or Coulomb branches [73, 65] for which a detailed holographic dictionary is available

[12]-[19] . The idea is however more general. When n > 1 (but still much smaller than sy 2, &}~ 2)

the bridge admits a smooth gravitational description as a AdS5xS® throat of radius L ~ n'/4.
This had been noticed already in [12][13]. Excising the throat is equivalent to integrating out
the messenger degrees of freedom leading to two effective descriptions of the bridge, either as the
gluing of two AdS4 spacetimes or as a multitrace deformation of the boundary theories. In our
example both these effective descriptions are highly non-local because one integrates out massless

fields. But it should be obvious that this apparent non-locality is a red herring.

To make the field-theory deformation quasi-local one may give mass to the hypermultiplets
represented by the two links that join the U(n) node to the quivers. The dual geometry should now
exhibit a characteristic scale below which the bridge between the Universes disappears. Taking
the formal m — oo limit makes the double-trace deformation local, but the geometry is singular.
This explains the tension between locality in field theory and in string theory. To resolve it one
must simply integrate back-in the gate fields.

Quivers like those of figure 4.5 actually make sense for any p < d (including p = —1) and
can serve as definitions of Wp-branes. In most cases the dual geometries are singular, and the
problem is further complicated by infrared divergences. The question of what constitutes a ‘weak
link” (as opposed to a full-fledged interface) must be in particular carefully reexamined. These
issues will be discussed elsewhere.

The plan of the present paper is as follows: In section 4.2 we review some relevant features
of the 3d N' = 4 quiver gauge theories that we need. We recall in particular how the data
for good quivers can be repackaged efficiently in an ordered pair of Young diagrams (p,p). In
section 4.3 we describe the microscopic gate of figure 4.5 as the rearrangement of n boxes in

In general, after taking account of the backreaction the bridge will be fat rather than delta-function localized
in the transverse dimensions. Its worldvolume can be either Euclidean or Lorentzian.
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quiver 1 quiver 2

Figure 4.1: Two large quivers corresponding to two large AdS Universes joined by a gate
which is a low-rank gauge theory coupling via bifundamental matter to the quivers.

the Young diagrams. In section 4.4 we present the dual type-1IB supergravity solutions before
and after the construction of the bridge. The mixing of the gravitons due to the introduction of
the gate is calculated in the semiclassical limit 1 < n < KZQ, /fﬁl_Q in section 4.5, and shown to
agree parametrically with the double-trace models of [102]-[86]. One can interpret our result as
a rule of quantization of the double-trace coupling. Finally, in section 4.7 we comment on future
directions.

4.2 Partitions for good quivers

The field theories of our holographic setup are three-dimensional A' = 4 gauge theories that can
be engineered with D3-branes suspended between D5-branes and NS5-branes [73]. Let A, N, N
be respectively the number of these three types of brane. To define the gauge theory one must
give two ordered partitions of A in N or N positive integers

~

A= h+l+-+iy = h+l+-ly, (4.2.1)

where [; > ;41 and l} > l} 41 These describe the distribution of the D3-branes among NS5-branes
on the left and D5-branes on the right. Equivalently, the partitions define two Young diagrams,
p and p, both with the same number A of boxes. The diagram p has I; boxes in the i*" row,
and p has l}. boxes in the 7% row. We label the rows of the transposed Young diagram p” (i.e.
the columns of p) by hatted Latin letters, and the rows of the transposed Young diagrams 5 by
unhatted letters. The reason for this notation will soon be clear. The length of the j* row in p”
is lj.T, and the length of the j* row in pT is Z]T.

Quivers whose gauge symmetry can be entirely Higgsed correspond to pairs obeying the
ordering condition p? > p. It was conjectured by Gaiotto and Witten [65] that at the origin
of their Higgs branch such ‘good theories’ flow to strongly-coupled supersymmetric CFTs that
are irreducible with no free-field factors. We can put the ordering condition in compact form by
introducing the integrated row lengths

47



i

Figure 4.2: The Young diagram p and its transpose p” inscribed in their respective grids.
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which count the total number of boxes in the first j or j rows of the corresponding diagrams.
The condition p” > p is then equivalent to the following set of strict inequalities

Lf>% forall j=1,2--- ,N—1. (4.2.3)

In words, the first 7 rows of p? contain more boxes than the first j non-empty rows of p, for
all . The mirror statement pL > p can be shown to be mathematically equivalent.

The first of the above inequalities implies that N > Zl, while its mirror statement is N > [;.
It follows that the Young diagrams p’ and p are contained in a N x N grid, and the diagrams
p and p’ are both contained in a N x N grid, see figure 4.2. This justifies our use of the same
labelling for the rows of p’ and p, and also for the rows of p and p7. When viewed as directed
walks p and p end at the lower left corner of their respective grids, while the transposed walks
begin at the upper right corner of their grids.

The linear-quiver theories defined by such partitions are called T f [SU(A)| = Tlf [SU(A)] where
‘=" denotes mirror symmetry. Their quivers are shown in figure 4.3. We call electric the quiver
with N — 1 nodes (for which the gauge group is realized on D3-branes suspended on
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NS5-branes) and magnetic the quiver with N — 1 nodes (with the D3-branes suspended on D5-
branes). To minimize the occurence of hatted symbols we choose to show here the magnetic
quiver. The ranks n; and m; of the gauge and the flavor groups can be read from the row-lengths
of p and pT via the relations

ni= LT —L;, my=0"-101, (Gj=1,---,N—1). (4.2.4)

The ordering condition 7 > p ensures that all gauge-group factors have positive rank, while
for the flavor groups this is automatic. The dual electric quiver can be expressed likewise in terms
of the row lengths of p! and p.

Besides mirror symmetry which exchanges p and j, good pairs of Young diagrams admit one
other involution (C') which replaces p by its complement p¢ inside the N x N grid, and p by its
compliment p¢ inside the NxN grid, as in figure 4.4 . The lengths of the rows in the transformed
diagrams are

=N-Iy; and If=N-Ig (4.2.5)

The reader is invited to check that this operation amounts to a reflection of the electric and
magnetic quivers. In the underlying string theory this flips the orientation of the suspended
D3-branes. Since the A = 4 eance theories are not chiral. (7 is a svmmetrv of the nroblem. 2

Figure 4.3: The magnetic quiver for the ordered pair of partitions (p, ). The gauge-group
ranks n; and the flavor-group ranks m; can be expressed in terms of the row lengths of p and
pT. The inequality p7 > p guarantees the positivity of all n;.

2C changes A to (N N - A), in apparent violation of the D3-brane charge. It is however known that this latter
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Figure 4.4: The operation C that replaces p by its complement inside the N x N grid,
and p by its complement inside the N x N grid. C changes black to white and rotates the
diagram by 180°.

4.3 Quantum gates as box moves

Consider now two decoupled theories, described by the good pairs (p1,p1) and (p2,p2). We
assume that all the brane charges are large, so that the dual AdS, spacetimes can be described
accurately by type-IIB supergravity. We would like to couple these theories weakly, as shown in
the figure below. ‘Weak’ means that the node joining the quivers has a gauge group of low rank
n. The weakest bridge has n = 1. When the quivers in the picture are magnetic, we call this an
‘elementary magnetic bridge’ between theory 1 and theory 2. Since we may join either of the two
ends of each quiver, there exist four different magnetic bridges between two theories, and also
four different electric bridges.

Before describing the bridge, let us first construct the partition pair (p, p) in the decoupled
case, n = 0. Together the two quivers have (N; + Ny) D5-branes and (N; + Ny) NS5-branes, so
the grid containing p must have dimensions (N1 4 Na) x (N7 +Ny), and the grid containing p must
have dimensions (N7 + Na) x (N1 + Na). The partitions corresponding to the product theory are
shown in figure 4.5. Their Young diagrams contain all the boxes in the black upper-left blocks of
the grids, and none of the boxes in the white lower-right blocks. The off-diagonal blocks contain
the diagrams of theory 1 and 2, as shown in the figure.

To construct the magnetic quiver of the composite theory one looks at eqs. (4.2.4). The first
(N1 — 1) nodes reproduce the quiver of theory 1, but at the next node one finds a gauge group of
zero rank, ny, = f/]Tvl — Ly, = 0. The remaining nodes, j > Nj, reproduce the quiver of theory
2. The fact that the bridge has n = 0 rank means that the partitions p and p fail to obey strict
ordering at the N node where the theories decouple. >

is only defined modulo large gauge transformations, and can be shifted by N N. This shift changes the charge to
— A consistently with the fact that C' reverses the orientation of the D3-branes.
3If n were negative, the corresponding node would have anti-D3 branes breaking supersymmetry.
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Figure 4.5: The Young diagrams (p, p) corresponding to two decoupled theories (p1, 1)
and (p2, p2).

It should now be clear how to create a bridge. We must crank up the rank of the N{* gauge-
group factor by rearranging a few boxes of these diagrams. The rearrangement should restore the
strict inequalities p? > jp that characterize irreducible quivers. To visualize the construction of
the bridge let us assume that the Young diagrams of the original theories are rectangular blocks. 4
It will soon become clear that the construction is general and does not depend on this simplifying
assumption. For now take p, (p = 1,2) to be rectangular N, x [y, blocks, and p, rectangular
Np X lALp blocks, where [, and lALp are the sizes of the longest rows, i.e. with our simplifying
assuption of all rows. Recall that these lengths are bounded respectively by Np and Np.

Figure 4.6 shows the Young diagrams p and p” before and after the construction of a bridge.
The initial diagrams have the general form of figure 4.5. A magnetic bridge can be constructed
by moving n boxes of the diagram p from the N to the (N7 + 1) row. This increases the
rank of the th node from 0 to n, leaving all other quantum numbers in the magnetic quiver
unchanged, see equations (4.2.4). The rank of the gauge group at the connecting node is bounded
by

2n < NQ — l1’2 + 1171 . (431)

Since the right-hand-side is at least equal to 2, elementary bridges are always allowed. For
n > 1 there exist several rearrangements of the boxes that respect the strict ordering. They all
look indistinguishable at leading order in n/N N as will become clear in the following sections.
The elementary n = 1 bridge requires the rearrangement of a single box and can be considered
as the quantum of a gate.

The reader can easily convince herself that the simplifying assumption of rectangular Young
diagrams plays no role, and that elementary magnetic bridges between good theories always
exist. It is also straightforward to exhibit the electric quiver of the composite theory with a

“In the quiver theories, this assumption leads to single-factor flavor groups. In the dual type-IIB solutions, it
corresponds to single stacks of 5-brane sources of each type.
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Figure 4.6: The Young diagrams p and p” obtained by merging two single-stack quivers,
as discussed in the text. A magnetic bridge is created by moving n boxes from the red to
the blue positions in the diagram p, while leaving p the same. [In this example N; = Ny =
6, Ny = 10, NQ =8and 11 =l = lAl,l =4, lALg = 5. The original diagrams contain 4, = 24
and Ay = 40 boxes, so for the merged diagrams A = 64] .

magnetic bridge, but its detailed form is not particularly illuminating. The new bridge has small
readjustments of both gauge-group and flavor-group ranks at several nodes of the originally-
decoupled electric quivers.

4.4 Geometry of the gates

The type IIB solutions dual to the N' = 4 quiver theories were found in [12, 13]. The geometry
has the warped form (AdS;xS? x §2)x,,%, with ¥ the infinite strip 0 <Imz < 7/2 [53, 55]. The
S? fiber degenerates at the lower boundary of the strip and the S2 fiber degenerates at the upper
boundary, but these are mere coordinate singularities. Points where the AdS, fiber degenerates,
on the other hand, are positions of 5-brane sources. The D5-branes which wrap the 2-sphere S?
are localized at z = d; + % on the upper boundary of ¥, while the NS5-branes which wrap the
second sphere S§2 are localized at z = & on the lower boundary. The relation of the five-brane
positions to their linking numbers is [12]

N N
=2 00;-0), =2 00;-3), (4.4.1)

where 9 is the function
2
Y(u) = — arctan(e ) (4.4.2)
which extrapolates between 1 and 0 as u goes from —oo and oo, and the five-brane singularities

have been labeled in clockwise order in order to respect our convention that {/;} and {ij} are
non-increasing sequences.
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Rectangular Young diagrams correspond to solutions with a single stack of N D5-branes all
at the same position z = § +i7/2, and a single stack of NS5-branes all at the same position z = 6.
In this case (4.4.1) reduce to two equations

I=N96—-68), I=N906-96), (4.4.3)

which are related by the conservation law NI = Ni. Requesting that both linking numbers be
integers can make this system of equations overconstrained. The general solution is of the form

A

N ~ N
l= gc_t’; , l= gc_?z , where 0 <m < ged (4.4.4)

and ged is the greatest common divisor of N and N. If N and N are relatively prime there is
no solution whatsoever, if ged(N, N ) = 2 there is a unique isolated solution m =1 <= 5 =6 etc
etc. The fact that the solutions to (4.4.3) depend on detailed arithmetic properties of N and N is
physically unreasonnable, and is actually an artifact of the assumption of single-stack five-branes.
By allowing the stacks to split one finds a large number of nearby solutions when the five-brane
charges N and N are large.

Let us assume now that we have found a solution of (4.4.3) with § — 6 = ug. To describe
two decoupled quiver theories we take two copies of the above five-brane stacks with infinite
separation along the Rez axis as in figure 4.7. To simplify the calculation, we take the symmetric
arrangement shown in the figure: two stacks of N D5-branes are separated by & — ug, and two
stacks of N NS5-branes are separated by & +ug, so that the entire configuration is invariant under
reflection of the Rez- axis.
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Figure 4.7: The initial geometry (upper part of the figure) which is dual to the two
decoupled quiver theories has singularities separated by £ = oco. The quantum bridge obtained
by the rearrangement of boxes in p shown in figure 4.6 corresponds to taking large but finite
¢ and making the moves shown in the lower part of the above figure. The entire NS5-brane
stacks, and one brane detached from each D5-brane stack, are respectively displaced by &4
and du; towards the center of the strip.

Using equations (4.4.1) one finds in the £ = oo limit

A

L=NQA+v), lb=N1-1v), I1=N(2-1), Iy=Nv. (4.4.5)
2

two decoupled quivers, see figure 4.6, if one identifies Ny = No = N, Ni=Ny,=N , and

where g = 2 arctan(exp(—up)). These linking numbers match those of the Young diagrams for

lii=Ndy, hi=Nvy, hao=NA-19), lho=N(1-1).

Notice that theory 2 is the C-transform of theory 1 defined in figure 4.4 . This is expected since
the two theories are obtained by Rez reflection from each other. Of course the N' = 4 theory is
self-conjugate, so our choice of relative orientation just indicates by which ends we chose to join
the two decoupled quivers.

We want now to find a new solution obtained from this initial configuration by (i) taking &
large but finite, and (ii) making some small five-brane moves. The two moves that create the
elementary bridge of the previous section are shown in the lower part of figure 4.7. The entire
NS5-brane stacks are displaced by d4 towards the center of the figure, while only a single D5-brane
is detached from each D5-brane stack and displaced by du; in the same direction. To match the
Young diagrams of figure 4.6, all linking numbers except those of the detached D5 branes should
stay the same after these moves, while the detached D5-branes should transfer n units of linking
number to each other. This gives three equation for the three unknown parameters (&, and
duy) of the new solution

—N(6uy — 64)sinmdg ~ —7n Nétsinmdg —2Ne ¢ ~ 0 ,

Néasin mdg — dug sinmdg + 2Ne ¢ ~ 0 | (4.4.6)

where we have neglected terms that are subleading in the limit IV, N > n. The solution of these
leading-order equations is

e S T a1 (4.4.7)
ANN 2N N sin g N sin g
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Note that all dispacements are proportional to the rank n of the additional gauge group in the
magnetic quiver, and that the displacement of the detached D5-branes is parametrically larger
than that of the NS5-branes in the large N, N limit.

