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Introduction

Motivation

The dynamics of quantum field theories (QFTs) has been a major field of research in
theoretic physics for decades. The interest in the study of QFTs originates from the
description of fundamental interactions provided by the Standard Model which poses
interesting theoretical challenges such as the understanding of the confining behavior of
QCD.

The analysis of the strongly coupled regime of QFTs is particularly challenging due to
the fact that perturbative methods are no longer reliable and exact non-perturbative tech-
niques must be employed. Some non-perturbative techniques are always available, with
the most notable example being the constraints imposed by global symmetries through
the associated Ward identities. A class of QFTs where we have more control over the non-
perturbative regime is given by supersymmetric theories. Here many non-perturbative
results have been obtained in the last decades, including non-renormalization theorems,
exact computations for various partition functions and infrared dualities.

Our motivation for the study of supersymmetric QFTs relies on the expectation that they
provide a good sample of field theories with respect to general behaviors and phenom-
ena that they present. We will consider the landscape of supersymmetric QFTs as a
playground which is relatively under control where we can learn “how QFTs work”. As
an example where such a mindset was successful, in [6] it was shown that a supersym-
metric version of QCD exhibits confinement, and furthermore it was shown that this
phenomenon can be understood as a consequence of the condensation of monopoles.

Motivated by this, in this thesis we will analyze supersymmetric QFTs in three and four
spacetime dimensions. Our main goals will be to study the infrared behavior of these
theories, as well as to derive general constraints for the existence of the theories them-
selves. Our main goals include the identification and checking of infrared dualities, both
in three and four spacetime dimensions, and the study of some RG flows for the asso-
ciated theories. We will study exactly marginal deformations of 4d SCFTs and identify
instances of conformally dual theories. In the last Part of the thesis we will focus on the
topic of generalized symmetries in the context of highly supersymmetric non-lagrangian

xvii
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SCFTs, and provide non-trivial consistency constraints for the existence of a certain class
of maximally strongly coupled SCFTs.

Organizational note

The present Thesis consists of three Parts, for a total of eleven Chapters. Part I is com-
posed of Chapters 2} [ and [ and presents various results in the context of IR dualities
and s-confinement in 3d SQFTs with four supercharges. Part Il spans from Chapter
to Chapter [/ and addresses the analysis of conformally dual 4d V' = 1 SCFTs obtained
from toric theories with orientifolds. Part III spans from Chapter [§| to Chapter [11| and
is devoted to the study of generalized symmetries in N’ = 3 four dimensional SCFTs,
including a full classification of 1-form symmetries for regular S-folds and exceptional
S-folds of type E,. Parts I, II, and a substantial fraction of Part IIl have appeared as refer-
eed publications in scientific journals; co-authors of the relevant articles are mentioned
below.

Chapterf[l]:Seiberg duality: We review Seiberg duality for N’ = 1 four dimensional
SQCD. We introduce concepts such as IR dualities, s-confinement, conformal du-
alities and 1-form symmetris.

Chapter [2} Aharony duality and the S® partition function: We briefly review
Aharony duality and the computation of the partition function of 3d ' > 2 QFTs
on the squashed three-sphere Zgs.

Chapter[3} Webs of 3d N = 2 dualities with D-type superpotentials: We analyze
various dualities involving 3d N/ = 2 theories with two tensor or adjoint fields
and D-type superpotential. New dualities are discovered and we show relations
between those and other 3d and 4d dualities already studied in the literature, sup-
porting our claims through computation of exact partition functions. This work
has been completed in collaboration with A. Amariti and has been published as an
article in JHEP ([7]), on which the Chapter is based.

Chapter[#S-confinement in 3d V' = 2 SO/USp adjoint SQCD: We study 3d N = 2
SQCD theories with orthogonal or symplectic gauge groups and monopole super-
potential that exhibit s-confinement. The results are checked through the computa-
tion of the S* partition function and via confinement/deconfinement procedures.
This work has been completed in collaboration with A. Amariti and has been pub-
lished as an article in Nucl.Phys.B ([8]), on which the Chapter is based.

Chapter [5¢ Conformal S-dualities from O-planes: We review the construction
of 4d N = 1 theories obtained from Type IIA elliptic models with orientifolds that
have a conformal manifold discussed in [9]. Different models can engineer theories
living on the same conformal manifold. Part of this Chapter has already appeared
in as an article in JHEP ([10]) written in collaboration with A. Amariti, M. Fazzi
and A. Segati.

Chapter|6} N = 1 conformal dualities from unoriented chiral quivers: We study a
series of 4d NV = 1 theories engineered by a stack of D3-branes in Type IIB probing
a Calabi-Yau toric singularity in the presence of an orientifold. We build infinite
families of pairs of conformally dual theories. This work has been completed in
collaboration with A. Amariti, M. Bianchi, M. Fazzi, S. Mancani end F. Riccioni
and has been published as an article in JHEP ([11]), on which the Chapter is based.
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Chapter[7} Multi-planarizable quivers, orientifolds, and conformal dualities: We
expand upon the results of the previou chapters building other families of confor-
mally dual theories which generalize the conformal duality between the unori-
ented PdP3;, and PdP3, toric theories [12]. This work has been completed in col-
laboration with A. Amariti, M. Bianchi, M. Fazzi, S. Mancani end F. Riccioni and
has been published as an article in JHEP ([13]), on which the Chapter is based.

Chapter[8} A/ = 3 S-folds: We review the construction of A" = 3 S-fold SCFTs and
exceptional S-fold SCFTs.

Chapter[% A recipe for genuine lines: 1-form symmetries in S-fold SCFTs: We
classify the 1-form symmetry groups of S-fold SCFTs as well as their global struc-
tures by analyzing the maximal refinements of their charge lattices. We also discuss
the presence of non-invertible symmetries in some of these theories. This work has
been completed in collaboration with A. Amariti, D. Morgante, A. Pasternak, and
V. Tatitschieff and has been published as an article in SciPost ([14]), on which the
Chapter is based.

Chapter Exceptional S-folds and discrete gauging: We study the charge lat-
tices of exceptional S-fold SCFTs of type E,. We find that all but one of these
theories do not admit a charge lattice consistent with the moduli space and must
be discrete gaugings of free theories. We compute the 1-form symmetry group of
the remaining SCFT.

Chapter[11} Charge lattices in V' = 2 SCFTs with » # {1,2}: We develop con-
straints on the stratification of Coulomb branch and bounds for the 1-form sym-
metry group for N' = 2 SCFTs with s # {1,2} by combining the classification of
rank-1 V' = 2 SCFTs and general notions about the Coulomb branch stratification.
This Chapter is both inspired by the results of the previous Chapter and provides
additional evidence for the claims of that Chapter.






CHAPTER 1

Seiberg duality

In this Chapter we review Seiberg duality [15], which is an infrared duality between
N =1SQCD theories in four dimensions. This Chapter does not aim to provide a com-
prehensive analysis of SQCD, rather we will highlight some phenomena of this theory
to contextualize and motivate the main body of the thesis. We review the various IR
behaviors of SQCD as the number of flavors is varied and introduce the concepts of
s-confinement, IR duality, conformal duality and higher form symmetries. For a more de-
tails on this topic we refer the reader to the original literature [15, 16}, 17, [18} [19] 20] as
well as to more extensive reviews [21] 22} 23].

The available supermultiplets in A" = 1 field theories are the vector multiplet and the
chiral multiplet. On-shell the vector multiplet is composed by a vector field and a Weyl
fermion while the chiral multiplet is composed of a Weyl fermion and a complex scalar.
SQCD is a non-Abelian gauge theory whose field content is given by a vector multi-
plet transforming in the adjoint representation of the gauge group SU(N.), Ny chiral
multiplets (); transforming in the fundamental representation of the gauge group, usu-
ally called quarks, and N antifundamentals )/, usually called antiquarks. The classical
global symmetry is SU(Ny)r, x SU(Ny)r x U(1)g x U(1)a x U(1)g, and the charges of
the fields are:

SUNAL [SUNDa [UWs [UMa [ UMx
Q; O 1 1 1 Ro 11)
Q7 1 O -1 1 Rg (L.
A 1 1 0 0 1

where ) is the fermion in the vector multiplet and R are the R-charges of the scalars in
the chiral multiplets. Anomaly cancellation for U(1)z imposes:

U(l)RSU(Nc)z : 2Nf(RQ - 1)T(DSU(NC)) + T(AdjSU(NC)) =0
N — N. (1.2)

= RQ = Nf

and the axial U(1) 4 symmetry is anomalous. Therefore the non-anomalous global sym-
metry of the theory is SU(Ny)r x SU(Ng)r x U(1)p x U(1)g, and the charges of the



fields are:
SU(Ns)L | SUNg)r | U(1)B Z(%
Qi O 1 1 S (1.3)
Q’ 1 =] -1 %

It is known that for 1 < Ny < N, a runaway potential is generated [19] and the theory
does not have supersymmetric vacua, while for Ny > 3N, the beta function is positive
and the theory is IR free In the range %NC < Ny < 3N, SQCD is believed to flow to
a non-trivial interacting IR fixed point. At large values of N. and N; for N;/N,. inside
the conformal window the IR fixed point can be understood as the Banks-Zaks fixed
point, which is an attractive fixed point with non-trivial gauge coupling. It is widely
believed that such an IR fixed point also exists for finite values of Ny and N, inside of
the conformal window, although a definitive proof of its existence is not available. At the

conformal fixed point the unitarity bound for the gauge invariant meson Q;(Q’ imples:
.. 3 . N; — N,

AlQiQ') =5 RIQ:Q') = 3Rq = 3~ — > 1

! (1.4)

3

where the relation: 3

A= iR (1.5)
holds for chiral multiplets if the R-charge U (1) r is the superconformal one, meaning that
its conserved current lies in the same supermultiplet as the conserved stress tensor. For

3N, < Ny the mesons Qi Q7 violate the unitarity bound. Then we expect an accidental
U(1) symmetries charging the mesons to appear along the RG flow. This accidental
symmetry can mix with the U(1)g, so that U(1)g is no longer the superconformal R-
charge. The analysis of the IR dynamics is better understood in terms of a magnetic dual
theory through Seiberg duality.

Seiberg duality is the statement that for Ny > N, + 1 the following theories are infrared
dual, meaning that they describe the same infrared fixed point [15]:

® An electric SU(N.) SQCD with N; flavors @, Q and vanishing superpotential:
W =0 (1.6)

* A magnetic SU(N; — N.) SQCD with N flavors ¢, and N} gauge singlet chiral
fields M} with superpotential:

W = hq;§’ M, (1.7)

therefore M transforms in the [J x (J representation of the non-abelian global sym-
metry SU(Ny)r x SU(Ny)g.

More explicitly the statement that these theories are dual means that the spectrum and
correlation functions in the IR are exactly the same. Nevertheless the mapping of opera-
tors between the two descriptions is non-trivial, the meson Q;Q7 of the electric theory are
mapped to M/ in the magnetic theory. The (anti-)baryons of the electric and magnetic
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theory B and b are mapped as follows:

) . —O" iNc . . ) .
B.71:~~-7JNf—NC =Q"...Q C€h15e s N = NesilseesiN,

. . —at! INe e . . .
I dng N =q " ...q 7€, IN =R triR, (1-8)
150 N 41y INp—NesJ1s--JNe 1. .
b] e e s © CBJl’m;JfoNc

where the color indices are contracted with the e symbol. The charges under U(1) g and
U (1) p of the (anti-)baryons of the electric and magnetic theories match.

Computing the full spectrum of the IR theories and the correlation functions is, up to
now, not possible. We can nevertheless perform non-trivial checks of Seiberg duality,
starting from the mapping of the global symmetries:

SU(Nf)r | SUNf)r | U()B g(lg\ﬁ
Q| O 1 1 =
i 0 _ Ny—Ne
¢ é ? - N (19
i N;—N, N,
57 Ne Nc
¢ 1 R “N;-N, N,
M O 0 0 PR=D
s

A non-trivial check of the duality is given by the matching of the 't Hooft anomalies
for the global symmetries. For example the cubic 't Hooft anomaly U(1)%U (1) in the
electric theory is given by:

U(1)RU(1)r :NyNB[vq)* Rl¢q] + NyNeBls]* Rlis)

Ny — N, Ny —N. ) (1.10)
=NiN | L1+ N[ L -1]) =~

where 1), is the fermion in the chiral multiplet g. On the magnetic side we have:

UWBU() R :Ny(Ny = Ne) (Blea RIv] + Blvg2 Rl )

2 (1.11)
N, N,
=2N¢(N; — N, < ©—1)=-2N?

the results on the sides match, and similarly one can check that all the other 't Hooft
anomalies match in a non-trivial way. Other checks of the duality involve the matching
of the moduli space of vacua, the superconformal index as well as geometric construction
of SQCD in string theory.

We may now go back to the case of N, + 1 < Ny < 3N,. In the dual SU(N; — N,)
the beta functions for the gauge coupling and for h are positive, therefore the quarks
are weakly interacting and the singlets M are free. If U(1)r was the superconformal
R-charge the singlets M! would violate the unitarity bound, therefore we expect that an
accidental U(1) s symmetry arises along the RG flow and mixes with U(1)g to form the
true superconformal R-symmetry U (1) . We can fix the mixing parameter « by requiring
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that the singlets M are free in the IR:

Ny — N

R[M}] =R[M]] + aM[M]] = 2 N,

+a=1

N W, (1.12)

=a
Ny

Then the IR dynamics of SQCD for N, + 1 < Ny < 2N, is described by a dual theory
that contains weakly interacting quarks and free chirals.