The metric of the ten-dimensional type-IIB solution is [53, 55]

4 .
—ds® = L3ds%ys + f* ds%l) + f? dsé) + 4p® dzdz | (4.4.8)

Oé,

where ds%i) = d¥? +sin¥?dp? are the metrics of the unit-radius 2-spheres, ds3 g is the metric of
the unit-radius AdS4 spacetime, o’ is the Regge slope parameter, and the four scale factors are
given by

utt g g U2 g U2 s UUWw?
LS =16 — o S =160 f& =16h e P (4.4.9)
In the above expressions
W = 8.0:(hh) , U = 2hh|d.h)? — R2W | U = 2hh|0.h|*> — B*W (4.4.10)

and hq, h are harmonic functions on the z-strip obtained by summing, respectively, over the
D5-brane and the NS5-brane singularities. For the configuration of figure 4.7 these harmonic
functions read: [12]

h = —(N —1)logtanh <

Nﬁ
l\J\z\z
i

it oz E—wuy dug oz £—ug 5u1>
logtanh<4 5 + 1 5 ) logtanh(4 + 5 + cc.,

) Nlogtanh( f-zuo 5;) + cc.. (4.4.11)

ol
§+uo+ U

. - z
=-N1 h{=-—
h og tan (2 1 5

The solutions also have a non-trivial dilaton

~\ 1/4

U
*_ (= 4.4.12
e (u) , ( )
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Setting z = z + iy and expanding these harmonic functions near the center of the strip
(lz] < &) gives after a little calculation

h~8Ne ¢/?coshasiny , h~8Ne ¢/?coshzcosy | (4.4.13)

where we dropped terms of order O(e3€=#/2) which are subleading in the ¢ — oo limit.
Plugging these expansions in (4.4.8)-(4.4.10) gives the AdS;xS® metric expressed as an AdS,
foliation over x. The radius L and the constant dilaton ®q read

~N 1/4
N
L* =4na/?n, e = <N> : (4.4.14)

As expected, the radius only depends on the number n of D3-branes that created the AdSs
throat /bridge. We are here working in units g = 1 where the NS5-branes and the D5-branes
have equal tension. The AdSs5 throat does not of course extend out to infinity, it is cut off at
x ~ ££/2 where the AdS; boundary is capped.

4.5 Mixing of the gravitons

We will compute the mixing of the gravitons in the regime 1 < n < N N, in which the bridge is
thin compared to the AdS spacetimes on either side, but supergravity can be trusted. The general
expression for the spectrum of spin-2 excitations in any warped supergravity background was given
in [20]. The relevant eigenvalue problem depends only on the metric g(e) of the compact space
Mg, and on the warp factor e

read

= p4. The mass-squared operator and the norm of wavefunctions

6_2A

VI(6)

M? = —

ooy e g 0P = | yag et vy, 45.1)
6

where 1) is a scalar wavefunction on Mg. Here M? is the dimensionless mass, which is the
eigenvalue of the Lichnerowicz Laplacian (the spin-2 wave operator) on the unit-radius AdSy
spacetime. It is related to the scaling dimension of the dual operator by the well-known formula
A(A — 3) = M?. For the case at hand Mg = (S? x S?’) x,, ¥, and using our expressions for the
scale factors we find:

1011 = (am)? [_dody (4> L) [ = 2072 [ dadyhh 00R) [0, (45.2
% P
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W) = (4m)? [ dudy (4202L3) ()0 = 2°%° [ dady (ko) o0 . (453)

These expressions are valid for any of the AdS, solutions in [12, 13], we will now specialize to
the nearly-factorized configurations (4.4.11).

Consider first the decoupling limit £ — co. Each AdS4 spacetime has a massless graviton with
constant wavefunction ¢, and a tower of massive excitations with M ~ O(1). The normalized
wavefunction of the massless graviton is

wo =V ' with Vg = 2972 / dwdy hh|0D(hh)| := (NN)?vg . (4.5.4)
b

Here vg is a number ~ O(1) that depends on the details of each decoupled theory, and whose
precise value is not important. It can be computed by keeping in h, h only the five-branes near
x ~ &/2 for the theory on the right of the bridge, or only those near x ~ —£/2 for the theory on
the left. In the example the two theories are identical.

It is useful to express this compactification volume in terms of an effective four-dimensional
gravitational coupling. Following ref. [14] one defines a consistent truncation to four-dimensional
gravity with effective action Seg = —(1/2+3) [ d*z, /gy (R(4) + 6) which admits the unit-radius
AdS, as solution. The relation of x4 to Vg is

K2 = K3, 1/(;1(Z)_4 , where 2%, = (2m)7(a/)* (4.5.5)

is the type-1I1B gravitational coupling. This parametrization is particularly convenient when
comparing the on-shell supergravity action with the free energy of the quiver gauge theory on the
3-sphere [14].°

Let us consider next the configuration with a bridge. The two previously massless gravitons
will now mix, so that the graviton with constant wavefunction g remains massless, while the
orthogonal combination 1; obtains a small mass. To find these new wavefunctions, note that
the AdS5xS® bridge makes a parametrically-small contribution to the compactification volume.
Indeed, cutting off the throat at © = +x¢ we find

o
Volume(iproat) ~ L8 cosh? z dx ~ n?e*®o | (4.5.6)
o

5When comparing to [14] and to earlier references, note that we have here rescaled the harmonic functions by
o’ /4, so that the coefficients of the logtanh contributions are integer.
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which should be compared to the volume of the five-brane regions ~ (NN)2. From (4.4.7) one
sees that the two volumes are of the same order if g ~ £/2, i.e. when the AdS; cutoff reaches the
five-brane regions, as should be expected. Here we take £/2 > xy > 1 so that the throat volume
stays parametrically small and can be ignored. The two wavefunctions at this leading order are
then given by

(2Vg)~1/2 for x> g,
o (2V6)*1/2 ) P Y1(x) for —xzp <z <z, (4.5.7)
—(2Ve)" Y2 for x < —mp .

Here () is an interpolating function in the throat region which must be chosen so as to
minimize the mass. Note that under reflection x — —z, 1y is even and 17 is odd as in the
double-well potential of quantum mechanics.

From (4.5.3) it follows that the only contribution to the mass of the 1; state comes from the
throat region where the geometry is approximately AdSsxS?,

L2ds® ~ dz® + cosh? z ds*(AdSy) 4 ds*(S°) .

The function ¢ that minimizes the mass in this cut-off AdS5 throat is a solution to the differential
equation

d d
@(cosh‘lx%) =0 = ¢i(z)~

[\VR V]

1
(tanh 2 — 3 tanh® ) (2V5) ~1/2 . (4.5.8)

In infinite AdS5 spacetime this would have been a non-normalizable solution, but in our capped
off geometry it is normalized by imposing a smooth interpolation between the two asymptotic val-
ues +(2V5)~ /2. Inserting this wavefunction in (4.5.3) and using the harmonic functions (4.4.13)
leads to the following expression for the mass

. o
(1 |M2|3y) ~ 21073 (NNe )2 | dax cosh? z(

—x0

dip1 o 163 A7 K7, —E\2 3
/=)~ 2 NN — 4.5.
da:) 7 e ) ><2V6 (4.5.9)

Using finally (4.4.7) and the relation (4.5.5) of Vg to the effective gravitational coupling we
arrive at the main result of this paper:

3
]\42 = @HZnQ (n: 1’2’) X (4510)

If one restores the AdS, radius R in this formula, one finds M? = (3G /7 R*) n?, where G
is the four-dimensional Newton’s constant.
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It is straightforward to extend this calculation to the case of a bridge connecting AdS4 Uni-
verses of unequal size. The properly normalized wavefunction orthogonal to the massless graviton
in this case reads

3 1 1
N_lwl(x) = Z(VGI‘FVG)(tanhx—gtanhgx)—i—i(vé_vﬁ),

where N7t = /VEVE(Vs + VY) (4.5.11)

and V{ (Vg) is the compactification volume of the Universe on the left (right) side of the bridge.
Note that this wavefunction extrapolates between N V{ at z — oo, and —N Vg at @ — —cc.
Inserting it in the expression for the mass gives

3
M? = (ki +KP)n?, (4.5.12)
T

where k4 an d &/ are the effective gravitational couplings for the two theories. For identical
Universes this reduces to (4.5.10). Note that for unequal Universes the mixing is dominated by
the smaller Universe whose effective Newton’s constant is the strongest.
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4.6 Bimetric and Massive AdS, gravity

In this section, we will initially present a generalization of the main result of this chapter, based
on the work carried out in the previous chapter. In particular, we will consider the case where
the two AdSy x Mg spacetimes are connected through a Janus semi-infinite throat insted of an
AdS5 x S® one. Finally, it is going to be verified for our solutions that the massive AdSy gravity
can be obtained from bigravity in a spacial decoupling limit.

We consider The manifold Mg now consists of a Janus throat capped-off on both sides by two
bags, Mg and MGI. For economy of notation we introduce the parameters

U::L VaLi and V= /7, VL3,
MG M6

Note that v is just a short-hand for the parameter ‘/6<L421>bag = wl;alg/ % of the previous chapter.
Using the inner product (1|i9) = be \/§L§ i1y one finds easily two orthogonal, low-lying
spin-2 states. A massless state with constant wavefunction throughout Mg (which is normalizable
because Mg is now compact), and a massive state whose wavefunction is approximately constant
in the bags,

VU /v in Mg,
— v/t in M.

o) = (v+0/)71? x { (4.6.1)

Since the throat makes a subleading contribution to the inner product, the above wavefunction
is clearly orthogonal to the constant one, i.e. to the wavefunction of the massless graviton. This
second mode is necessarily massive because g is forced to vary inside the Janus throat in order
to extrapolate between the above values at the exits.

By repeating the calculation carried out in the previous chapter regarding the minimizing
wavefunction in the Janus throat, with the only difference in the boundary conditions, we obtain
the result:

1 / /
Yo =~ m (V' —v) = (v +v)

I(z,a)

Tioea) (4.6.2)

where I(x,a) has been defined in eq. (3.3.23). Inserting the above wavefunction in (3.3.25),
and reexpressing v and v’ in terms of radii and effective couplings gives

2712 _
mgL4 =

3n? K3 N k3!
1672 | (Libag  (L3)

] x J(coshdg) . (4.6.3)
bag’
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AdSs x S°
(Janus)

AdSy x Mg AdS, x M,

Figure 4.8: Two universes, AdSy x Mg and AdS,; x M connected via a thin throat with
Janus or AdSs x S® geometry. When initially decoupled, each spacetime includes a massless
low-lying graviton. After the coupling, the two gravitons mix, resulting to one massive and
one massless combination.

This result agrees with the one of the previous section, if we go back to the AdSs x S° case by
setting the dilaton variation to zero and hence for J(cosh(d¢) = 0). Moreover, in this calculation
we have reintroduced the warp factor L4 in the formulae, as throughout the previous sections of
this chapter we chose to work in units of Ly = 1 and absorbed (L2?) in the definition of x2.

Apparently how this result reduces to the formula for the graviton mass (3.3.25) in the decou-
pling limit s} — 0 or equivalently (L3)y,,,s — 0. In this limit the massless graviton has vanishing
wavefunction and decouples, whereas 1) is concentrated entirely in the (unprimed) bag Mg and
in the throat.

From the perspective of the dual field theory, these bigravity solutions are not 4d defect CFTs,
but rather 3d CFTs of a special kind. They are superconformal gauge theories based on linear
quivers with a low-rank ‘weak’ node [22]. Removing this node breaks the quiver into two disjoint
quivers. One could in principle integrate out the scarce messenger fields, thereby generating multi-
trace couplings between disjoint theories in the spirit of [85][4]. In contrast with these references,
the couplings are however non-local (they are generated by massless messengers) and exactly
scale invariant (the AdS, symmetry is manifest). Conversely, integrating back in the messenger
fields restores the interpretation of the multitrace couplings in terms of a classical supergravity
background, and resolves the conflicts with string-theory locality discussed in refs. [3][2].

Similar comments apply to the relation of our models with the transparent boundary condi-
tions of [101][61]. These could conceivably mimic the effects of the semi-infinite throats, but they
are obscuring the issues of locality and scale invariance. It is nevertheless interesting that they
lead to the same parametric dependence of mg on the effective gravitational coupling k4.
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4.7 Concluding Remarks

We may compare our result for graviton mixing with the one obtained by Aharony et al [4] in
the double-trace deformation model. Their field theory calculation gives a mass that depends
on a continuous double-trace coupling h (in which we reabsorbed numerical factors) and on the
central charges of the two theories via the combination

M? = h*(—+ =). (4.7.1)

This is of the same form as (4.5.11) if one notes that the central charges ci, c2, defined as the
coefficients in the two-point function of the energy-momentum tensors, can be identified with /@12
and "921_2- The important difference is that in our model h is quantized. It would be interesting to
see if this quantization rule can be also found by studying RG flows in the space of double-trace
coupling. Note that if one views the quantum bridge as the minimal allowed coupling between two
mutually-hidden sectors of a theory, the quantization of charge ensures that the mixing cannot
be weaker than ~ k4k/, in harmony with the general spirit of the weak gravity conjecture.

To an observer in Universe 1 the gate looks like a D3-brane with AdS worldvolume. By
conservation of five-form flux, the exit looks like an anti-D3 brane in Universe 2. Since the two
Universes are invariant under charge-conjugation, only an observer travelling through the throat
can compare the charges of entry and exit.

The D3-branes are special because they have a regular extremal horizons, but other defects
can serve as entries and exits of a bridge. The simplest case is that of a D-instanton, which
was identified as a wormhole solution of type-IIB supergravity in [68] and should be revisited in
the light of our present discussion. Another interesting question was raised by the recent paper
which counted the number of conserved energy-momentum tensors in class-S theories by means
of an index. It would be interesting to find a way of counting the number of nearly conserved
energy-momentum tensors, i.e. of the dual spin-2 gravitons with mass much below the mass gap
of O(1).

Finally an obvious question is whether, like D-branes, quantum gates can also be described on
the string worldsheet by a modification of the rules of string perturbation theory. Ideas include
sigma models that flow to topological theories in the infrared [17], zero size worm-holes in the 2d
gravity of the worldsheet [3], or worldsheets with conformal interfaces [24]. Viewing the gates as
weak quiver links may give a new breadth to these earlier efforts.
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Chapter 5

Exactly marginal Deformations

This chapter includes the article ” Marginal Deformations of 3d N' = 4 Linear Quiver Theories”
by C. Bachas, Bruno Le Floch and the author [23], along with an extra appendix E.1.

Abstract We study superconformal deformations of the T, f SUMNT theories of Gaiotto-Hanany-
Witten, paying special attention to mixed-branch operators with both electrically -and magnetically-
charged fields. We explain why all marginal N’ = 2 operators of an N’ = 4 CFTj3 can be extracted
unambiguously from the superconformal index. Computing the index at the appropriate order
we show that the mixed moduli in Tpﬁ SUINT theories are double-string operators transforming in
the (Adj,Adj) representation of the electric and magnetic flavour groups, up to some overcount-
ing for quivers with abelian gauge nodes. We comment on the holographic interpretation of the
results, arguing in particular that gauged supergravities can capture the entire moduli space if,
in addition to the (classical) parameters of the background solution, one takes into account the

(quantization) moduli of boundary conditions.

5.1 Introduction

Superconformal field theories (SCFT) often have continuous deformations preserving some super-
conformal symmetry. The space of such deformations is a Riemannian manifold (the ‘supercon-
formal manifold’) which coincides with the moduli space of supersymmetric Anti-de Sitter (AdS)
vacua when the SCF'T has a holographic dual. Mapping out such moduli spaces is of interest
both for field theory and for the study of the string-theory landscape.