So far our understanding of the dynamics of SQCD as we vary the number of flavors is
summarized in the following image:

B <0 I Pa>0—
’\\l/c;fuLLJJ?NY — Conformal Window —
i : ! N
N, N,+1 %Nc 3N,
L >0 ]l Prag <0

There are two more values of flavor number N, that we still need to study, namely
Nf :Ncande = N.+ 1.

1.1 N; = N.: quantum deformed moduli space

Let us look for an effective description of SQCD with Ny = N, in terms of the gauge
invariant composites of the theory. For Ny = IV, the (anti-)baryons are given by:

B = det(Q), B = det(Q) (1.13)

and classically satisfy: )
det(M) = BB (1.14)

Notice that in particular the origin of moduli space where (M) = (B) = (B) = 0 satisfies
this constraint. At the quantum level this constraint can be modified as follows:

det(M) — BB = A?e (1.15)

which is consistent with all the symmetries and includes the holomorphic scale A, treated
as a spurion. We can enforce such a constraint by introducing an auxiliary field A that
acts as a Lagrange multiplier through an effective superpotential:

W = A(det(M) — BB — A*Me) (1.16)

By integrating out one flavor and flowing to Ny = N, — 1 the superpotential (1.16)
reproduces the correct Affleck-Dine-Seiberg superpotential, therefore (1.16) is the correct
effective superpotential for Ny = N..
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Notice that the origin of moduli space ¢, which is the singular point of the classical mod-
uli space, does not satisfy the quantum corrected constraint (I.I5), therefore it is not part
of the quantum moduli space. Then the classical moduli space is smoothed out by quan-
tum corrections, and in particular there is no vacuum where the full global symmetry is
preserved.

The moduli space includes a mesonic branch:

(M) = ?6;' ., SU(Nj)r x SU(Ns)r = SU(Ny)diag (1.17)
(B)=(B)=0
and a baryonic branch:
(M) =0
U(1) g broken (1.18)

(B) = —(B) = AY

as well as mixed branches where both the mesons and baryons have non-zero vevs. The
mesonic and baryonic branches merge smoothly, in contrast to the classical picture:

Classical moduli space Quantum moduli space

(M)=0
SU(Nf)diag x U(1)g

(M) =(B)=(B)=0
SUWN,), X SUNp)R X U(l)g

(BY=(B)=0 (By=(B)=0
SU®)), x SUN,)g

1.2 Ny = N, + 1: s-confinement

Now consider SQCD with Ny = N, + 1 flavors. The gauge invariant composites are
the mesons M and the baryon and antibaryon which transform in the antifundamen-
tal representations of SU(Ny)r, and SU(Ny)r, respectively. The most general effective
superpotential is:

Wepp = A'72Ne(det(M) — B;MB7) (1.19)

One can check that turning on a mass to one flavor and flowing to SQCD with Ny = N,
reproduces the correct superpotential (1.16). The equation of motion for the mesons and
baryons of the effective low energy theory impose:

MB=BM =0

. (1.20)
minor(M) — BB =0
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where minor(M) is matrix of minors of M ;

The origin of moduli space (M) = (B) = (B) = 0 satisfies both constraints and therefore
is a vacuum even at the quantum level. Therefore there is a vacuum where the full
symmetry group SU(Ny) x SU(Ny)r x U(1)p is preserved.

Therefore the IR dynamics of SQCD with Ny = N, + 1 is fully described by the gauge
invariant operators of the theory, mesons and baryons, and preserves all the symmetries
including in particular the chiral symmetry. This is an example of confinement without
chiral symmetry breaking, and is usually called s(oft)-confinement.

1.3 N; = 2N, conformal manifold

Another case worth analyzing in more detail is Seiberg duality for SU(N.) SQCD with
Ny = 2N,, which sits in the middle of the conformal window. For this amount of flavor
we have N, = N; — N. = N,, therefore the two phases of Seiberg duality only differ
by the presence of singlets and cubic superpotentials. The electric theory has Wy = 0
while in the dual theory there is a non-vanishing superpotential Wi = hTr(Mqq),
where M = QQ is the meson of the electric theory that corresponds to an elementary
singlet in the magnetic description. This theory can be deformed on the electric side by
quartic operators in the gauge invariant combinations of @ and Q. These deformations
are exactly marginal, they do not imply any RG flow and they just explore the conformal
manifold. Indeed we have:

] = Ny—N. 1

N3 (1.21)

therefore at least classically:

Rl(QQ =2 =  AlQQ)) =3 (122)
which means that quartic deformations are classically marginal.

The quartic deformations could have a non-zero anomalous dimension, spoiling (1.22).
In such cases the deformation is called marginally (ir)relevant. The quantum corrections
to classically marginal deformations in A' = 1 QFTs has been analyzed in generality in
[16]. The two main results are:

e In N = 14d QFTs classically marginal deformations are either exactly marginal or
marginally irrelevant. In other words the anomalous dimension is non-negative.

¢ A marginal deformation can fail to be exactly marginal only if it recombines with
a conserved current.

More precisely the quantum conformal manifold of a QFT is obtained as the Kihler quo-
tient between the classical conformal manifold and the complexified global symmetry
group G©:

Mclass
GC
The construction of the Kihler quotient is usually involved, but we can infer that our
theory has a conformal manifold by a simple counting argument. For large Ny there

M = (1.23)

are O (NJ%) conserved currents because the dimension of the adjoint representation of
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Magnetic

Electric L

h

Figure 1.1 On the LHS: couplings of the electric SQCD for Ny = 2NN, SQCD deformed
by a quartic superpotential for the quarks. On the RHS couplings of the dual magnetic
SQCD for Ny = 2N, SQCD deformed by a quadratic superpotential for the meson. The
red lines represent the dual marginal deformations on both sides of the duality after the
addition of the respective deformations.

SU(Ny) is dim(Adj Nf) ~ O (N %) On the other hand we have O (N Ji‘) marginal defor-

mations Q;Q7QQ', therefore for large enough N there are not enough conserved cur-
rents that can recombine with all the marginal deformations and at least some marginal
deformations must be exactly marginal.