In this paper we will be interested in superconformal manifolds in the vicinity of the ‘good’
theories T? [SU(N)] whose existence was conjectured by Gaiotto and Witten [65]. These are
three-dimensional N' = 4 SCFTs arising as infrared fixed points of a certain class of quiver gauge
theories introduced by Hanany and Witten [73]. Their holographic duals are four-dimensional
Anti-de Sitter (AdS4) solutions of type-IIB string theory [12]-[91]. Our main motivation in this
work was to extract features of these moduli spaces not readily accessible from the gravity side.
We build on the analysis of ref. [19] which we complete and amend in significant ways.

Superconformal deformations of a d-dimensional theory T} are generated by the set of marginal
operators {O;} that preserve some or all of its supersymmetries. ! The existence of such operators
is constrained by the analysis of representations of the superconformal algebra [38]. In particular,
unitary SCFTs have no moduli in d = 5 or 6 dimensions, whereas in the case d = 3 of interest
here moduli preserve at most AN/ = 2 supersymmetries. Those preserving only N/ = 1 belong
to long (‘D-term’) multiplets whose dimension is not protected against quantum corrections.

1One exception to this general rule is the gauging of a global symmetry with vanishing 8 function in four
dimensions.
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The existence of such N' = 1 moduli (and of non-supersymmetric ones) is fine tuned and thus
accidental. For this reason we focus here on the N' = 2 moduli.

The general local structure of N/ = 2 superconformal manifolds in three dimensions (and of
the closely-related case N' = 1 in d = 4) has been described in [89]-[71]. These manifolds are
Kihler quotients of the space {\'} of marginal supersymmetry-preserving couplings modded out
by the complexified global (flavor) symmetry group Ggiobal,

MSC = {)‘i}/Gglobal = {)‘Z|Da = O}/Gglobal . (511)

The meaning of this is as follows: Marginal scalar operators O; fail to be ezxactly marginal if
and only if they combine with conserved-current multiplets of Gglobal to form long (unprotected)
current multiplets. Requesting this not to happen imposes the moment-map conditions

D" = NTEN +O(X*) = 0, (5.1.2)

where T are the generators of Ggiohal in the representation of the couplings. The second
quotient by Gglobal in (5.1.1) identifies deformations that belong to the same orbit. The complex
dimension of the moduli space is therefore equal to the difference

dim Mgc = #{0;} — dim Global - (5.1.3)

In the dual gauged supergravity (when one exists) the fields dual to O; are N' = 2 hypermul-
tiplets, and D® = 0 are D-term conditions [44].

The global flavour symmetry of the T[f [SU(N)] theories, viewed as N' = 2 SCFTs, is a product

Galobal = G x G x U(1) , (5.1.4)

where G and G are the flavour groups of the electric and magnetic theories that are related
by mirror symmetry, and U(1) is the subgroup of the SO(4)r symmetry which commutes with
the unbroken N = 2. To calculate the local moduli space we must then list all marginal super-
symmetric operators and the Gglobal-representation(s) in which they transform. Many of these
deformations are standard superpotential deformations involving hypermultiplets of either the
electric theory or its magnetic mirror. Some marginal operators involve, however, both kinds of
hypermultiplets and do not admit a local Lagrangian description. We refer to such deformations
as ‘mixed’. They are specific to three dimensions, and will be the focus of our paper.

Marginal deformations belong to three kinds of N' = 4 superconformal multiplet [19]. The
electric and magnetic superpotentials belong, respectively, to spin-2 representations of SO(3)y
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and SO(3)¢, where SO(3)y x SO(3)c ~ SO(4)p is the N' = 4 R symmetry.? The mixed
marginal operators on the other hand transform in the (J¥,J¢) = (1,1) representation. In
the holographic dual supergravity the (2,0) and (0,2) multiplets describe massive N/ = 4 vector
bosons, while the (1,1) multiplets contain also spin—% fields. These latter are also special for
another reason: they are Stueckelberg fields capable of rendering the N = 4 graviton multiplet
massive [22][21]. In representation theory they are the unique short multiplets that can combine
with the conserved energy-momentum tensor into a long multiplet. This monogamous relation
will allow us to identify them unambiguously in the superconformal index.

More generally, one cannot distinguish in the superconformal index the contribution of the
N = 2 chiral ring, which contains scalar operators with arbitrary (J,.J¢), from contributions of
other short multiplets. Two exceptions to this rule are the pure Higgs- and pure Coulomb-branch
chiral rings whose R-symmetry quantum numbers are (J7,0) and (0, J¢). The corresponding
multiplets are absolutely protected, i.e. they can never recombine to form long representations of
the N/ = 4 superconformal algebra [39]. These two subrings of the chiral ring can thus be unam-
biguously identified. Their generating functions (known as the Higgs-branch and Coulomb-branch
Hilbert series [72]-[41]) are indeed simple limits of the superconformal index [104]. Arbitrary el-
ements of the chiral ring, on the other hand, are out of reach of presently-available techniques.
Fortunately this will not be an obstacle for the marginal (1, 1) operators of interest here.

The result of our calculation has no big surprises. As we will show, the mixed marginal
operators transform in the (Adj, Adj,0) representation of the global symmetry (5.1.4), up to
some overcounting when (and only when) the quivers of T /f’ [SU(N)] have abelian gauge nodes.
More generally, the set of all marginal A/ = 2 operators is of the form

S2(Adj G + Adj G) + [length — 4 strings] — redundant (5.1.5)

where S? is the symmetrized square of representations, the ‘length-4 strings’ correspond to
quartic superpotentials made out of the hypermultiplets of the electric or the magnetic theory
only, while redundancies arise exclusively from the F-term conditions at abelian gauge nodes.
Calculating these redundancies is the main technical result of our paper. On the way, we will
provide also some new checks of 3d mirror symmetry.

Our calculation settles one issue about the dual AdS moduli that was left open in ref. [19)].
As is standard in holography, the global symmetries G and G of the SCFT are realized as
gauge symmetries on the gravity side. The corresponding N = 4 vector bosons live on stacks of
magnetized D5-branes and NS5-branes which wrap two different 2-spheres (S% and S%) in the
ten-dimensional spacetime [12]. The R-symmetry spins J and J¢ are the angular momenta on
these spheres. As was explained in [19], the Higgs-branch superconformal moduli correspond to
open-string states on the D5-branes: either non-excited single strings with J” = 2, or bound
states of two JH = 1 strings. The Coulomb branch superconformal moduli correspond likewise to
open D-string states on NS5-branes. For mixed moduli ref. [19] suggested two possibilities: either
bound states of a J = 1 open string on the D5-branes with a J¢ = 1 D-string from the NS5
branes, or single closed-string states that are scalar partners of massive gravitini. Our results
here seem to rule out the second possibility, at least for the solutions dual to linear quivers.

2S0(3)x and SO(3)c act on the chiral rings of the pure Higgs and pure Coulomb branches of the theory,
whence their names. They are exchanged by mirror symmetry.

3Though there do exist some interesting suggestions [43][34] on which we will comment at the end of this paper.

40f course the uncharged open-string states mix in the interacting theory with closed strings. A more precise
statement is that, for linear quivers, the latter do not contribute new states to the A = 2 chiral ring.
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It was also noted in ref.[19] that although gauged N' = 4 supergravity can in principle
account for the (2,0) and (0,2) moduli that are scalar partners of spontaneously-broken gauge
bosons, it has no massive spin—% multiplets to account for single-particle (1,1) moduli. But if all
(1,1) moduli are 2-particle states, they can be in principle accounted for by modifying the AdSy
boundary conditions along the lines of [115][29]. The dismissal in ref. [19] of gauged supergravity,
as not capturing the entire moduli space, is therefore premature. Note however that changing the
boundary conditions does not affect the classical AdS solution but only the fluctuations around
it. Put differently these moduli show up only upon quantization. The analysis of AdS moduli
spaces in gauged supergravity [44] must be extended to incorporate such ‘quantization moduli.

This paper is organized as follows: Section 5.2 reviews some generalities about good T /f’ [SU(N)]
theories, and exhibits their superconformal index written as a multiple integral and sum over
Coulomb-branch moduli and monopole fluxes. Our aim is to recast this expression into a sum of
superconformal characters with fugacities restricted as pertaining to the index. These restricted
characters and the linear relations that they obey are derived in section 5.3. We also explain
in this section why the ambiguities inherent in the decomposition of the index as a sum over
representations do not affect us for the problem at hand.

Section 5.4 contains our main calculation. We first expand the determinants so as to only
keep contributions from operators with scaling dimension A < 2, and then perform explicitly the
integrals and sums. The result is reexpressed as a sum of characters of OSp(4[4) x G x G in
section 5.5. We identify the superconformal moduli, comment on their holographic interpreta-
tion (stressing the role of a stringy exclusion principle) and conclude. Some technical material
is relegated to appendices. Appendix 77?7 sketches the derivation of the superconformal index
as a localized path integral over the Coulomb branch. This is standard material included for
the reader’s convenience. In appendix C we prove a combinatorial lemma needed in the main
calculation. Lastly a closed-form expression for the index of T[SU(2)], which is sSQED3 with two
‘selectrons’, is derived in appendix E.2. This renders manifest a general property (which we do
not use in this paper), namely the factorization of the index in holomorphic blocks [98]-[25].

5.2 Superconformal index of T?[SU(N)]

5.2.1 Generalities on T7[SU(N)]

We consider the 3d N' = 4 gauge theories [73] based on the linear quivers of the figure. Circle
nodes in these quivers stand for unitary gauge groups U(N;), squares designate fundamental
hypermultiplets and horizontal links stand for bifundamental hypermultiplets. One can generalize

to theories with

orthogonal and symplectic gauge groups and to quivers with non-trivial topology, but we will
not consider such complications here. We are interested in the infrared limit of ‘good theories’
[65] for which N;j_1 + Nj41 + M; > 2N; Vj. These conditions ensure that at a generic point of
the Higgs branch the gauge symmetry is completely broken.
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The theories are defined in the ultraviolet (UV) by the standard ' = 4 Yang-Mills plus matter
3d action. All masses and Fayet-Iliopoulos terms are set to zero and there are no Chern-Simons
terms. We choose the vacuum at the origin of both the Coulomb and Higgs branches, where
all scalar expectation values vanish. Thus the only continuous parameters of the theory are the
dimensionful gauge couplings g;, which flow to infinity in the infrared.

Every good linear quiver has a mirror which is also a good linear quiver and whose discrete
data we denote by hats, {N;, Mj, 12:} A useful parametrization of both quivers is in terms of an

ordered pair of partitions, (p, p) with p? > p, see appendix C. The SCFT has global (electric and
magnetic) flavour symmetries,

A

G x G = ([[u)/va) x (([UAL)/uw) (5.2.1)

J j

with rank G = k and rank G = k. In the string-theory embedding the flavour symmetries are
realized on (k + 1) D5-branes and (k + 1) NS5-branes [73]. The symmetry G is manifest in
the microscopic Lagragian of the electric theory, as is the Cartan subalgebra of G which is the
topological symmetry whose conserved currents are the dual field strengths tr*F(;. The non-

abelian extension of G is realized in the infrared by monopole operators [32][31].

In addition to G x G the infrared fixed-point theory has global superconformal symmetry.
The N = 4 superconformal group in three dimensions is OSp(4|4). It has eight real Poincaré
supercharges transforming in the (3, 3, 3) representation of SO(1,2) x SO(3)y x SO(3)¢. The
two-component 3d Lorentzian spinors can be chosen real. The marginal deformations studied
in this paper leave unbroken a A" = 2 superconformal symmetry OSp(2[4) C OSp(4]4). This is
generated by two out of the four real SO(1,2) spinors, so modulo SO(4) g rotations the embedding
is unique. Let QF%) be a complex basis for the four Poincaré supercharges, where the superscripts
are the eigenvalues of the diagonal R-symmetry generators Ji7 and J;? . Without loss of generality
we can choose the two unbroken supercharges to be the complex pair Q) and Q(—7), so that
the N = 2 R-symmetry is generated by J& 4 J§ and the extra commuting U(1) by JH — J'.
We use this same basis in the definition of the superconformal index.

5.2.2 Integral expression for the index

There is a large literature on the N’ = 2 superconformal index in three dimensions, for a partial
list of references see [30]-[113]. The index is defined as a weighted sum over local operators of the
SCF'T, or equivalently over all quantum states on the two-sphere,

Zgorqr = Trpy (—1)F gz A= o= BT I =J5) (5.2.2)

In this formula F is the fermion number of the state, J3 the third component of the spin, A
the energy, and ¢,t,e ? are fugacities. Only states for which A = J3 + JH + ch contribute to
the index which is therefore independent of the fugacity 5.

The non-abelian R symmetry guarantees (for good theories) that the U(1)r of the N' = 2
subalgebra is the same in the ultraviolet and the infrared. We can therefore compute Zg2, g1
in the UV where the 3d gauge theory is free. The index can be further refined by turning on
fugacities for the flavour symmetries, and background fluxes on S? for the flavour groups In our
calculation we will include flavour fugacities but set the flavour fluxes to zero.
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The superconformal index eq. (5.2.2) is the appropriately twisted partition function of the
theory on S? x S1. It can be computed by supersymmetric localization of the functional integral,
for a review see ref.[113]. For each gauge-group factor U(N;) there is a sum over monopole
charges {m;; Oé} € ZNi and an integral over gauge fugacities (exponentlals of gauge holonomies)
{zja} € U(1)Ni. The calculation is standard and is summarized in appendix ??. The result is
most conveniently expressed with the help of the plethystic exponential (PE) symbol,

k Nj N N;
dz L —m. —1
Fores = H[ Z /H 27rz;;1a1{ Ao H{H H 1_q2|mm mJ’B‘ZjﬁZj,a)
Jj=1 'm ezNi Jj=1"a=1 a#p
q2 (
XPE(Z > el
j=1a,f=1 -4
131 — k M; Nj
2t)2 1 — 2t
e Ered D DML W
q j=lp=la=1
1 k 1 Nj Njt
(QQt)Q ~ % 1 +1
+ Z Z q2|m1a mjy1, B|ZZ;,F04 Zhg
j=la=1 pg=1

(5.2.3)

Here zj, is the S! holonomy of the U(N;) gauge field and mj, its 2-sphere fluxes (viz.
the monopole charges of the corresponding local operator in R3) with « labeling the Cartan
generators; 1, are flavour fugacities with p = 1,---, M;, and w; is a fugacity for the topological
U(1) whose conserved current is tr*F;). The plethystic exponential of a function f (v1,v2,- ")
is given by

Ul 71)7217 e )) . (5.2.4)

3\*—‘

PE(f) = exp @

Finally m denotes collectively all magnetic charges, and the crucial exponent A(m) reads

1k N; 1k N; 1 k-1 Nj Njp
52 Z My —mgsl+ 5> M D Imjal + > mja —mjsagl . (5:2.5)
j=1la,8=1 j=1 a=1 ] 1a=1 =1

Note that the smallest power of ¢ in any given monopole sector is %A(m). Since the contri-

bution of any state to the index is proportional to q%(AJ“]i*), we see that A(m) is the Casimir
energy of the ground state in the sector m, or equivalently the scaling dimension [and the SO(3)¢
spin] of the corresponding monopole operator [32][31]. As shown by Gaiotto and Witten [65] this
dimension is strictly positive for all the good theories that interest us here. cf equations (2.16-17)
in Gaiotto-Witten

We would now like to extract from the index (5.2.3) the number, flavour representations and
U(1) charges of all marginal N' = 2 operators. To this end we need to rewrite the index as a sum
over characters of the global OSp(4|4) x G x G symmetry,

Zgaegr = Y Im(q:t) xe(p)xe(R2) (5.2.6)
(R,r,t)
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where the sum runs over all triplets of representations (R, r, ), x, and x; are characters of G
and G, and T, are characters of OSp(4]4) with fugacities restricted as pertaining for the index.
To proceed we must now make a detour to review the unitary representations of the N = 4
superconformal algebra in three dimensions.

5.3 Characters of OSp(4/4) and Hilbert series

5.3.1 Representations and recombination rules

All unitary highest-weight representations of OSp(4|4) have been classified in refs. [59][39]. As
shown in these references, in addition to the generic long representations there exist three series
of short or BPS representations:

H ;C

ALY A e G>0) . Al ) and Bi[0)% 0 (5.3.1)

We follow the notation of [39] where [j]((;] 5% denotes a superconformal primary with energy
§, and SO(1,2) x SO(3) g x SO(3)¢ spin quantum numbers j, 7, j¢.° We use lower-case symbols
for the quantum numbers of the superconformal primaries in order to distinguish them from those
of arbitrary states in the representation. The subscripts labelling A and B indicate the level of
the first null states in the representation.

The A-type representations lie at the unitarity threshold (64 = 1+ +j 4 5¢) while those of
B-type are separated from this threshold by a gap, ép = d4 — 1. Since for short representations
the primary dimension ¢ is fixed by the spins and the representation type, we will from now on
drop it in order to make the notation lighter.

The general character of OSp(4|4) is a function of four fugacities, corresponding to the eigen-
values of the four commuting bosonic generators Js, JiI, J3C and A. For the index one fixes the
fugacity of J3 and then a second fugacity automatically drops out. More explicitly

In(g,t) = xm(e™,q,t,€”)
where xs(w, q,t,e?) = Try w2‘73q%(A‘*'J?’)t‘]f*‘]sce*ﬁ(A*JVJa{{*J?aC) . (5.3.2)

Although general characters are linearly-independent functions, this is not the case for indices.
The index of long representations vanishes, and the indices of short representations that can
recombine into a long one sum up to zero. This is why, as is well known, Z¢2, 51 does not
determine (even) the BPS spectrum of the theory unambiguously. Fortunately, we can avoid this
difficulty for our purposes here, as we will now explain.

In any 3d, N' = 4 SCFT the ambiguity in extracting the BPS spectrum from the index can
be summarized by the following recombination rules [39]

%A small difference from [39] is that we use spins rather than Dynkin labels.
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759

L[o](jH,jc) — Ay[0)V ® Bl[o](jH+1»jC+1) , (5.3.3a)
L[%](jf{j0>_> A [;U%C) @ Ap[0)U7H5+D) (5.3.3b)
, (G ) 1 (GH 5 A SO LB SRS

L >V = AV e A - o] TR T (5.3.3¢)

- 2

The long representations on the left-hand side are taken at the unitarity threshold § — §4.
From these recombination rules one sees that the characters of the B-type multiplets form a basis
for contributions to the index. Simple induction indeed gives

o
(_) jIAl[j](jH,jC) = IAZ[()](]‘HH,J'CH) = _IBl[o}<jH+j+1,jC+j+1) . (5-3'4)

We need therefore to compute the index only for B-type multiplets. The decomposition of
these latter into highest-weight representations of the bosonic subgroup SO(2,3) x SO(4) can be
found in ref. [39]. Using the known characters of SO(2,3) and SO(4) and taking carefully the
limit w — €™ leads to the following indices

Lp oo =1, (5.3.5a)
1
1 on (1—qat!
L, 06t >00) = (q2t) ((1—q)) ; (5.3.5b)
19 jC (1 *q%t)
IBl[O}(o,]’C>0) = (q2t™) Wa (5.3.5¢)
1
1o, oy m_c(l—qz(t+t ) +¢q
IBl[O}(jH>OJC>O) — q2(] +7 )t] J ( ((1_q) ) ) ) (535(1)

Note that all superconformal primaries of type B are scalar fields with § = j7 + j, so
one of them saturates the BPS bound 6§ = j3 + ji + j$ and contributes the leading power
q%(j "4 4o the index. Things work differently for type-A multiplets whose primary states have
§=1+4j+77+;5° > js + 54 —i—jgc, so they cannot contribute to the index. Their descendants can
however saturate the BPS bound and contribute, because even though a Poincaré supercharge
raises the dimension by %, it can at the same time increase J3 + J& + J§ by as much as %
5.3.2 Protected multiplets and Hilbert series

General contributions to the index can be attributed either to a B-type or to an A-type multiplet.
There exists, however, a special class of absolutely protected B-type representations which do not
appear in the decomposition of any long multiplet. Their contribution to the index can therefore
be extracted unambiguously. Inspection of (5.3.3) gives the following list of multiplets that are
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absolutely protected : B [0] G5 with % < (5.3.6)

DO | =
N =

Consider in particular the Bj[0] (7.0) series.6 The highest-weights of these multiplets are
chiral N/ = 2 scalar fields that do not transform under SO(3)¢ rotations. This is precisely the
Higgs-branch chiral ring consisting of operators made out of A' = 4 hypermultiplets of the electric
quiver. It is defined entirely by the classical F-term conditions. Likewise the highest-weights of
the By[0](% ‘) series, which are singlets of SO(3)py, form the chiral ring of the Coulomb branch
whose building blocks are magnetic hypermultiplets. Redefine the fugacities as follows

Ty = qiti% . (5.3.7)

It follows then immediately from (5.3.5) that in the limit z_ = 0 the index only receives contri-
butions from the Higgs-branch chiral ring, while in the limit x4 = 0 it only receives contributions
from the chiral ring of the Coulomb branch.

The generating functions of these chiral rings, graded according to their dimension and quan-
tum numbers under global symmetries, are known as Hilbert series (HS). In the context of 3d
N = 4 theories elegant general formulae for the Higgs-branch and Coulomb-branch Hilbert series
were derived in refs. [72]-[42], see also [41] for a review. It follows from our discussion that

Zery g1 = HSMees (1) and  Zg, g = HQCeulomb(gp (5.3.8)

z_=0 4=

These relations between the superconformal index and the Hilbert series were established in
ref. [104] by matching the corresponding integral expressions. Here we derive them directly from
the A/ = 4 superconformal characters.

What about other operators of the chiral ring ? The complete N' = 2 chiral ring consists
of the highest weights in all By [O](jH’jc) multiplets of the theory.” As seen, however, from
eq. (5.3.4) the mixed-branch operators (those with both j# and j¢ > 1) cannot be extracted
unambiguously from the index. This shows that there is no simple relation between the Hilbert
series of the full chiral ring and the superconformal index. The Hilbert series is better adapted
for studying supersymmetric deformations of a SCFT, but we lack a general method to compute
it (see however [43][34] for interesting ideas in this direction). Fortunately these complications
will not be important for the problem at hand.

The reason is that marginal deformations exist only in the restricted set of multiplets:

marginal : B [0](jH’jC) with 749 =2. (5.3.9)

%The representations Bi[0] "% and B [O}(%’j ) only appear in theories with free hypermultiplets and play
no role for good theories.

"The A-type multiplets do not contribute to the chiral ring, since none has scalar states that saturate the BPS
bound (i.e. A =J +JS and J = 0).
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These are in the absolutely protected list (5.3.6) with the exception of B;[0](%V), a very
interesting multiplet that contains also four spin-3/2 fields in its spectrum. This multiplet is not
absolutely protected, but it is part of a ‘monogamous relation’: its unique recombination partner
is A5[0]%0) and vice versa. Furthermore A[0](%?) is the A = 4 multiplet of the conserved energy-
momentum tensor [39], 8 which is unique in any irreducible SCFT. As a result the contribution
of B1[0]%Y) multiplets can be also unambiguously extracted from the index.

A similar though weaker form of the argument actually applies to all A/ =2 SCFT. Marginal
chiral operators belong to short O.Sp(2|4) multiplets whose only recombination partners are the
conserved N = 2 vector-currents. We already alluded to this fact when explaining why the
3d N' = 2 superconformal manifold has the structure of a moment-map quotient [71]. If the
global symmetries of the SCFT are known (which may not be always easy), one can extract
unambiguously its marginal deformations from the index.

5.4 Calculation of the index

We turn now to the main calculation of this paper, namely the expansion of the expression (5.2.2)
in terms of characters of the global symmetry OSp(4]4) x G x G. Since we are only interested
in the marginal multiplets (5.3.9) whose contribution starts at order O(q), it will be sufficient
to expand the index to this order. In terms of the fugacities x+ we must keep terms up to
order O(x*). As we have just seen, each of the terms in the expansion to this order can be
unambiguously attributed to a OSp(4]4) representation.

We will organize the calculation in terms of the magnetic Casimir energy eq. (5.2.5). We start
with the zero-monopole sector, and then proceed to positive values of A(m).

5.4.1 The zero-monopole sector

In the m = 0 sector all magnetic fluxes vanish and the gauge symmetry is unbroken. The
expression in front of the plethystic exponential in (5.2.2) reduces to

dzje
HlN,/H L TT (= 28250) | - (5.4.1)

Jj=1

This can be recognized as the invariant Haar measure for the gauge group H?:l U(Nj). The
measure is normalized so that for any irreducible representation R of U(NV)

dzq _
N! / H 27rzza s (1—-232,") xr(2) = 6ro - (5.4.2)

Thus the integral projects to gauge-invariant states, as expected. We denote this operation

on any combination, X, of characters as X |Singlet .

8In the dual gravity theory, this recombination makes the A" = 4 supergraviton massive. Thus B [O](l‘l> is a
Stueckelberg multiplet for the ‘Higgsing’ of N' =4 AdS supergravity [22][21].
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Since we work to order O(q) we may drop the denominators (1 — ¢) in the plethystic expo-
nential. The contribution of the m = 0 sector to the index can then be written as

ZB5% = PB(z4(1 - 22)X + (22 —22)Y) angerF O(z") (5.4.3)
with
k . . k-1 . o k-
X => (0,00 +0,00) + > (0,01 +0;0,11)  and Y =) 0,0; . (5.4.4)
j=1 j=1 j=1

The notation here is as follows: [J; denotes the character of the fundamental representation
of the jth unitary group, and 0J; that of the anti-fundamental. To distinguish gauge from global
(electric) flavour groups we specify the latter with the symbol of the corresponding fugacities p,
while for the gauge group the dependence on the fugacities z is implicit. The entire plethystic
exponent can be considered as a character of G x G x U(1) x R*, where G is the gauge group and
U(1) x Rt € OSp(4[4) are the superconformal symmetries generated by J — J$ and by A + Js.
The “singlet” operation projects on singlets of the gauge group only.

The plethystic exponential is a sum of powers S¥x of characters, where S* is a multiparticle
symmetrizer that takes into account fermion statistics. For instance

S a+b—c—d)=S%a+ab+S%b— (a+b)(c+d) + Ac+cd+ Ad (5.4.5)

where S¥ and A* denote standard symmetrization or antisymmetrization. Call 2 the exponent
in eq. (5.4.3) . To the quartic order that we care about we compute

S?Q =27 82X + a4 (x
S’Q =23 S°X + 22 (2
S*Q = 218X .

— )XY + 2 S°X + 21 A%Y — 232 (X2 +Y?)
—-r1)YS’X , (5.4.6)

[

Upon projection on the gauge-invariant sector one finds

X| 0 and k. (5.4.7)

singlet: XY’singlet: |singlet:

Second powers of Y also give (u-independent) pure numbers,

=S%Y

singlet

y? +A%Y

singlet

singlet
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with

1

S?Y = Sk(k—1). (5.4.8)

1 k
i=1

singlet singlet

The remaining terms in the expansion require a little more work with the result

k
X2 —282x| —2(k-14Y OO
singlet singlet ( + ; J ]) )
— e
smglet z:: D D]‘H +04; DJ-H) ) (5.4.9)
k —
vs2x| = K2k =2+ Ony=1 + On=1 + ) [(k + O, 21) 508 — 25sz1} ,
single ¢
7j=1
and finally (and most tediously)
4 = -1k 52
R P Z ot Z ON;#10N 1+ £ D (O + T )
; = =
k k
+ N2 = Gjm1 — 6mp) [T P + (k= 1) Y |0 (5.4.10)
Jj=1 j=1

+ Z\D*‘r |D”\2+ZIED“!2+Z(5N a5

J<j’

where in the last equation we used the shorthand |R|? for the character of R® R, and denoted
the (anti)symmetric representations of U(M;) by Young diagrams.

Let us explain how to compute the singlets in Y'S2X. One obtains gauge-invariant contribu-
tions to that term in three different ways: the product of a gauge-invariant from Y and one from
S?X, or the product of an SU(N;) adjoint in Y with either a fundamental and an antifundamental,
or a pair of bifundamentals, coming from S2X. This gives three terms:

k

k k
gt k;(k— 1+)° \Dgfy?) + (Z 5Nj¢1\mg‘y?) + (—5N1#1 e 25Nj¢1> (5.4.11)
j=1

j=1 j=1

YS2X

where we used that the SU(IV;) adjoint is absent when N; = 1, and that the outermost nodes
have a single bifundamental hypermultiplet rather than two. After a small rearrangement, this
is the same as the last line of (5.4.9).

For S*X |singlet We organized terms according to how many bifundamentals they involve. First,
four bifundamentals can be connected in self-explanatory notation as <= or =< or {<?} . Next,
two bifundamentals and two fundamentals of different gauge groups can be connected as [ |,
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while for the same group they can be either connected as [ or — 11, or disconnected as a pair
of bifundamentals < and a flavour current A (see below). When the node is abelian the first
two terms are already included in the third and should not be counted separately. Finally, four
fundamental hypermultiplets can form two pairs at different nodes, or if they come from the same
node they should be split in two conjugate pairs, Qi @l s and Qi o ~§, 3, With each pair separately
symmetrized or antisymmetrized. When the gauge group is abelian the antisymmetric piece is
absent.

5.4.2 Higgs-branch chiral ring

As a check, let us use the above results to calculate the Hilbert series of the Higgs branch. We

have explained in section 5.3.2 that this is equal to the index evaluated at z_ = 0. Non-trivial
. . . 2A(m)

monopole sectors make a contribution proportional to x

neglected. The Higgs-branch Hilbert series therefore reads

and since A(m) > 0 they can be

Hstiees () = ZHm70 ; (5.4.12)
xr_—=
Setting z_ = 0 in egs. (5.4.3) and (5.4.6) we find
HSMES (1, ) = 14 23 (S°X - V) + 2387 X
singlet singlet (5 4 13)
+24 (S*X+A%Y - VS?X) + 0(z7).
singlet
Inserting now (5.4.7)-(5.4.10) gives after some straightforward algebra
. k k=1 o
HS'es (z ) =1+ 27 O |00 —1) + 23 Y (O'D5,, +0700,)
j=1 j=1
AdjG length=3 strings
k k 9
b | S ORI + 3 (I + dw [ - 10 )
J<y’ J=1
double—string operators
1 B B (5.4.14)
+ Z(Dglmg‘ﬂ OO+ (1 - 5Nj:1)ymy|2> ~ Ang| + 0@2).
j=2
length=4 strings
where
k—1 k—1
Ang =1+ Z 5Nj:1 - 5Nj:16Nj+1:1 . (5.4.15)
j=2 j=1
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This agrees with expectations. Recall that the Higgs-branch Hilbert series counts chiral
operators made out of the scalar fields, Qﬁ’ and Qf , of the (anti)fundamental hypermultiplets,
and the scalars of the bifundamental hypermultiplets @; ;11 and Qj+17j (the gauge indices are
here suppressed). Gauge-invariant products of these scalar fields can be drawn as strings on
the quiver diagram [19], and they obey the following matrix relations derived from the N' = 4
superpotential,

M; i
Qjjr1Qjr1j + Qjj1Qj1g + D QFQNo =0 Vi=1,-- k. (5.4.16)
p,p=1

The length of each string gives the SO(3)y spin and scaling dimension of the operator, and
hence the power of x in the index. Since good theories have no free hypermultiplets there are
no contributions at order x;. At order z2 one finds the scalar partners of the conserved flavour
currents that transform in the adjoint representation of G. Higher powers come either from single
longer strings or, starting at order xi, from multistring ‘bound states’. One indeed recognizes
the second line in (5.4.14) as the symmetrized product of strings of length two,

k
S Xagic = SPQ_IOEP - 1), (5.4.17)
=1

modulo the fact that for abelian gauge nodes some of the states are absent. These and the
additional single-string operators of length 3 and 4 can be enumerated by diagrammatic rules,
we refer the reader to [19] for details. Note also that the correction term Any is the number of
disjoint parts of the quiver when all abelian nodes are deleted. For each such part one neutral
length-4 operator turns out to be redundant by the F-term conditions.