For example if we perturb the electric superpotential by AWy = £Tr(QQ)? such an
exactly marginal deformation corresponds to one direction in the conformal manifold,
emanating from the point (g,&) = (¢*,0) (see the LHS of figure . This deformation
modifies the dual superpotential as AWpag = fTrM 2, which is marginal as well, because
of Seiberg duality. Indeed for Ny = 2N, the singlet M has R-charge Ry; = 1. Also in
this case turning on the deformation correspond to moving on a line of conformal fixed
points, emanating in this case from the point (, h, ) = (§*, h*,0) (see the RHS of figure
1.1). Each point along this line is IR dual to the corresponding point in the dual magnetic
theory.

We can consider a weaker notion of duality under which all the point on the line are dual,
indeed along this line of the conformal manifold the two models share the same central
charges, global anomalies and superconformal index. We will refer to these types of
duals as conformal duals, borrowing the terminology of [24} 25, 26]. Two conformally dual
theories are not IR dual, and the spectrum and correlation functions can be different, but
one can smoothly interpolate between them without triggering RG flows. In this sense
SU(N,) SQCD with Ny = 2N, and W = & Tr(QQ)? is conformally dual to SU(N,.) SQCD
with Ny = 2N, and W = h Tr(Mqq).
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Another crucial point of having a singlet M with R-charge equal to 1 is that this field
allows us to write down a (marginal) mass deformation in the superpotential. By inte-
grating out such a mass term the theory becomes self-dual and Seiberg duality can be
considered as an identification between points of the conformal manifold of the theory.

In Chapters[5|through[/]we will analyze the conformal manifolds of 4d toric theories and
provide many examples of theories associated to different Type IIB setups that, upon the
introduction of an orientifold, flow to different points of the same conformal manifold.

1.4 Seiberg duality for SO(N.) groups: 1-form symmetries

Several generalizations of Seiberg dualities have been discovered since the original pa-
per [15], for example by considering SQCD with an orthogonal gauge group already
discussed in [15] or with a symplectic gauge group [17]. Let us consider the case of or-
thogonal gauge group., where the flavor are chirals in the vector representation of the

gauge group.
The following theories are claimed to be IR dual for Ny > N, — 2:
* SQCD with gauge group SO(N.) and Ny flavors @; and vanishing superpotential.

* SQCD with gauge group SO(N; — N, + 4) and Ny flavors ¢; and Ny(Ny + 1)/2
gauge singlets M/ with superpotential:

W = hQ;Q,;M™ (1.24)

therefore M%7 transforms in the rank-2 symmetric representation of the non-abelian
global symmetry SU(Ny).

SQCD with orthogonal gauge groups presents many phenomena which are qualitatively
similar to those encountered in the SU(N,) case. Here we will focus on an aspect which
is qualitatively new, which is due to the fact that SO(NV.) SQCD allows for different
global variants of the gauge group. Given a gauge algebra g the gauge group could be
either the simply connected group G associated to the algebra or a quotient of G by a sub-
group H of the center of the algebra G/H. In the case at hand the algebra is either C,, or
D,,, and examples of the possible gauge groups are Spin(N.) or Spin(N.)/Z5 = SO(N,).
Here Z3 is the element of the center of Spin(N,) that charges the spinor representations.
When the gauge algebra is A,, the possible gauge groups are SU(n) or SU(n)/Z, with k
a divisor of k. It is important to notice that one can quotient by an element of the center
of the gauge algebra only when there are no fields that are charged under that element.

Different global structures for the gauge groups are associated to the presence of non-
trivial Wilson-"t Hooft lines [20, 27]. In the case of SU(NN.) SQCD the presence of matter
in the fundamental representation screens all the Wilson lines, and the only possible
gauge group is SU (N, ). Similarly, we can not quotient by any element of the center Z;,
of SU(N,.) because the fundamentals are charged under all the elements of the center,
with the exception of the identity.

On the other hand in SQCD with orthogonal gauge group there are no fields charged
under Z3, the subgroup of the center that charges the spinorial representation S. Then
there are two gauge groups compatible with the matter content, namely Spin(N.) and
Spin(N.)/Z5 = SO(N,). Furthermore when performing the Z5 quotient one can add a
Zy-valued torsion, which correspond to a topological term in the action called a discrete
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theta angle [20]. In total are three choices for the gauge group that correspond to three
choices of line operators:

Spin(N,) SO(N.)+ SO(N,)-

1.25
Wilson line in S 't Hooft line in S dyonic line in S (1.2

Therefore there are three version of SQCD with gauge algebra so(/N.) which have the
same local dynamic but differ by the spectrum of line operators. The line operators are
charged under a Z, symmetry under which they transform by a phase shift. This sym-
metry, called a 1-form symmetry, only charges the lines which are extended operators
and is an example of a generalized symmetry introduced in [28]. Regular symmetry,
called O-form symmetry in this language, are associated to codimension-1 topological
operators that implement the action of the symmetry itself. In the case of continuous
0-form symmetry this operator is given by the integral of the conserved Noether cur-
rent over a codimension-1 surface. More generally the topological operators define the
symmetry, and we can generalize the notion of symmetries to different codimensions.
The 1-form symmetry in this case is generated by codimension-2 topological operators,
and their action on the lines is given by the linking number of the codimension-2 surface
with the line multiplied with the carge.

Seiberg duality maps these different global structures non-trivially [20]:

Spin(N.) «— SO (Ny — N.+4) _
SO(Ne)+ ¢ SO (Ny — Ne+4) (1.26)
SO(N.)_ «— Spin (Ny — N. +4)

Therefore there is a non-trivial map between the line operators of the electric and mag-
netic theories.

In Chapters[9 through [1T]we will study the global structure for a class of non-lagrangian
theories called S-folds. The analysis of [20] does not directly apply because we lack a
lagrangian description for many of these theories, therefore we will adopt an alternative
approach based on the analysis of the Coulomb branch of these theories presented in
[29].






Part 1

IR Dualities and Confinement in
3d SQFTs






CHAPTER 2

Aharony duality and the S° partition function

2.1 Introduction

In this Part we mainly consider 3d gauge theories with ' = 2 supersymmetry (four
preserved supercharges). We will study IR dualities between various SCQD theories
involving tensorial matter (adjoints, symmetric and antisymmetric), superpotentials (in-
cluding monopole superpotentials) and s-confining theories. In preparation for the main
body of this Part, which consists in Chapter [3|and {4} let us briefly review the most well
known IR duality in this context. Aharony duality[30], which relates:

* 3d U(N,.) gauge theory with Ny chiral fields @; in the fundamental representation
of the gauge group and Ny chiral fields @); in the antifundamental representation,

with vanishing superpotential:
W =0 (2.1)

* 3d U(Ny — N.) gauge theory with N chiral fields ¢; in the fundamental represen-
tation and NNy chiral fields ¢; in the antifundamental representation, with superpo-
tential: -

W =M/ qiqj +o Vo o V4 (2.2)

Here M, 23 with 4,j = 1,..., Ny are singlets under the gauge group and correspond
to the mesons of the electric theory:

QiQ; — M} 2.3)

Similarly, v4 are singlets of the magnetic gauge group and correspond to the monopole
and antimonopole of the electric theory. Vi are the monopole and antimonopole
of the magnetic theory, respectively.