The quartic term of the Hilbert series counts marginal Higgs-branch operators. When the
electric flavour-symmetry group G is large, the vast majority of these are double-string operators.
Their number far exceeds the number (dim G) of moment-map constraints, eq. (5.1.2), so generic
Tf theories have a large number of double-string N' = 2 moduli.

5.4.3 Contribution of monopoles

Going back to the full superconformal index, we separate it in three parts as follows
Zory gt = —1 4+ HSMEES (1, ) + HSCOUemb (o py 4o zmixedp 0 ) (5.4.18)

where the remainder Z™*¢d yvanishes if either z_ = 0 or 2, = 0. The Higgs-branch Hilbert
series only depends on the electric-flavour fugacities j1;,, and the Hilbert series of the Coulomb
branch only depends on the magnetic-flavour fugacities w;. To render the notation mirror-
symmetric these latter should be redefined as follows

77



= [} - (5.4.19)

Note that since the index (5.2.3) only depends on ratios of the fi;, the last fugacity fixy1 is
arbitrary and can be fixed at will. This reflects the fact that a phase rotation of all fundamental

magnetic quarks is a gauge rather than global symmetry.

Mirror symmetry predicts that HS®OU™P is given by the same expression (5.4.14) with x4

replaced by z_ and all other quantities replaced by their hatted mirrors. We will assume that
this is indeed the case? and focus on the mixed piece Z™ixed,

As opposed to the two Hilbert series, which only receive contributions from B-type primaries,
zZmixed hag contributions from both A-type and B-type multiplets, and from both superconformal
primaries and descendants. Let us first collect for later reference the terms of the m = 0 sector
that were not included in the Higgs-branch Hilbert series. From the results in section 5.4.1 one
finds

ZH0 — HStess = [:c%Y + 21S%Y + 2222 (YSPX — X2 — Y2)}

singlet
:x2_k+ac4( (k+1)+ 251\7;&1)
k k
+ 222 (Zl — 1 Oy |OH 2 2k — z;aszl +ni=1 + On=1) +O().
= j=

(5.4.20)

The two terms in the second line contribute to the Coulomb-branch Hilbert series, while the
third line is a contribution to the mixed piece.

We turn next to non-trivial monopole sectors whose contributions are proportional to xQA( ),
At the order of interest we can restrict ourselves to sectors with 0 < A(m) < 2. Finding which
monopole charges contribute to a generic value of A(m) is a hard combinatorial problem. For
the lowest values A(m) = 1,1 and for good theories it was solved in ref. [65].

Fortunately this will be sufficient for our purposes here since, to the order of interest, the
sectors A(m) = 2 and A(m) = 3 only contribute to the Coulomb-branch Hilbert series, not
to the mixed piece. This is obvious for A(m) = 2, while for A(m) = 2 subleading terms in
(5.2.3) with a single additional power of ¢'/* have unmatched gauge fugacities Zj.o, and vanish
after projection to the invariant sector (see below). In addition, good theories have no monopole

1

operators with A(m) = 5. Such operators would have been free twisted hypermultiplets, and

there are none in the spectrum of good theories. This leaves us with A(m) = 1.

The key concept for describing monopole charges is that of balanced quiver nodes, defined as
the nodes that saturate the ‘good’ inequality N;_1 + N;11 +M; > 2N;. Let B, denote the sets of
consecutive balanced nodes, i.e. the disconnected parts of the quiver diagram after non-balanced
nodes have been deleted. As shown in [65] each such set corresponds to a non-abelian flavor

Tt is straightforward to verify the assertion at the quartic order computed here. Mirror symmetry of the
complete index can be proved by induction (I. Lavdas and B. Le Floch, work in progress).
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group U(|B¢| + 1) in the mirror magnetic quiver.'® Monopole charges in the sector A(m) = 1
are necessarily of the following form:

My a1 = Miji+lae = = My tbap = +1 with [jl,jl + f] - B& (5.4.21)

for one choice of color indices at each gauge node, and for one given set of balanced nodes,
Be. Up to permutations of the color indices we can choose a; = g = --- = ay = 1.

Define j; + ¢ = jo, and let I' be the sequence of gauge nodes I' = {ji1,j1 + 1,---j1 + £ = jo}.
To calculate the contribution of (5.4.21) to the index, we first note that the above assignement
of magnetic fluxes breaks the gauge symmetry down to

gr=J[UuW,) < [[IUW,; —1) xU1)] . (5.4.22)

jer jer

Let us pull out of the integral expression (5.2.3) the fugacities [[,cr wj»c and the overall factor
z? . Setting ¢ = 0 everywhere else and summing over equivalent permutations of color indices
gives precisely the invariant measure of Gr, normalized so that it integrates to 1. To calculate all
terms systematically we must therefore expand the integrand in powers of ¢'/*, and then project

on the Gr invariant sector. To the order of interest we find

ZSAQ(fglzl =22 [T JIwi+11 wj_l)PE(erX’ + (22 — xi)Y’) +0(2") (5.4.23)

Be T'CBe jel jer Gr singlet
where
k k—1
r_ =M/ il = 1= -1 -1,
X'=3 (OO +00) + Y GO + 000+ Y (g + 20 241)
Jj=1 Jj=1 j.j+1er

(5.4.24)
V=3 00 = SO0+ (G2 —g + 1),

and in these expressions [J; denotes the fundamental of U(NN;—1) if j € I', and the fundamental
of U(Nj) if j ¢ T' . By convention [I; = 0 when Nj = N; —1=0.

Performing the projection onto Gr singlets gives

k

X/’gp singlet = 07 Y/|Qrsinglet - (]2 - jl + 1) + Z‘SNJ’qéO 5
j=1

10As a result & ranges over the different components of the magnetic flavour group, i.e. the subset of gauge
nodes (j = 1,--- k) in the mirror quiver of the magnetic theory for which M; > 1.
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and

k k—1
SQAXV/|QF singlet - Z 5N]’;£0 D?D; + (]2 - ]1) + Z 5NJ{¢06N]{+17§0 . (5425)
7=1 7=1

Collecting and rearranging terms gives

ZoT =3 T (pdsh + 85 Ageen) |22+ 2t (k+ Y 6n, 1)
Be [j1,j2]CB =
: [Jl lete - o (5.4.26)
+$ I’+ (Z(SN/ OD |:| +Z(SN/ 0(5N/ 7,50—2(51\[/ 0—1) + O([EE)) )
j=1

The terms that do not vanish for x4 = 0 are contributions to the Hilbert series of the Coulomb
branch. For a check let us consider the leading term. Combining it with the one from eq. (5.4.20)
gives the adjoint representation of GG, as predicted by mirror symmetry

HSOMom = 1402 kY [T (it + i, )| + OG2) -
Be j1,52€8¢ (5.4.27)

AdjG

Note that the k Cartan generators of G (those corresponding to the topological symmetry)
contribute to the index in the m = 0 sector. The monopole operators that enhance this symmetry
in the infrared to the full non-abelian magnetic group enter in the sector A(m) = 1.

5.4.4 The mixed term

Let us now put together the mixed terms from egs. (5.4.20) and (5.4.26). If the quiver has no
abelian nodes all N; > 1 and all N; > 0, and our expressions simplify enormously. The last
line in eq. (5.4.20) collapbeb to (k — 1) > |D“|2 — 2k, and the last line of (5.4.26) collapses to

> \Dg‘ |2 — 2. Combining the two gives the following result for quivers with

No abelian nodes :

zmixed _ .’E 22 [ZHIM‘Q (k‘— 1+ZZ H (ﬂ]&ﬂj_;kl)e) —2} + 0(115)

Be e==[j1,52]CBe

= 222 [(Xagie — Dltage — 1) — 2] + 0@) .

(5.4.28)

We will interpret this result in the following section. But first let us consider the corrections
coming from abelian nodes.
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The p-dependent correction in the m = 0 sector, eq. (5.4.20), is a sum over all abelian gauge
nodes of |D§‘ |2 which should be subtracted from the above result. We expect, by mirror symmetry,
a similar subtraction for abelian gauge nodes of the magnetic quiver. To see how this comes about
note first that N7 = 0 in (5.4.26) implies that j is an abelian balanced node in T' = [j1, j2] € Be.
Now an abelian balanced node has exactly two fundamental hypermultiplets, so it is necessarily
one of the following four types:

©

(b) (d)

(a)

The balanced node is drawn in red, and the dots indicate that the [good] quiver extends
beyond the piece shown in the figure, with extra flavour and/or gauge nodes. The set B¢ may
contain several balanced nodes, as many as the rank of the corresponding non-abelian factor of
the magnetic-flavour symmetry. Notice however that abelian nodes of type (c) cannot coexist in
the same B¢ with abelian nodes of the other types. So we split the calculation of the A(m) =1
sector according to whether B¢ contains abelian nodes of type (a) and/or (b), or nodes of type
(c). The case (d) corresponds to a single theory called T[SU(2)] and will be treated separately.

Replacing & N/#0 by 1—4 N’/=0 in the last line of (5.4.26) and doing the straightforward algebra

leads to the following result for the xix% piece:

S b o TP S b o6 0 S [ @+
2 N0 L 1 NJ#0ONT, 0 — 1 nzo— 1 =, 1Dij -2~ 0 (5.4.29)
J= J]= J= j=

The term in front of the ‘cases’ on the right-hand side was already accounted for in (5.4.28).
The extra subtraction vanishes when B¢ is of type (c), and equals -1 when B¢ is of type (a)
and/or (b). This is precisely what one expects from mirror symmetry. Indeed, as shown in
appendix C, the two cases in eq. (5.4.29) correspond to the Mg = | B¢| + 1 magnetic flavours being
charged under a non-abelian, respectively abelian gauge group in the magnetic quiver (Ng > 1,
respectively ]\75 = 1). In the first case there is no correction to (5.4.28), while in the second
summing over all monopole-charge assignements in B, reconstructs, up to a fugacity-independent
term equal to the rank, the adjoint character of the non-abelian magnetic-flavour symmetry.

Putting everything together we finally get for

Arbitrary quivers :

Zmixed — g2 g2 {(XAde(M) - 1)<XAdjé(ra) -1)-2

= Y IEP - Y PP+ Anuied| + O)
JIN;=1 JIN;=1

(5.4.30)
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where the fugacity-independent correction reads

k
Anmixed = Z M3 + 5N1:1 + 6Nk:1 — Z 5]\/].:1 . (5431)
JlN;=1 =1

We leave it as an exercise for the reader to show that Anyixeq is (like the rest of the expression)
mirror symmetric, albeit not manifestly so.

For completeness we give finally the result for T[SU(2)], the theory described by the quiver
(d). This is a self-dual abelian theory with global symmetry SU(2) x SU(2). In self-explanatory
notation the result for this case reads

T[SU(2)] : zmixed — 0222 ((3—p—pt—p—ph) + 0@5) . (5.4.32)

It turns out that for this theory the full superconformal index can be expressed in closed form,
in terms of the ¢g-hypergeometric function. This renders manifest a general property of the index,
its factorization in holomorphic blocks [98]-[25]. Since we are not using this feature in our paper,
the calculation is relegated to appendix E.2.

This completes our calculation of the mixed quartic terms of the superconformal index. We
will next rewrite the index as a sum of characters of OSp(4|4) and interpret the result.

5.5 Counting the N =2 moduli

The full superconformal index up to order O(q) ~ O(x*) is given by (5.4.18) together with
expressions (5.4.14)-(5.4.15) for the Higgs branch Hilbert series, their mirrors for the Coulomb
branch Hilbert series, and expressions (5.4.30)-(5.4.31) for the mixed term. Collecting everything
and using also (5.3.5) for the indices of individual representations of the superconformal algebra
OSp(4]4) leads to the main result of this paper

Zgrygr =1+ 5’31(1 — ) Xadje T z? (1- :ri) Xagjc "Ei Xo—3 + z? Xo—s
—_— —_— ~ ~

IBI[O](I,O) ZBl[O](O’l) IBI[O](3/2*O) ZBl[O](O73/2)
4 2 2,0 4 2 e 0,2
+ Ty (S XAde + Xg:4 - AX( )) + T_ (S XAde + Xg:4 - AX( ))
~— N
5, 10120 L5, (0)(0,2)
2,2 1,1 2,2 5
+ 2327 | (Xadje Xagie — AxIDY 4 (=2222) + O(2°) .
N—— —_——
IB1[0](1‘1) IAQ[O](OvO)

(5.5.1)
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where x,_  counts independent single strings of length n = 3,4 on the electric quiver, x,_
counts likewise single strings on the magnetic quiver, and the correction terms coming from
abelian (electric and magnetic) gauge nodes are given by

oy

= (5.5.2)

Pl
and A= 3T 0P+ Y BN

k
=D 0N;=1 ’H?‘Q 7 AP = > 0y N;=1
j=1

Anmlxed

>

JIN;j=1 jIN;=

Notice that we have used here the fact that the SCFT has a unique energy-momentum ten-
sor which is part of the A5[0]“?) multiplet, and that all the other OSp(4]4) multiplets can be
unambiguously identified at this order.

5.5.1 Examples and interpretation

The marginal N' = 2 deformations are the terms enclosed in boxes in (5.5.1). Those in the second
line are standard quartic superpotentials involving only the A’ = 4 hypermultiplets of the electric
quiver, or only their twisted cousins of the magnetic quiver. The electric superpotentials (counted
in the Higgs-branch Hilberts series) are of two kinds: (i) single strings of length 4 that transform
in the adjoint of each gauge-group factor U(M;), or in the bifundamental of next-to-nearest
neighbour flavour groups U(M;) x U(M;42); and (ii) double-string operators in the S?(AdjG)
representation. If there are abelian gauge nodes some of these operators are absent. The same
statements of course hold for magnetic superpotentials and the mirror quiver.

The more interesting deformations, the ones made out of both types of hypermultiplets, are
in the third line of (5.5.1). For quivers with no abelian nodes, these mixed operators are all
possible |AdjG| x |AdjG| gauge-invariant products of two fundamental hypermultiplets and two
fundamental twisted hypermultiplets !

"5> |
ﬂ>

(B3P,

=P
33 J

= (QN(Q;Q%) (5.5.3)

where hats denote the scalars of the (twisted) hypermultiplets.

Some of the above operators can be identified with superpotential deformations involving
both hypermultiplets and vector multiplets. Consider, in particular, the following gauge-invariant
chiral operators of the electric theory

OF) = (QIQ)) tr(®y) (55.4)

where ®; is the N = 2 chiral field in the N' = 4 vector multiplet at the jth gauge-group node.
It can be easﬂy shown that tr(®;) is the scalar superpartner of the jth topological U(1) current,

U\ ore precisely, all but the overall combination Zj Zp 5 Q? Qf 0pp and its mirror. These are the scalar partners
of the two missing U (1) flavour symmetries that are gauged.
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so that the operators (5.5.4) are the same as the operators (5.5.3) when these latter are restricted
to the Cartan subalgebra of G. Similarly, projecting (5.5.3) onto the Cartan subalgebra of G
gives mixed superpotential deformations of the magnetic Lagrangian. The remaining (|AdjG| —
rankG) x (]Adj@| - ranké) deformations involve both charged hypermultiplets and monopole
operators and have a priori no Lagrangian description.