These two theories are IR dual, therefore they describe the same theory in the infrared
despite being described by different UV fundamental fields. In particular the gauge
groups of the electric and magnetic theories are different for generic values of N, and
Ny. This is not an obstruction for the two gauge theory to be dual because gauge sym-
metry is a redundancy in the description of a theory. On the other hand, gauge invariant
operators must be mapped one to one between the electric and magnetic theories. The

13
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explicit map of gauge invariant operator is:

U(Ne) U(Ny — Ne)
QiQ; — M/ (2.4)
Vi vt

where V.. are the monopole and antimonopole of the electric theory. Notice that in the
magnetic theory the mesons ¢'q; and the monopoles V. are set to zero by the equation

of motion of M; and v, respectively, therefore they do not contribute to the chiral ring
and do not need to be mapped to the electric theory. The global symmetry group must
match between the electric and magnetic description. In the case of Aharony duality the
full global symmetry group is “visible” in the UV, meaning that the symmetries of the
Lagrangian are the same as the symmetries of the IR fixed point. The symmetry group is

SU (Ny) x SU (Ny) x U(1) 4 x U(1)7 x U(1) g where U(1)7 is the topological symmetry
and U(1)g is the R-symmetry. The charges of the fields under the global symmetry are
as follows:

U)r U)a | SU(Ny) | SU (Ny) | U(D)r

Q 12 1 Nt 1 0

Q 1/2 1 1 N¢ 0
M 1 2 N¢ N¢ 0

vy | Ny —N.+1| —Ny 1 1 +1 2.5)
q 12 1 Nt 1 0

q 1/2 1 1 N 0
M 1 2 Ny Ny 0

V4 Nf —N.+1 —Nf 1 1 +1

Vi | N.—N;y+1 Ny 1 1 +1

which is compatible with the operator map and the superpotential of the magnetic
theory.

Generally it is possible that for one or both of the gauge theories the full global symmetry
group of the IR fixed point is not visible in the UV and only emerges in the IR. When this
is the case the two lagrangian descriptions appear to describe different IR fixed points,
and more care is required. On the other hand the emergent symmetries of one of the
phases often appear as symmetries of the lagrangian description of the other phase. Then
the duality can be used as an indicator of the emergence of a symmetry in the IR. A
notable example in this regard is the so-called 7 surprise [31]], a theory where the global
symmetry enhances to E7 in the IR. The enhancement can be inferred from a web of self-
dualities of the theory.

It is interesting to consider variations of Aharony duality, for example one can modify
the electric theory in the following ways:

* Introduce a Chern-Simons term for the gauge group. The resulting duality is
known as Giveon-Kutasov duality [32].

¢ Consider a different amount of fundamental and antifundamental chiral fields, see
[33].

¢ Consider other gauge groups, for example SU(N,.), SO(N,) and USp(2N,), see for
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example [34] 35} 36].
¢ Introducing a non-trivial superpotential to the electric theory.
¢ Introducing matter in tensorial representation of the gauge group [37, 38} 139].

In particular the dimensional reduction from 4d theories on S? x S* to 3d theories on 3,
naturally started from Seiberg duality for SQCD [15] with unitary gauge group, has been
extended in various directions, either considering 4d dualities with real gauge groups
[18,[17], or a rank-two tensor matter field with a power law superpotential [40] or both
[41] 42]. It is sometimes possible to trigger and RG flow in the electric theory and follow
the flow on the magnetic theory, obtaining a new pair of dual models. This opens two
main possibilities in the study of dualities. The first one is to look for new dualities
by deforming known dualities, often by triggering an RG flow to a new IR fixed point.
The second is to relate different dualities, creating a web where some dualities can be
considered as a consequence of other dualities. Notice that such a web is not necessarily
unidirectional, for example Giveon-Kutasov duality can be obtained fro Aharony duality
with a suitable RG flow [43], but the opposite is true as well [44]. In Chapterwe explore
the duality web involving gauge theories with two adjoint matter fields and a D-type
superpotential, which generalizes a similar picture for theories with one adjoint matter
field and A-type superpotential [45, 46, 37].

An interesting possibility is that the dual model is described in terms of the confined
degrees of freedom of the original one. When this happens without breaking global
symmetries the electric theory is said to s-confine. Such phenomena often occur as a
limiting case of a duality, that is by suitably choosing N. and Ny, see for example the
case of 4d SQCD with Ny = N, + 1 flavors discussed in Chapter([I} In the 4d V' = 1 case
with a single gauge group with W = 0 a systematic classification has been proposed by
[47, /48], and elaborating on that results many other examples have been found. Many
examples of this phenomenon in the 3d N/ = 2 case can be obtained through the circle
compactification of the 4d parent cases, along the lines of [49]. In s-confining dualities
fundamental degrees of freedom of the magnetic theory correspond to gauge invariant
operators of the electric theory, in this regard s-confining dualities represent an explicit
realization of the fact that gauge symmetries are a redundancy of a particular descrip-
tion of a field theory. Finding s-confining theories will be a major goal of the study of
3d field theories carried out in this Section, in particular in Chapter 4, where we will
analyze gauge theories with orthogonal or symplectic gauge groups, adjoint matter and
monopole superpotential.

The main results of this Part of the thesis can be classified in three categories:
* New dualities between 3d gauge theories.
¢ Relations between known dualities.
* Checks of dualities.

The checks of dualities consist in computing some property of the IR fixed point from
the two UV descriptions and matching the results between them. We already discussed
examples of such checks for Aharony duality in the form of the map of gauge invariant
operators and the match of the global symmetries. Another precision check that has been
extremely useful in the literature is the computation of the euclidean partition function
on S? via localization techniques. The partition function of lagrangian N' = 2 gauge
theories can be computed exactly and can be further refined by introducing fugacities
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for the global symmetries. The computation and matching of the partition function rep-
resents arguably the most precise and reliable check of dualities available, and we will
discuss it in the next Section.