We can also understand why some mixed operators are absent when the quiver has abelian
nodes. Recall that the N' = 4 superpotential reads

k M;
W =3 (Qj1®Q55-1+ Qi1 ®Qi 01+ Y QT Q5,5 , (5.5.5)
J=1 p,p=1

from which one derives the following F-term conditions : Q? O, = <I>jQ§ = 0 for all j,p and
p. Note that ®; is an N; x N; matrix, while Q? and Q}; = 0 are bra and ket vectors. If (and

only if) j is an abelian node, these conditions imply O](‘Z’T) = 0 so that these operators should be

subtracted. This explains the first of the three terms in the subtraction 6y, eq. (5.5.2). The
second is likewise explained by the F-term conditions at abelian nodes of the magnetic quiver.
Finally Anpiceq corrects some overcounting in these abelian-node subtractions.

We may summarize the discussion as follows:

Marginal chiral operators of Tf [SU(N)] transform in the S?(AdjG + AdjG) repre-
sentation of the electric and magnetic flavour symmetry, plus strings of length 4
(in either adjoints or bifundamentals of individual factors), modulo redundancies for
quivers with abelian nodes.

Note that the above logic could be extended to chiral operators of arbitrary dimension A = n.
Operator overcounting arises, however, in this case at electric or magnetic gauge nodes of rank
< n — 1, making the combinatorial problem considerably harder.

We now illustrate these results with selected examples:

sQCDg: The electric theory has gauge group U(N,) with N, > 2, and Ny > 2N, fundamental
flavours. Its electric and magnetic quivers are drawn below. The magnetic quiver with Ny = 2N,
(upper right figure) differs from the one for Ny > 2N, (lower right figure). Both have Ny — 1
balanced nodes, corresponding to the electric SU(Ny) flavour symmetry, but their magnetic
symmetry is, respectively, SU(2) and U(1):

() =
Nj—2Ne+1
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The Ny > 2N, theories have %NJ%(NJ% — 1) electric, one magnetic, and (NJ% — 1) mixed marginal
operators from 2-string states. There are no extra marginal operators from length-4 strings,
except in the special case Ny = 2N, + 1, and no abelian-node redundancies. The number of
D-term conditions is N]% + 1, so that the complex dimension of the superconformal manifold is
dimMgeo = %N]%(N]% —1) — 1. When Ny = 2N, the number of electric operators is the same, but
there are now six magnetic operators, S(NJ% — 1) mixed ones, three length-4 strings, and N]% +3
D-term conditions.

sQEDg: This is a U(1) theory with Ny > 2 charged hypermultiplets. The magnetic quiver
has Ny — 1 abelian balanced nodes and one charged hypermultiplet at each end of the chain:

A

This theory has iNJ% (Nf+1)? marginal electric operators (because the antisymmetric combination
QlPQ vanishes), one magnetic operator, and no mixed ones. To prove this latter assertion
one computes Anpixed = 3 from eq. (5.4.31) [checking in passing that the expression is mirror
symmetric|. In the special case Ny = 4 there is in addition a length-4 magnetic string. Note that
for Ny > 1 the dimension of the superconformal manifold of sQEDj3 is reduced by a factor two
compared to the superconformal manifold of sQCD3.

T[SU(N)]: This theory is defined by the self-dual fully-balanced quiver shown below.

For N > 3 there are 3 N%(N2 — 1) electric operators, as many magnetic operators, and (N2 —1)2
mixed ones. The dimension of the superconformal manifold is dimMgc = (N2 —1)(2N? —3) — 1.
The case T[SU(2)] was discussed already separately.

5.5.2 The holographic perspective

In this last part we discuss the relation to string theory and sketch some directions for future
work.

As discussed in the introduction, the T/f [SU(N)] theories are holographically dual to type
IIB string theory in the supersymmetric backgrounds of refs.[12][13]. The geometry has a
AdSyxS?, xS% fiber over a basis which is the infinite strip X. The SO(2,3) x SO(3)g x SO(3)¢
symmetry of the SCFT is realized as isometries of the fiber. The solution features singularities
on the upper (lower) boundary of the strip which correspond to D5-brane sources wrapping S%
(NS5-brane sources wrapping SQC) These two-spheres are trivial in homology, yet the branes are
stabilized by non-zero worldvolume fluxes that counterbalance the negative tensile stress [16].
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There is a total of k+1 NS5-branes and k+1 D5-branes. Their position along the boundary of
the strip is a function of their linking number, which increases from left to right for D5-branes and
decrease for NS5-branes [12]. Branes with the same linking number overlap giving non-abelian
flavour symmetries. The linking number of a fivebrane can be equivalently defined as

e the D3-brane charge dissolved in the fivebrane ;
e the worldvolume flux on the wrapped two-sphere;

e the node of the corresponding quiver, for instance the 7th D5-brane provides a fundamental
hypermultiplet at the I; = i node of the electric quiver (see appendix C).

The R-symmetry spins J, J¢ are the angular momenta of a state on the two spheres. Given
the above dictionary, can we understand the results of this paper from the string-theory side?

Consider first the Higgs-branch chiral ring which consists of the highest weights of all B;[0] (37,0
multiplets. When decomposed in terms of conformal primaries these multiplets read [39]

. -H H iH_

Note that the top component includes a vector boson with scaling dimension A = j# +1. This
is a massless gauge boson in AdS, for j = 1 (‘conserved current’ multiplet) and a massive gauge
boson for j7 > 1. As explained in ref. [19], both massless and massive vector bosons are states of
fundamental open strings on the D5-branes. Their vertex operators include a scalar wavefunction
on S%I with angular momentum J# = j# — 1. Consider such an open string stretching between
two D5-branes with linking numbers ¢ and ¢'. Since these latter are magnetic-monopole fields
on S?;, the open string couples to a net field (£ — ¢'). Its wavefunction is therefore given by the
well-known monopole spherical harmonics with 12

1
jH—1:§|E—£’]+N (5.5.7)

where N are the natural numbers. Recalling that the linking numbers also designate the nodes
of the electric quiver, we understand why the Higgs-branch chiral ring includes strings of minimal
length |£ — ¢'| + 2 transforming in the bi-fundamental of U(My) x U(My) for all k > ¢/ > £ >0
[19]. The bifundamental strings of length 3 and 4 in eq. (5.4.14) are of this kind.

The A = 2 chiral ring also includes strings of length 4 in the adjoint of U(M;) for all k > j > 1,
see (5.4.14). The corresponding open-string vector bosons on the ith stack of D5-branes do not
feel a monopole field (¢ = ¢ = i) but have angular momentum ;7 — 1 = 1. Notice however that

12This celebrated result goes back to the early days of quantum mechanics [107]. We have used it implicitly
when expressing determinants as g-Pochammer symbols. For an amusing real-time manifestation of the effect see
[15].
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these length-4 operators are missing at the two ends of the quiver, i.e. for ¢ = 1 and for ¢ = k.
How can one understand this from the string theory side ?

A plausible explanation comes from a well-known effect dubbed ‘stringy exclusion principle’
in ref. [94]. The relevant setup features K NS5-branes and a set of probe D-branes ending on
them. The worldsheet theory in this background has an affine algebra su(2)x '* and D-branes
(Cardy states) labelled by the set of dominant affine weights A = 0,1,--- , K — 1. The ground
states of open strings stretched between two such D-branes have weights v in the interval

[IA=N],min(A+ X, 2K — X = X)]

and in steps of two [58]. Translating A = £ — 1 (see [15]), u = 2(j7 —1) and K = k+ 1 (the total
number of NS5-branes) gives in replacement of (5.5.7)

1 1 1 1
H_ I _ - _ . . - /! - !
J 1 = 2\5 ), 2\5 U)+1, ,m1n<2(€+€ 2),k 2(54—6)). (5.5.8)

The intuitive understanding of the upper cutoff is that a string cannot remain in its ground
state if its angular momentum exceeds the size of the sphere. It follows that for £ = ¢ =1 or k,
only the j = 1 states survive, in agreement with our findings for the Higgs-branch chiral ring.

To be sure this is just an argument, not a proof, because in the solutions dual to T2[SU(N)]
the 3-sphere threaded by the NS5-brane flux is highly deformed by the strong back reaction of
the D-branes. The perfect match with the field theory side suggests, however, that the detailed
geometry does not matter when it comes to the above stringy effect.

The superconformal index brings to light other exclusion effects associated to abelian gauge
nodes of the electric and magnetic quivers, as summarized in egs. (5.5.1) and (5.5.2). For higher
elements of the chiral ring, these effects are more generally related to the finite ranks of the gauge
groups. This is a ubiquitous phenomenon in holography — McGreevy et al coined the name ‘giant
graviton’ for it in the prototypical AdSs5xS® example [95]. We did not manage to find a simple
explanation for giant-graviton exclusions in the problem at hand. Part of the difficulty is that,
as opposed to the 5-brane linking numbers, the gauge group ranks have a less direct meaning on
the gravitational side of the AdS/CFT correspondence. '

We conclude our discussion of the AdS side with a remark about gauged N' = 4 supergravity.
In addition to the graviton, this has n vector multiplets and global SL(2) x SO(6,n) symmetry,
part of which may be gauged. Insisting that the gauged theory have a supersymmetric AdSy
vacuum restricts the form of the gauge group to be Gy x G¢ x Gy C SO(6,n), where the
(generally) non-compact Gp and G¢ contain the R-symmetries SO(3)y and SO(3)c [90].

The vector bosons of spontaneously-broken gauge symmetries belong to B-type multiplets
with (57,5%) = (2,0) or (0,2). These can describe the length-4 marginal operators in the Higgs-
branch or Coulomb-branch chiral rings. As noted on the other hand in ref. [19], there is no room
for elementary (1,1) multiplets in N = 4 supergravity, because such multiplets have extra spin—%
fields. But we have just seen that linear-quiver theories have no single-string (1,1) operators,
so the above limitation does not apply. All mixed marginal deformations correspond to double-
string operators that can be described effectively by modifying the boundary conditions of their
single-string constituents [115][29]. Note that boundary conditions change the quantization, not
the solution. So

13The bosonic subalgebra has level K — 2 and an extra factor 2 is added by fermions.

M Note that two theories with the same flavour symmetry, i.e. the same disposition of five-branes, can have very
different gauge-group ranks. This feature (called ‘fine print’ in ref. [19]) is best illustrated by sQCDs with a fixed
number of flavours, Ny, but an arbitrary number of colors N, € (2, [Ny/2] — 1), see section 5.5.1.
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Gauged N = 4 supergravity has the necessary ingredients to describe the complete
moduli space of the T/f’ [SU(N)] theories, provided one considers both classical and
quantization moduli.

This quells, at least for linear quivers, the concern raised in [19] that reduction of string theory
to gauged 4d supergravity may truncate away part of the moduli space.

5.5.3 One last comment

We end with a remark about the Hilbert series of T/f’[S U(N)] theories. As we explained in section
5.3, the full chiral ring consists of the highest-weights of all B-type multiplets in the theory with
arbitrary (j%7, jc). The relevant and marginal operators can be identified unambiguously in the
index, as can the entire Higgs-branch and Coulomb-branch subrings. But general mixed elements
(with j7,5¢ > 1) cannot be extracted unambiguously. A calculation that does not rely on the
superconformal index would therefore be of great interest.

A natural conjecture for the full Hilbert series [34] is that it is the coordinate ring of the union
of all branches B, (for the T,f theory, o ranges over partitions between p and p7),

HS (U B,

g

a:+,3:_> = Z(—l)w*1 HS( M B-

A ocEA

Ty, x_) (5.5.9)

where A runs over all non-empty subsets of the branches of the theory. In words, the full
Hilbert series would be the sum of Hilbert series of every branch, minus corrections due to
pairwise intersections and so on. It can be checked that this conjecture is consistent with the
Higgs branch and Coulomb branch limits (¢'/47'/2 — 0 with ¢'/4*'/2 fixed). One can also
compare the number of By [O](l’l) multiplets suggested by this conjecture to the number extracted
from the index. In the limited set of examples that we checked [with zero or one mixed branch| we
found an exact match. Finding a better way to confirm or falsify this conjecture is an interesting
problem.

88



Appendix

89



Appendix A

Elements of representation theory for
3d N =2 and N = 4 theories

In this appendix, we present some basic aspects of representation theory for three-dimensional
N =2 and N = 4 theories. A classification of unitary representations of the various supercon-
formal algebras has been done in [39], the notation of which is followed.

The three-dimensional superconformal algebra with A/ amount of supersymmetry is osp(N]4),
with its maximal bosonic subalgebra being the direct product of the conformal algebra in three-
dimensions and of the the R-symmetry algebra:

osp(N1]4) D s0(3,2) x so(N)g (A.0.1)

and hence for the N/ = 2, 4 theories:

A superconformal multiplet is completely determined by the quantum numbers of its su-
perconformal primary operator, namely the one with the lowest scaling dimension, which is

annihilated by the generators of superconformal boosts (S,Ag = —%) and of special conformal
transformations (K, Ak, = —1). The rest of the operators comprising the superconformal mul-

tiplet, are obtained by the action on the superconformal primary by the supercharges Q, Ag = %
and are called superconformal descendant operators. A descendant obtained by the action of
l-supercharges on the superconformal primary, is at the level-l of the multiplet.

Heighest-weight states of a given representation of the osp(2|4) or osp(4|4) are denoted as [j]’
and [j]i’R/, with j being the spacetime spin, r ,(R, R’) being the R-symmetry spins and of course
A being the scaling dimension. The requirement for unitarity is that all operators comprising
a superconformal multiplet have non-negative norm this condition is expressed in the form of
unitarity bounds for the scaling dimension, A > f(j, R). When the bound is saturated, the
multiplet includes descendants with vanishing norm, called null states, which can be consistently
removed.
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Multiplets for which the inequality is strict, are called Long multiplets, all states have pos-
itive norm and they are denoted by L[j]i’R,, where the labels are the quantum numbers of the
superconformal primary.

Multiplets containing null states are called short. There is a distinction between short mutli-
plets at the threshold where the above unitarity bound is saturated and isolated short multiplets,
which are separated from the other types of multiplets, that have the same quantum numbers,
by a gap. These two categories of short multiplets are denoted as follows:

A [j}{A}i}, short at threshold (A.0.4)
X [j]{AI?, isolated short (A.0.5)

where X € (B,C, D) (different kinds of isolated short multiplets), with Ay > Ap > A¢ >
Ap and I, as stated above, denotes the level where the first null state appears. Finally, it is
important to present the concept of recombination of representations. In the limit where the
scaling dimension of a long multiplets approaches the unitarity bound from above, it breaks into
an A [j]{Ai} multiplet plus another short multiplet that can be either short of the same kind or
an isolated one, which contains the null states of the prior short multiplet. In this sense the two
short multiplets recombine into the long one at the unitarity threshold:

LU]{A}?_AA — Al[j]{A}i} © X U]{Ai} (A.0.6)

, where here X € (A, B,C, D) and the multiplets that contribute to the recombination have
the same Lorentz and R-symmetry quantum numbers. Note that there are certain kinds of short
multiplets that are never involved in such recombinations: these are called absolutely protected
multiplets.

Below, we present the multiplet content and the shortening conditions for the NV = 2 and
N = 4 theories.

Starting from the A/ = 2 theories, the four independent Poincaré supercharges are labeled by
the projections of the spacetime spin and the R-symmetry spin:

{Q=1[%]"1,Q==+:]"} (A.0.7)

The unitary superconformal multiplets, are obtained by imposing independent shortening
conditions for the above supercharges. The shortening conditions and the a full list of the su-
perconformal multiplets are given in [39]. Here we refer to some of the characteristic NV = 2
multiplets:
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D 1 r— r—
LBi0)7>0 = [0 &[]V @ 07 (A.0.8)
2
3
AdY =[P e 55 @ 215 (8.0.9)
_ 1
A [0 = 01" &[5 & 03" @ (1) (A.0.10)

the first is the superpotential multiplet, the second the stress-temsor multiplet and the last
one the vector current multiplet.