Alongside RG flows and dimensional reduction another interesting approach to study
the relations between dualities is the confinement/deconfinement procedure [50]. More
generally, one can perform a local duality on certain fields of a theory. This provides an
alternative UV description for the physics associated to those fields, while other fields
are still described by the original lagrangian. As an example if we consider a gauge
theory with two gauge groups we may apply a duality to only one of the gauge groups,
provided that a dual description of the gauge group with the correct matter content
and superpotential is known. An iterative application of such local dualities provides
a large amount of dual phases and can be exploited to obtain a new duality from the
knowledge of the local dualities. This procedure has proven to be particularly insightful
when the “local” dualities are confining dualities. As an example, all the 4d s-confining
theories with a single gauge groups and vanishing superpotential can be “proven” to
confine from iterative application of Seiberg and Intriligator-Pouliot dualities [51]. We
will exploit this procedure in Chapter 4| as a consistency check for the new confining
dualities that we study there.

2.2 Three-sphere partition function

In this section we report some useful facts on the analysis of the three sphere partition
function that play a central role in our analysis of 3d N' = 2 theories. The euclidean
partition function on the squashed three sphere S® can be computed exactly for N' = 2
theories via the localization technique [52} 53, 54, 55]. The infinite dimensional path inte-
gral reduces to a finite dimensional matrix integral over a vector & representing the scalar
field in the Cartan of the gauge group. The functions that appear in the integrand are the
one loop determinants of the chiral and vector multiplets and they can be formulated in
terms of hyperbolic Gamma functions. These are defined as

2miwgj
e “i

27i

(w2—)

. - 2 2
2;;12 ((sz)zf“’l;;‘“?) ] 1 — e
Tp(z5wi,w2) = Th(z) =e 11 P

j=0 1—e w27e «2

(2.6)

where w; = ib and wy = /b are related to the squashing parameter of the three sphere,
defined by the equation b?(x? + x3) + b=2(2% + 23) = 1. The parameter w is defined as
2w = w; + wo. The other argument corresponds to the sum of the weights of the repre-
sentation of each field with respect to the scalar in the gauge multiplet & and the scalar
obtained by weakly gauging the flavor symmetries (corresponding to the real masses in
the field theory language). There are also classical contributions to the integral, arising
from CS and FI terms. As an example the partition function of a U (n) gauge theory with
vanishing CS level, FI paramete £ and Ny fundamental and antifundamental fields is
given by:

N, Ny
N 1 —intos
Z o (i1 05 €) :—/ I | doge2ime | I Th (o7 + pa) Tn (—0s + 1)
U(Ne) fwaNCNC! bl ] 27

<11 !

i<i I'n (i (ai — Uj)>
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where we use the shortcut notation:
Thlatbd) =Th(a+b)Th(a—0b) (2.8)

The Gamma functions in the first row are the contributions of the 1-loop determinants of
the fundamental and antifundamental fields, while the Gamma functions at the denomi-
nator of the second row are the 1-loop determinants of the vector multiplet in the adjoint
representation. The fugacities /i and 7 are associated to the SU(f) x SU(f)xU(1) 4 global
symmetry under which the fundamental fields are charged, therefore they satisfy:

Ny Ny
Zﬂi = ZVz‘ =ma (2.9)
i=1 i=1

and the FI parameter ¢ is the fugacity for the topological symmetry U(1)r. As discussed
above this theory is Aharony dual to a magnetic U(/N.) gauge theory with N, flavors

and singlets M7 and v.. Aharony duality implies the identity of the partition functions
of the electric and magnetic theories:

i n+m—1
Lt (5:6) =2ty (@ = i — 5 —€) etz (=i (=)

U(Nc U(N,
N‘f 1 n+m—1 §
Z Crn(pi +vi)ly (Nf+Nc+1)w_§ Z (ur+vr)i§
ij=1 r=0
(2.10)

with N. = N; — N,. The identity (2:10) is known to hold [56], providing a precision
check of Aharony duality.

Finally it is interesting to notice that the presence of a superpotential only affect the three
sphere partition function through a constraint on the fugacities. This will be important
when studying theories with a monopole superpotential in the next Chapters.

If an RG flow is triggered it is useful to follow it on the partition function. For example
a flow triggered by a large mass can be implemented by taking a the limit where come
combinations of the fugacities p,, v, are large. A useful formula in practical applications

is the following:

lim Tp(z) = e 3 sn@)(@—w) (2.11)
|z]—00

Large fugacity limits usually produce divergent phases from 2.11), we have to provide
an Higgs flow on the dual side such that these divergent phases cancel between the
electric and magnetic theories. This reflects in a large mass limit for the parameters
associated to the gauge algebra &, corresponding to the real scalar in the vector multiplet.
This is a delicate step, because it requires to commute limits and integral and some care
is necessary. The new gauge sector created by such a dual Higgsing are then usually
associated to confining gauge theories. Locally dualizing these sectors corresponds to
computing the associated integrals.

Another useful formula is the inversion formula for the hyperbolic Gamma functions
I'y(2w — )Ty (z) = 1. This formula corresponds in field theory to integrate fields ap-
pearing in the superpotential through a holomorphic mass term. Notice that no diver-
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gent phase is generated when a holomorphic mass term is introduced.



CHAPTER 3

Webs of 3d /' = 2 dualities with D-type superpotentials

In this Chapter we study 3d V' = 2 U(n) SQCD with two adjoints and U Sp(2n) SQCD
with two rank-two antisymmetric tensors, recovering some of the results already found
in the literature and finding new dualities. We exploit the construction of 3d N' = 2
dualities from the dimensional reduction of 4d A/ = 1 parents on S! which been a fertile
field of research recently(see [57,158}49,/59] 160,138 161} 62, 63,164, 65, 66 67, 68,169,137, 70, [71]
for a partial list of references). Furthermore the possibility of engineering real mass flows
in 3d has been crucial for constructing large webs of dualities without a 4d counterpart.

Cases with two rank-two tensors are less studied [45,46]], and only quite recently the case
of U(n) SQCD has been investigated [37]. The 4d duality shows indeed some differences
with respect to the cases with a single or without any adjoint. For example the chiral ring
is conjectured to be truncated at quantum level in some cases and this duality does not
have a brane engineering in the Hanany-Witten setup [72] so far.

The analisys of [37] was based on the general 4d/3d prescription of [49]: the authors
obtained first an effective duality on S! and then they arrived to the pure 3d limit by
a real mass flow. Similarly to the analysis performed in the case with a single adjoint
in [38] the construction was pursued by breaking the U(n) gauge group in a product
of U(n;) SQCD sectors and then using known results from the reduction of 4d Seiberg
duality to 3d U(n) Aharony duality [30]. Eventually the unbroken gauge theory was
reconstructed and the 3d duality was proposed. Then in a more recent paper [39] a
generalization of this duality, adding linear superpotentials for the monopole and the
anti-monopole with topological charge one, has been claimed, generalizing the ordinary
SQCD construction of [67] and the case with an adjoint of [70]. In the case with two
adjoints it was observed that there is a second type of superpotential, for the monopole
and the anti-monopole with topological charge two. Non trivial checks have been done
by comparing the expansion of the 3d superconformal index of [73] up to very high
orders in the fugacities. This is the state of the art in the analysis of 3d N/ = 2 SQCD with
two adjoints. The large web of dualities obtained for other families of SQCD-like models
has not been studied yet and further generalizations in this direction are desirable.