Regarding finally the ' = 4 multiplets, again the shortening conditions and the full list of
multiplets, is found in [39]. There are eight independent Poincaré supercharges:

1 La-ny - 1. 11
{[ii]?/;), [ii]f/’z b, [ii]g/;”, [i§]§/21’ N (A.0.11)

and the short superconformal multiplets are of the short-at-threshold, which can be involved
in recombinations and of B-short-isolated type, which are absolutely protected:

~(R,R’ . R’ R’
Al[]]g+j+}{+}{/(j > 0)7 A2[O]?+}}{+R/, Bl[o]ﬁfR’ (A012)

These are the objects of interest throughout Part III.
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Appendix B

The supersymmetric Janus solution

In the second chapter of Part I, we have introduced the pair of harmonic functions h, fz, which
gave a solution of the supergravity equations on AdS,; x Mg with AdSs x S° aymptotic regions
and point singularities supporting fivebrane and threebrane charge. Here we will present the pure
AdS5 x S solution and its Janus generalization.

Setting v = 4 = 0 along with g = B = 0, results to the simple form for the harmonic functions:

h = —iasinh(z) + c.c (B.0.1)
h = éacosh(z) + c.c (B.0.2)

This solution is characterized by the absence of fivebrane charges as well as by a constant
dilaton (0¢ = 0) and a non-vanishing five-form background. Substituting h, h in the metric ansatz
by computing the various metric factors of the solution, results to the AdSs x S® metric:

ds%w) = L2 ((zoshQ(gl:)cls?MS4 + (dz? 4 dy?) + sin®(y)ds%e + cosQ(y)dSEQ) (B.0.3)

Its radius is given in terms of the only parameters of the solution, L5 = Q(Qd)l/ 4,
Reintroducing the parameters 5, 8 in the above solution, accounts for the deformation which
results to its so-called supersymmetric Janus generalization:

h = —iasinh(z — 3) + c.c (B.0.4)
h = acosh(z — B) + c.c (B.0.5)

,where the deformation corresponds to a translation along the strip X5y which preserves
the boundary conditions of the two harmonic functions. This is a supersymmetric domain wall
between two asymptotic regions with AdSs x S® geometry. The dilaton interpolates between two
constant values at the asymptotic regions (¢4, ¢_ at +00) and the above parameters denote the
difference between these values :f = —f3 = A<5¢/ 2. The radius of the Janus solution depends now
on the dilaton variation, just by a rescaling by a factor cosh!/4(6¢): Ls = 2(adcosh(d¢p)) /4,
whereas the dilaton in the two asymptotic regions is given by e2? = Ge®9? /a.
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The plot at the left hand side presents the dilaton, plotted for different asymptotic values, as
a function of the horizontal strip coordinate. The right hand side plot, is the one of the AdSy
warp factor for the set of dilaton variations of the left plot (6¢ = 0, 1,2 for the blue, magenta
and purple curves accordingly). Both plots are along y = 7/4. As the dilaton variation increases,
the warp factor broadens and flattens. Finally, in the limit of large dilaton variation, ¢ — the
geometry approaches AdSy x R [20]
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Appendix C

Combinatorics of linear quivers

We collect here formulae for the different parametrizations of the discrete data of the good linear
quivers, and we establish a lemma used in section 5.4.4 of the main text.

The mirror-symmetric parametrization of the quiver is in terms of two partitions (p, p) with
an equal total number N of boxes, if these partitions are viewed as Young diagrams. We label
entries of these partitions and of their transposes as

p=(1,lo,. .. lpp1) with Iy >lo > >y > 1,
pl=(1,13,...,1f) with if >15 >-->1f >1, o)
p= "l sl y) with Iy >l > >0, > 1, o
pr=310,.. 0 with If >05 > >0l >1,

where we used the fact that the number of rows of p! is given by the longest row I; of p, we
denoted the number of rows of p as [ = k-+1 > 2, and likewise for hatted quantities. To simplify
formulae, the sequences (l;), (l;:r), (l}), (l;T ) are extended with zeros when j or j goes beyond the
last entry. The total number of boxes is >, 1; =35 l;:r =2 l} =2 ff = N.

In the string-theory embedding p and p describe how N D3-branes end on two sets of five-
branes: on k + 1 NS5-branes to the left and on k& + 1 D5-branes to the right. ! The number of
D3-branes ending on the jth NS5-brane (or its linking number which is invariant under brane
moves) is /;, and likewise for the hatted quantities A useful alternative parametrization of these
partitions is in terms of the numbers of their same-length rows

p=Q+ - +1l+ -t l bt ht+k),
—_———

5/_/ ~ 5,—/
v M, M, (C.0.2)
p=0Q+--+1+ -4+ l+--+Ll+---F+ k+---+Ek),
\————’ N———— N————
My MZ Mk

where we used the good property ﬁT > p which implies that [ < k and il < k. Note that
here some of the My and M, may vanish, when there are no fundamental hypermultiplets at the
corresponding gauge-group nodes. Note also that the label £ for groups of balanced nodes in

Tn some of the earlier literature, especially ref. [12], p designated the partition of D3-branes among D5-branes
and p the partition among NS5-branes. Our flipped convention here is chosen so as to remove all hats from the
data of the electric quiver, defined as the theory whose manifest flavour symmetry is realized on D5-branes. Note
in particular that in the parametrization (C.0.2) the number of same-length rows of p runs over j =1,--- k.
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section 5.4.4 runs over stacks of NS5-branes with M, > 1, i.e. over nodes in the magnetic quiver
with non-abelian flavour groups.

The electric and magnetic gauge groups are H;‘?:l U(N;) and H§:1 U(NJ)

M; =] —if,,

o S (C.03)
N; = N;_1 + ZJT —l; with Nog =0,
M;=1T —1F,.

The full 3d V' = 4 flavour group is Gx G with G = ([T¥_, U(M;))/U(1) and G = (IT%, U(M;)) /U(1).

By definition of transposition, ZN]T counts rows of p with at least j boxes, so the following difference
counts rows of p with exactly j boxes:

_l j+1 #{7’| ll—j} (004)
and likewise Mj = ij 0o =#{i| =7}
We restrict our attention to good theories: those with all N; > 1 and NJ > 1. In particular,
1< Nl = llT — fl =k+1-— ZH, namely Zl < k. Likewise, [ < k.

An important quantity is the balance of a node. It takes a very simple form in terms of the
partitions:

Njy1+ Nj_1+ M; —2Nj = (Nji1 — N;) — (Nj — Nj_1) + M;

T

(C.0.5)
= =l =T+ + I =10 =1 — .

The node j is balanced if this vanishes. An interval B C [1, k] of balanced nodes of the electric
quiver thus corresponds to |B| + 1 consecutive l; equal to the same value j. In terms of the
transposed partition, this means M; = ZJT J+1 = |B| + 1. This is the well-known SU(|B| + 1)
flavour symmetry enhancement.

Lemma C.0.1

If the electric quiver has a balanced abelian node N; = 1 then one of the following possibilities
holds:

~

l1<j<kand M;=0and Nj_1 = Njy1 =1;

2. j=k =1 and My =2 (this is the T[SU(2)] theory);
3. j=1and M; =1 and Ny = 1;

4. j=kand M =1 and N_1 = 1;

5. 7=1and M; =0 and N, = 1;

52

j:k:ande:Oande_lzl

The corresponding magnetic gauge group (at position j := l;) is abelian in the first four cases
and nonabelian in the last two.
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Proof: The balance condition reads N;_1 + Nj;1 + M; = 2N; = 2. This implies that
(Nj—1,M;,N;_1) are (1,0,1), (0,2,0), (0,1,1), (1,1,0), (0,0,2) or (2,0,0). For each case where
Nj_1 = 0 we deduce j = 1 because all nodes in [1, k] have non-zero rank. Similarly, N;j;1 = 0
implies j = k. We then work out the rank of the magnetic gauge group in each case.

Case 1. From N;—N;_1 = 0 and M; = 0 and Nj41 — N; = 0 we see that I; = 7 =17, = 1,1,
(we denote this 7). Thus the intersection of p (drawn in blue below) and p” (drawn in red and

dashed) includes a (j + 1) x j rectangle (drawn as thick black lines), and the two partitions share
a boundary

e
J —— row length [; = lT b
J+1 —— row length [j11 = l =7

By definition, Nj counts boxes in rows 1 through 7 of p”, minus those in the same rows of p.
Removing the common rectangle, this compares the numbers of boxes of the two partitions below
the rectangle. Since the total numbers of boxes in both partitions are the same, it is equivalent
to comparing boxes above the lower edge of the rectangle, hence Nj =Njy1 =1

Case 2. T[SU(2)] is self-mirror and abelian.
Cases 3. and 5. Ny = 1 gives [ = I} + 1. Thus, Nj, counts boxes of p! (this partition has

l1 rows) minus all boxes of p except its last (IT-th) row. Since |pT| = ||, we Conclude that the
rank we care about is Nll ll~p This in turn is equal to the number of entries of 57 equal to ZT

Note now that I7 = I3 + M. If M; > 0 (case 3) then [§ < [T so N, = 1. If M; = 0 (case 5)
then 17 = 1T so N;, > 2.

Cases 4. and 6. Ny =1 (and Nyy1 = 0) gives 41 = ZEJFI + 1, while balance gives I = lj41.
On general grounds 1< ]\71 = l{ - fl =k+1-— Zl so the number of rows Zl of ,f)T is < k, hence
in particular lk +1 = 0. From all this we deduce that I = [x;; = 1 and that we want to know
Nl. Now use lk. = lkJrl + Mj,. If My, = 0 then this vanishes so p’ has at most k — 1 rows, so
Nl :k+1—f1 > 2. If My, > 0 then ﬁT has k rows, namely Nl :k+1—f1 =1.
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Appendix D

Index and plethystic exponentials

The twisted partition function on S% x S! of the T [? theory is given by a multiple sum over
monopole charges and a multiple integral over gauge fugacities, see e.g. [113]

T £ [T 2 L

2m125 o
m; czNj 7, j=la=1
D.0.1
kN k M; N, k—1 Nj Njt1 ( )
fi-di f d,hyp bf dh
[1 T 7z T T 2 T I 2}
j=1a#8 j=1lp=la=1 j=la=1 p=1
where
1
di (221 9)o
Z;‘/f; iag _ m (D.O.Qa)
y ) oo
;/eacgff diag __ (q%t )*%‘Mj,a*m]\m(]_ — q%'mj,a*mj,B‘ZmBZj_’;) (D02b)
(tqzHImia=misly; gorls g
(t~ 1q2+|m1a mjpl 52304’ q)oo
+ ‘m a‘ :tl
fund,hyp (q%t_l)%|mj,a| (t 2Q4 75 :u]m ) Q) (D 0 2(:)
.]7p> (t% T+5 |m]a| :Fl . o
q Z],a/‘/“_jp 9 Q)
bgitaimiamial FLFL
blfundlhyp (th 1) [mj,a—mjq1,8] (t 2q4 J J+1.8 ]+1 B CI> (D 0 Qd)
- . 0.
Jsa,j+1,8 (t2q4+ \mj a=Mj41, 5|Z$é J:t-&lﬁ’ q)

The expressions (D.0.2) are the one-loop determinants of the A" = 4 multiplets of Tp'a7 namely
the Cartan and charged vector multiplets, and the fundamental and bifundamental hypermulti-
plets. The variables ¢, t are the fugacities defined in eq. (5.2.2), z; (where a labels the Cartan
generators) are the S! holonomies of the U(N;) gauge field and m;, its 2-sphere fluxes, viz.
the monopole charges of the corresponding local operator in R?® . Furthermore jp are flavor
fugacities, w; is a fugacity for the topological U(1) symmetry whose conserved current is tr *F;
, while the g-Pochhammer symbols (a; ¢)~ are defined by

98



[e.9]

(a;q)00 = H (1 —aq") and  (...a™ ) = (cab Qoo a7 Q)se . (D.0.3)
n=0

Compared to the expressions in ref. [113] we have here replaced the background flux coupling
to any given multiplet by its absolute value. This is allowed because the N/ = 4 multiplets are
self-conjugate, so their one-loop determinants are insensitive to the sign of the flux. The theory
is also free from parity anomalies, so that the overall signs are unambiguous. !

At leading order in the ¢ expansion, the contribution of each monopole sector m = {m;,} to

the superconformal index is (q%t_l)A(m), where
kNj Nj Nji1
2A(m) = Z —|mja —mjsl + ZM Z|m] ol + Z Z Z IMja —mjy1pl- (D.0.4)
j=1a,8=1 j=1la=1 g=1

The sphere Casimir energy A(m) is the scaling dimension [and the SO(3)¢ spin] of the
corresponding monopole operator [32][31]. It is known that in A/ = 4 theories monopole-operator
dimensions are one-loop exact, and that they are strictly positive for good linear quivers [65].
The index (D.0.1) admits therefore an expansion in positive powers of q.

It is useful to rewrite the superconformal index in terms of the plethystic exponential (PE)
which is defined, for any function f(vy,vs,---) of arbitrarily many variables, by the following
expression

- 1 n n
PE(f) = exp (Z Ef(vl yUgy )) . (DOE))
n=1
The reader can verify the following simple identities:

PE(f + g) = PE(f) PE(g), PE(=v)=(1—0), PE((a,¢)e) = PE(——

1—g¢q

). (D.0.6)

Using these identities one can bring the index to the following form

k N dZ N; m; Nj 1
! a a#ﬁ

2mz
j=1 m; c7Z Nj J,o j=1

E N % 1
tT—t _ .
uﬂzz“>wWwwﬁ

1 _ k M; Nj
+ (q2t)2 1—Q2t ZZZ‘PWN'Z :F;Mic;
j=1lp=la=1 7
1 k—1 Nj Nji1
(qzt)z 1—q2t 1 o F1_+1
e e DD IO ST o
j=la=1 pg=1

(D.0.7)

!There exists a subtle sign (— related to the change of spin of dyonic states with charges (e, m). The T7
theory has no Chern-Simons terms, so the flux ground states have no electric charge, e, and contribute with plus
signs to the index. For excited states in the flux background this sign can be absorbed in the fugacities z; o; it is
in the end irrelevant since the z; o integrations project to gauge-invariant states.

)e-m
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This is equation (5.2.3) in the main text. Notice that after extracting some factors, the
contributions of vector, fundamental and bifundamental multiplets add up in the argument of
the plethystic exponential, as they would in the standard exponential function.

The usefulness of the above rewriting can be illustrated with a simple example, that of a free
hypermultiplet whose superconformal index is

freetyp (£ 20107 @)oc (qitz — qit™2) _1
Zsrcst = (t2qiptl; q) = PE (utpu=)) - (D.0.8)
4715 @)oo

One recognizes in the PE exponent the contributions of the charge-conjugate AN/ = 2 chiral
multiplets, each contributing to the index with one scalar (A = J:{{ = % and J3 = J3C =0) and
one fermionic state (with A =1, Jff = 0 and J; = J{ = }). As for the factor of (1 — g), this
sums up descendant states obtained by the action of the derivative that raises both A and J3 by
one unit. Multiparticle states (created by products of fields) are taken care of by the plethystic
exponential, the informaiton in them is in this simple case redundant.

Of course in interacting theories supersymmetric multiparticle states may be null, due for
example to F-term conditions. The plethystic exponent must in this case be interpreted appro-

priately, as we discuss in the main text.
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Appendix E

Superconformal index of T|SU(2)]

E.1 Analytical computation of the index

In the main text, it has been described in detail how one can obtain the superconformal index
for ‘good’ 3d N = 4 theories, in terms of the relevant fugacities of the theory as well as in terms
of a supercharacter expansion. A last addition to this already rich picture, is an exact, analytical
computation of the S? x S! partition function, which gives a closed form result. This is realized
by a brute-force evaluation of the contour integrals by employing g-special function techniques
[88] and is of course doable for all the theories presented above.

A simple and interesting theory to work out at this point is T[SU(2)]. T[SU(2)] is special
in the sense that both the electric and the magnetic flavor currents are non-abelian symmetry
currents, a trait that is not observed in Ny > 3 SQED theories, as one can easily check ,there are
relations we cannot deduce from the F-term conditions.