We start our analysis with the case of 4d USp(2n) SQCD with 2N, fundamentals and
two rank-two antisymmetric tensors A and B and superpotential W = AB? + AF+1,
This model was studied in [46] and it was shown to be dual to USp(2(3kN; —n — 4k —
2)) SQCD, with a similar matter content and a non trivial superpotential involving the
dressed symmetric and anti-symmetric mesons of the electric model. This model is the

19
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starting point of our analysis because it leads to the 3d dualities discussed in [37] and
[39], through dimensional reduction and real mass flows. By circle reduction we first
obtain an effective duality, with a KK monopole superpotential turned on. Then through
a real mass and a Higgs flow on both the electric and the magnetic side we arrive at the
3d U(n) duality recently discovered in [39] with two linear superpotential deformations,
for the bare monopole V; and anti-monopole V_ respectively.

The next step consists of eliminating the monopole deformations. This is the more del-
icate and intricate step of our construction, because it requires a dual Higgsing of the
gauge group. This dual Higgsing produces extra gauge sectors that are expected to
be dual to singlets. We conjecture the existence of such confining dualities, involv-
ing U(k — 1) SQCD with one flavor, two adjoints X and Y and superpotential W =
XY? + Y*1 4 V,. By the help of this confining duality we remove either the linear
monopole (or anti-monopole) superpotential or both from the U(n) model. In the first
case we obtain a new duality, that reduces in the limiting case to the conjectured confin-
ing duality discussed above. In the second case we find the pure 3d duality obtained in
[37] by reducing the 4d Brodie duality with U(n) gauge group.

Eventually we can also remove the KK monopole superpotential from the Usp(2n) dual-
ity, finding another new duality for pure 3d Usp(2n) with two rank-two antisymmetric
tensors. Also in this last case we observe that the confining sector, obtained after the dual
Higgsing, corresponds to the limiting case of the 3d U(n) duality with a linear monopole
superpotential turned on.

For ease of reading we have summarized the various flows and dualities illustrated in
this introduction in figure We stress that this figure can be compared with the ones
appearing in [70] for the cases of U(n) SQCD and Usp(2n) SQCD with an adjoint. The
search for such a homogenous picture for the web generated by the reduction of 4d
Brodie and Brodie-Strassler duality was one of the main motivations of our work.

A central role in our analysis is played by the study of the 4d superconformal index and
by the 3d three sphere partition function [52} 53} 54}, 55]. Indeed we will show that each
step taken on the field theory side can be reproduced by localization. Nevertheless, as
already stressed in the case with a single adjoint, the 4d identities relating the supercon-
formal indices of Brodie and Brodie-Strassler dualities are conjectural. At large n the 4d
superconformal index of [74] has been matched in [75], while a complete proof of such
relation still lacks for finite n.

Anyway, starting from such conjectural identities we can obtain the 3d identities for the
U(n) and the Usp(2n) cases with a KK monopole turned on, using the procedure of [49].
All the other steps, corresponding to real mass flow and Higgs flow on the field theory
side, can be studied on the partition function by considering large limits for some of the
parameters. If the divergent terms cancel in the identities we remain with a finite result
that can be interpreted as the new duality obtained after the flow.

In all of the derivation we have conjectured an identity, relating U (k — 1) with two ad-
joints and a linear monopole superpotential and a set of (interacting) singlets. As a con-
sistency check we have obtained this identity as a limiting case of a more general duality
and we have recovered the integral identities for the partition functions for dualities
already checked in terms of the superconformal index in the literature.

3.1 Known dualities with D-type superpotential
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Figure 3.1 Survey of the dualities and the flows studied in this thesis. The blue boxes and
arrows represents dualities and flows that have already been proposed and studied in
the literature. The red boxes and arrows represent the dualities and the flows proposed

and analyzed here.
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3.1.1 The 4d dualities
The original duality of [45] relates

e 4d SU(n) SQCD with F flavors Q and @ with two adjoints X and Y interacting
through the superpotential

W=TrXY?+Tr X+ (3.1)

with k odd.

* 4d SU(n = 3kF — n) SQCD with F' dual flavors ¢ and g with two adjoints z and y
interacting through the superpotential

k—1 2
W = Tray® 4+ Trat ™! 4 Z Z Tr ./\/lﬂqu_l_jyea (3.2)
§=0 £=0

where the singlets M , correspond under the duality map to the dressed mesons
QXIYQforj=0,...,k—1and ¢ =0,1,2 of the electric phase.

The non anomalous global symmetry is SU(f)r x SU(f)r x U(1)p x U(1)g. The fields
transform under the gauge and global symmetries as follows:

Field [ SU(n) [ SU@) [ SU(f). [ SU(f)r [U(L)5 UD)r
Q n 1 f 1 1 1-
Q n 1 1 f -1 1 -
X [n?-1 1 1 1 0 )
Y [n?2-1] 1 1 1 0 e
q 1 n f 1 o 1-— %
q 1 7 1 f -2 1 -
x 1 n?—1 1 1 0 el
Y 1 n?—1 1 1 0 B
Mp| 1 1 f 7 0 |2- 2 + 2T

3.3)

Here we are actually interested in the U(n) version of this duality, which is obtained by
the standard procedure of gauging the baryonic symmetry, normalized opportunely, in
both the electric and in the magnetic phase.

The other 4d dualities necessary for our analysis was found in [46] and it relates

e Usp(2n) SQCD with 2f fundamentals ) and two rank-two antisymmetric tensors
A and B interacting through a superpotential

W =TrA*! + TrAB? (3.4)

e USp(2n = 2(3kf — n — 4k — 2)) SQCD with 2f fundamentals ¢, two rank-two
antisymmetric|['|tensors a and b and the dressed mesons MSZFZ) = Q,AIB‘Q, sym-

1Here we refer to the reducible antisymmetric representation, made out of an irreducible traceless tensor
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metric (antisimmetric) for j¢ odd (even) with j = 0,...,k — 1and ¢ = 0,1,2. The
superpotential of the dual phase is

k—1 2
W = Tra*** + Trab® + Z Z Mquak_j_le_eq (3.5)
§=0¢=0

where the singlets M;; , correspond under the duality map to the dressed mesons
QXIY*Qforj =0,...,k —1and ¢ = 0, 1,2 of the electric phase. Furthermore k
here is required to be odd, otherwise the global anomalies do not match.