Here we present all three approaches to the superconformal index with focus on the analytical
calculation and in the next section of this appendix we display the factorization property of the
T[SU(2)] index which also characterizes 3d N = 2 theories.

The expression for the superconformal index of this theory reads:

1 D N L
ZTISUG) _ 3 dz  (q2t;q)oo (q!/2=1Iml H 23772 250 oo (E.1.1)
S2x 51 ITMi2 (5 4—1. i 1ilml o
TiZ (q3t 7q>oo t2q4+ 2 ZJFM] $ Q) oo

mezsl(l)

,with the compact notation for the g-Pochhammer symbols: (a%;q)oo = (a;q)oo(a™;¢)oo and
; as the electric flavor fugacity.

The first approach is based on summing over monopole charges and expanding the integrand
into ¢ and z-series. In particular we expand the integrand around ¢ = 0 to first order, then
expand around z = 0 and finally pick the corresponding z-series coefficient. The result reads:

IS — 1 4 g3 (3t 4 3¢71) + g (562 — T+ 5t72) + O(¢*/?) (E.1.2)

The expression is manifestly mirror symmetric, namely symmetric under the inversion t — ¢,
as expected (and this has been checked up to O(q'?)). A more informative form of this result is
obtained by rewriting this expression in terms of supercharacters, using directly the relations given
in the main text. In this way one can clearly extract the representation content for T'[SU(2)]:
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TSU(2
ZSQ[Xs(l =1 + 3()(31[0](11,0) + XBI[O]go,l)) + 5()(31[0};2,0) + XBI[O](Qo,z)) ~ Xp, oY +... (E.1.3)

We observe that the index indeed enumerates the absolutely protected B-type multiplets which
contain the sought for marginal operators. The rest of the terms in the expansion correspond to
the mixed branch and are just products of characters of the above B-type multiplets.

Of course, the term of interest is the g-coefficient, which contains for a given quiver theory
all products of electric and magnetic flavor currents along with corrections coming from complet-
ing the expressions for the B;[0] 51’0)’(0’1) characters, the contribution from the stress-tensor and
corrections from F-term relations. This coefficient comes partly from the zero monopole sector
(P(m) = 0) and partly from the P(m) = 2 sector and is obtained by following the procedure
of analytically studying contributions to the index from each monopole sector. The result for
T[SU(2)] reads:

P QU S S (E.1.4)

, where u,w stand for the electric and magnetic flavor fugacities. At this point we see that
this matches exactly with the ¢g-term in the above result.

We can now proceed and display the procedure which leads to a closed form result for the
index of T[SU(2)]. The integration contour is the maximal torus of the gauge group and hence
in our case this corresponds to the unit circle. Since |g| < 1 and by assuming that the same holds
for the R-symmetry fugacity ¢, it follows that the contribution to the poles comes only from the

1 1 1

|m| |m|
(t%q4+7z*1,u; 7)o and (t%q4+72* 115 ¢)oo denominators of (E.2.1) and therefore:

= TR — ml 5
Zg‘ig(lNﬂ =) Res[z; = t3pqitT H) 4 ZRQS[Z}- =ty gt ] (E.1.5)
J=0 7=0

These infinite sets of residues correspond to the infinite first order poles from the products in
the denominators.
By working out the first few pole contributions, we produce the expression for the fist infinite
sum, which can be easily brought to the form

1 1 >
(2t Do (a2 %00 (@1 0)00  (H'9250)n
(q%t_l; Q)oo (tqéﬂm'lﬂ; Q)oo (q; Q)OO (tqéﬂm'; Q)oo
.%3 4 tu2q2, tp2qa I tqz gz thm
(4% q)oo N N T

:q, t_2q (E.1.6)

where along the way we have used the expression for the finite g-Pochhammer symbol:
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1,n=0
(23¢)n = { 11— 2gi)n > 0 (E.1.7)

as well as the definition of the g-hypergeometric series:

o
A1y eeey Qri 1 (@1 ey rt1;Qn g,
14, 2| = E , z E.1.8
r¢r+1[ bi,..., b, q ‘| Pt (q,bh---,br;q)n ( )

and the expression for the first set of residues reads:

1 -1 L _ 1.1
B U O e ) S U ) S G S U Tt )
1 1 . 1 —2.
mEZ(QQt_IQQ)oo (tq2+|mlﬂ2§Q)oo (q’Q)oo (tq2+|m|§Q)oo (u 7Q)oo

1 1 1 1
i (tp2q2, tp*q2 1l g2, tq2tIml: ),
= (g, qtIml p2gtIml u2q; q),

(t2¢)" (E.1.9)

At this point we proceed by rearranging the sums and working out the expression by using
the property:

(A2 q)n = m (E.1.10)

What one achieves in this way is to incorporate the sum over monopole charges in defining
g-hypergeometric series. The process after some work finally gives:

1 1 1 1
(@2t Q)0 ,,—1 1o (t120230)n (t075@)n (1072025 9) 00 (t71023 @)oo (K205 @)oo
T, (t™"q2) 2. 2 T T
w0 (@2t q)s0 @@ Waan (W50 (14225 )0 (£ @)oo
1 1
tula? tg2 41
2¢1l M‘éqq gt 1q21 (E.1.11)

Apparently the first few terms of the above expression, correspond to the same q-hypergeometric
series. Therefore the final result for the first set of residues reads:

1 -1,-2.1 1,3

(@2t 0)oc (t'0%0710)0 (1925 9)o0 (243 9) 0 2¢1l FRRRE g thé]
1 2. i 3 2 o

(@2t 50 (5D (tp2q7;0)00 (1425 @) wa

2

(B.1.12)
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We have therefore the final expression for the first set of residues. The second and last set,
differs only by the fact that instead of the fugacity u, its expression include the inverse fugacity
p~1. Finally the full result for the superconformal index of T[SU(2)] reads:

2

1
STISU()] ::(tflu‘zqﬁ;q)mg(qu;q)a>2¢1 tuqs g3

-1
- +(n—p (E.1.13)
St (t;ﬂq%;q)oo (1% q)so 1°q ( )

1
rq,t g2

Of course, expanding around ¢ = 0 leads us directly back to (E.1.2) and hence everything is
consistent. Although this expression is practically mirror symmetric, this fact is not manifest in
the expression and perhaps is a relic of (E.2.1).

Finally, an interesting trait of this result is its factorized form, similar to the one encountered
in 3d N = 2 theories. In that case, superconformal indices (as well as sphere partition functions)
are written as sums of products of basic building blocks, refered to as holomorphic blocks, which
are partition functions on D? x S!. This is introduced in the following section.
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E.2 T[SU(2)|] index as holomorphic blocks

As well-known from the study of 3d /' =2 theories [98]-[25] (see also [104] for the N' = 4 case),
superconformal indices (and various other partition functions) are bilinear combinations of basic
building blocks, refered to as (anti)holomorphic blocks, which are partition functions on D? x S*.
We here work out this factorization for T[SU(2)], and then verify that the resulting closed-form
expression (E.2.8) reproduces our expansion of the superconformal index at order O(q). The
structure generalizes but we did not find it useful in concrete calculations, because for generic
theories this factorized form contains a large number of terms.
The expression for the full superconformal index of T'[SU(2)] reads:

_1 34]m|
2t S )

2
TISU2)] q2t 7)oo dz
2GR = > (ke WHH ,

— 1 (E.2.1)
(QQt ) 00 mEZ p=1 + §q1 2 zﬂap, Q) oo

where m is the unique monopole charge, and z runs over the unit circle in the classical
Coulomb branch C. The integrand has poles at!

Im| Im|
2 =255 = ;lef2q4+ i oand z= s (t % ity +]) ' for s = 1,2 and integer j > 0. (E.2.2)

We calculate the index as an expansion in powers of ¢, hence |g| < 1, with [¢| = |us| = 1. The
poles that we named z; ; thus lie inside the |2| = 1 contour and other poles outside.

T[SU(2)

To warm up, compute the contribution to Zg,' i } from the pole at z, o for m = 0:

—1. 1,9 —
O, = [ West Vo (a2t L s @)oo

E.2.3)
= — (
s (M5 Hpi @)oo (g3 tuspp 5 @)oo
Before moving on to other residues, we note that the identity
N PN CEAR T
(ig8a?) T 2 = (igsa?) T x (E.2.4)
(772 a1 ¢) e (172 a1 q)oo

allows us to replace |m| — m throughout (E.2.1). The resulting expression involves both
positive and negative powers of ¢, which would make our lives harder if we wanted to expand
in powers of ¢, but leads to nicer residues. We compute the contribution from the z, ; pole for
any m:

LAt first sight there is also a pole at z = 0, but in fact the g-Pochhammer factors tend to zero there.
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where the prime in the first line denotes the removal of the vanishing factor in the g-
Pochhammer symbol for p = s, and we then used finite g-Pochhammer (a; q)r = (a; ¢)oo/(a¢"; @)so
and changed variables to ki == j + ‘m‘% > 0. Altogether

2 1 -1
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We recognize here the ¢g-hypergeometric series

201 {a’cb ’ q; Z] =) Mzk. (E.2.7)
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This is the factorized form of the index. It is possible to show, using complicated identities
obeyed by g-hypergeometric series, that this result is mirror-symmetric

To compare with the main text we expand in powers of ¢ and organize the series in terms of
supercharacters so as to extract the representation content:

T[SU(2 1 . _ N N
ZIPTCT =1 4 g3txs (i) + a7t xa(R) + atxs (1) + gt 2xs (1) — a(1+ xa(w) + x3() +
3
( 2

l\)\w

)
(E.2.9)

=14 x3(1) Z1,0) + x3(2) Zo,1) +| x5(1) Zi2,0) | — Z(1,0) + | X5(7) Zo,2) | +

where x3(p) == p+1+p~ ! and x5(u) == p? +pu+ 1+ p~! + u=2 are characters of SU(2), and we
used the short-hand notation for the superconformal indices Zyu joy =1, Buj0] Jcy(g,t). This

agrees with eq. (5.4.32) of section 5.4.
As explained in the paper the following BPS multiplets can be unambiguously identified:
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e 1: the identity;

® x3(1)Z1,0): the SU(2) electric-flavour currents;
e x3(/1)Z(o,): the SU(2) magnetic-flavour currents;
® X5(1)Z(2,0): products of two electric currents;

® x5(1)Z(p,2): products of two magnetic currents;

e —TZ(,1): the energy-momentum tensor multiplet Az[0] 0,0),

The bottom component QPQ" of an electric-current multiplet is the product of an antifunda-
mental and a fundamental chiral scalar (the F-term condition imposes Q' Q" + Q>Q? = 0). Since
the gauge group is abelian, QPQ" has rank 1 hence zero determinant. This removes one of the
six products of two electric currents, thus explaining why there are only five such products in
(E.2.9).

Altogether we see that the T[SU(2)] theory has no mixed marginal (or relevant) chiral oper-
ators. All exactly-marginal deformations are purely electric or purely magnetic superpotentials.
After imposing the D-term conditions the supeconformal manifold has dimension 10 — 7 = 3.
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RESUME

Dans le cadre de la dualité holographique entre une vaste famille de vides 1/2-maximalement supersymétriques Anti-de Sitter a quatre
dimensions (AdS4) et des théories des champs superconformes A'=4 supersymétriques a trois dimensions (sCFTs), nous étudions
des questions théoriques majeures de gravité quantique et de théories de jauge. Ce travail a deux directions principales: La premiere
partie est consacrée aux mécanismes par lesquels le graviton AdSs peut acquérir une petite masse, tandis que la seconde partie
concerne la cartographie de la variété superconforme des sCFT3 considérées. En ce qui concerne la question du mecanisme de Higgs
pour le graviton d’AdS4, nous proposons un nouveau mécanisme qui repose sur le couplage "faible” de deux sCFTss, initialement
découplées, en jaugent une symmeétrie globale commune. Les deux tenseurs de stress initialement conservés se mélangent et le
résultat est une combinaison conservée et une combinaison orthogonale, dont la dimension acquiert une petite dimension anormale.
Holographiquement, cette configuration correspond a la connexion de deux univers AdS, initialement découplés via un AdSs x S°
fin, autrement appelé une “gorge” de Janus. Le résultat est une théorie AdS4-bimétrique, avec un graviton sans masse et un graviton
massif, dont la petite masse correspond a la dimension anormale de la combinaison duale de tenseurs de stress. Nous calculons
la masse du graviton, qui est exprimée en termes de données géométriques de la "gorge” de Janus et de I'univers AdS, considéré.
Une limite particuliere de découplage de cette théorie, ou le couplage gravitationnel effectif a quatre dimensions de I'un des deux
univers tend vers zéro, résulte en une théorie de gravité massive dans AdS4. En ce qui concerne la deuxieme direction de ce travail,
les déformations superconformes des sCFT3s considérées qui générent la variété superconformale sont des déformations préservant
N = 2 supersymétrie, générées par des opérateurs exactement marginaux. Nous présentons comment tous ces opérateurs peuvent
étre systématiquement extraits de I'index superconforme. Les opérateurs de branche de Coulomb et de Higgs sont pris en compte, tandis
qgu’une attention particuliere est accordée aux opérateurs mixtes. On montre que les modules de branches mixtes de ces théories sont
des opérateurs a double-corde qui se transforment dans la représentation (Adj, Adj) des groupes de saveurs électriques et magnétiques,
modulo un surcomptage pour les quivers avec des nceuds de jauge abéliens. Enfin, nous commentons sur l'interprétation holographique
des résultats, en affirmant que les supergravités mesurées peuvent capturer I'espace des modules tout entier si, outre les paramétres
de la solution d’arriere-plan, les modules de quantification des conditions aux limites sont également pris en compte.
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ABSTRACT

Based on the holographic duality between a large class of half-maximally supersymmetric four-dimensional Anti-de Sitter (AdS4) vacua
and three-dimensional N” = 4 superconformal field theories (sCFT3), we study quantum gravitational and gauge theoretic questions. This
work has two main directions: The first part is devoted to the mechanisms through which the low-lying Ad.S4-graviton can acquire a small
mass whereas the second part regards the mapping of the superconformal manifold of the considered sC F'T3s. Regarding the question
of the graviton Higgsing in AdS4, we propose a new mechanism which relies on "weakly” coupling two initially decoupled sC FT3s,
by gauging a common global symmetry. The two initially conserved stress tensors mix and the result of this mixing is a conserved
combination and an orthogonal combination, the scaling dimension of which acquires a small anomalous dimension. Holographically,
this setup is dual to connecting two initially decoupled AdS, universes via a thin AdSs x S® or Janus "throat”. The result is an AdSy-
bimetric theory, with one massless and one massive graviton, the small mass of which corresponds to the anomalous dimension of the
dual stress tensor combination. We compute the mass of the graviton, which is expressed in terms of the geometric data of the Janus
"throat” and of the considered AdS4 universe. A special decoupling limit of this theory, where the effective four-dimensional gravitational
coupling of one of the two universes vanishes, results to an AdSs-Massive gravity theory. Regarding the second direction of this
work, superconformal deformations of the considered sCFT3s which generate the superconformal manifold, are ' = 2 supersymmetry
preserving deformations, generated by exactly marginal operators. We present how all these operators can be consistently extracted
from the superconformal index. Coulomb and Higgs branch operators are considered, while particular attention is payed to mixed-
branch operators. It is shown that the mixed-branch moduli of these theories are double-string operators transforming in the (Adj,Ad])
representation of the electric and magnetic flavour groups, up to overcounting for quivers with abelian gauge nodes. Finally, we comment
on the holographic interpretation of the results, arguing that gauged supergravities can capture the entire moduli space if, in addition to
the parameters of the background solution, quantization moduli of boundary conditions are also taken into account.
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String Theory, Superconformal field theories, Holographic Duality, Massive Gravity, Supersymmetric Localization, Super-
conformal Index, Quiver theories, Superconformal Manifold
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