The non anomalous global symmetry is SU(2f) x U(1) g x U(1)g. The fields transform
under the gauge and global symmetries as follows:

Field Usp(2n) | USp(2n) | SU(2f) Ul)r
Q n 1 2f 1 - 2
A n(2n —1) 1 1 ki—&—l
B n(2n — 1) 1 1 =1
q r | - s
a 1 n(2n — 1) 1 ol
b 1 (27 — 1) 1 B
Mio(G=0,....k—1) 1 1 f2f —1) 2—%4%+1
Moji(j=0,....55%) 1 1 f2f=-11] 2- 2(}1(221@#) + EH
Moy (=0, 555 | 1 L [ f@f+1) |2 2GR0t 4 U
Mis(j=0,... k—1) 1 1 f2f —1) | 2 - 2D 2
(3.6)
The 4d dualities discussed here can be translated in integral identities between the su-
perconformal index of the electric and of the magnetic phase. These identities have been
conjectured in [77] for the SU(n) and the Usp(2n) dualities. The identity for the SU(n)
duality corresponds to the equivalence between the integral
Isvm — (p.p)" 1('61, Q" Fn WD (u}) (37)

X

2mza Pt « 1<a<p<n Le((za/23)%")

/] H L R IR L CLCHE

with[[}_ 2z =1, u= (pg) ™7 and the integral

(pap)ﬁil(an) n—1 n—1 k o ! 254kt
Isu@my = o F (W7 (u?) H H Le(u™2 sq/ty) (3.8)
=0 =0 a,b=1
dzq e 1 Te(u(za/28) )l e(u? (2a/25)*)
T
x /H 271'12;0{ it Saza ) E(ta Za) 1<a<p< Fe((za/zﬂ)il)

and a singlet. See [76] for a more complete discussion on this subtlety.
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with HZ:1 2o =15, =u7 Hizl(sata)%sgl and ;! = u= Hﬁzl(sata)_ita.

In this thesis we skip most of the details of the index, referring the reader to [78] for con-
ventions. For completeness we just report the definitions of the g-Pochammer symbols
and of the elliptic Gamma functions

0o . S i
@p =10 -ap). T = [ 200 (39)
j=0 j, k=0 “Pq

The arguments appearing in these functions are fugacities associated to the symmetries.
For example p and ¢ are associated to the isometries of S3, z,, are associated to the gauge
symmetry and the other fugacities refer to the matter fields. The fugacities are con-
strained by the anomaly cancellation as

f
u [T sata* = (0a)’ (3.10)

This relation, commonly referred as balancing condition, is required for the validity of
the integral identity. Observe that here we will be interested in the U(n) version of the
duality., As explained in [49] the U(n) identity can be obtained by gauging the baryonic
symmetry, i.e. by integrating over the corresponding fugacity and by turning on the
contribution of the FI term.

Similarly the Usp(2n) duality corresponds to the equivalence between the integral

p7p n n E
Tyspin)y = (;#F ( )Te (u?)
/H dze TLL 1 T (s4251) H T, (uzilzﬁil)f‘ (us zE! ;l)
2izg Lo(22%) I<ah<n r (z,flzg,[l)
(3.11)
with the balancing condition
2f
u" PR T sa = (pg)? (3.12)
and the integral
(.2)"(0:9)" 1a S TTT g Pr 2 :
Iyspeen)y = W u?) H H HF > 545p) H H Lo (w2 7)
’ j=04¢=0a<b q=0 a=1
e AL ) [y Bl S
2Tz, L.(z22) TN r. (z(flzgl)

(3.13)
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3.1.2 The 3d dualities

The 3d duality obtained in [37] from the dimensional reduction of Brodie duality relates

e 3d U(n) SQCD with f flavors @ and @ with two adjoints X and Y interacting
through the superpotential

W =TrXY?% 4+ Tr Xk+! (3.14)

with k odd.

e 3d U(n = 3kf — n) SQCD with f dual flavors ¢ and ¢ with two adjoints x and y
interacting through the superpotential

k—1 2
W = Tray?+ Tra*t + Z Z Tr MPEqah=1772~ 4G
i=0 £=0

<

k—3
k—1 2 R="75—
+ VAV +§ Ve Voo + § CWEWE, (3.15)
1 =0 q=0

ECN
I

where the mesons correspond to the one discussed on the 4d side. There are also
dressed monopoles (;gerators of the electric theory, carrying topological charge 1
and 2, denoted as V, and qu respectively, acting as singlets in the dual phase,
interacting through with the dual dressed monopoles, carrying topological

charge 1 and 2, denoted as XN/ﬁ and qu respectively. These monopole operators
are defined by radial quantization from states on S? carrying a non trivial magnetic

flux background. The dressed monopole are then mapped to the following states
Vi < TrXiy‘+1,0,...,0)
WE < TrX?+1,+1,0,...,0) (3.16)

and an analogous definition is given for the monopoles appearing in the dual

phase. As stressed in [37] the appearance of the W and /W/qi monopoles is one
of the most interesting novelties of models with two adjoints that does not have a
counterpart in any supersymmetric duality worked out so far.

The global symmetry is SU(f)r x SU(f)r x U(1)a x U(1)r x U(1)g. The fields and the
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monopoles transform under the gauge and global symmetries as follows:

Field | U(n) | U(n) | SU(f)r | SU(f)r | UM)a | U(D)r UMr

Q n 1 f 1 1 0 r

Q | =m 1 1 ! 1 0 r

X | n? 1 1 1 0 0 ol

Y | n? 1 1 1 0 0 =

U 1 1 1 1 —f +1 | (1—r)f+ 2D

T 2+4q—2(n—1)

W, 1 1 1 1 —2f | +2 |20 -r)f 4 B2l

q 1 n f 1 -1 0 =

g 1 | @ 1 f -1 0 e

x 1 n? 1 1 0 0 %

~2

M| 1 1 f f 2 0 2r + 213

vi |1 1 1 1 f F1 | (r—1)f + 2D
wE | 1 1 1 1 of | F2 | 20r—1)f + Hict2ntl

(3.17)

Another useful duality was obtained in the more recent paper [39]. It relates

e 3d U(n) SQCD with F flavors Q and Q with two adjoints X and Y interacting
through the superpotential

W =Tr XY?+Tr XM+ Vi + Vi, (3.18)

with k£ odd.

* 3dU(n = 3kf —n— 4k — 2) SQCD with F dual flavors ¢ and ¢ with two adjoints =
and y interacting through the superpotential

k—1 2
W = Tray?+Tra*tt + Z Tr M qak—177,2~4G + ‘N/OTO + ‘7(;0 (3.19)

=0 ¢=0

<.

where the mesons are defined as above

In this case the monopole superpotentials (3.18) and (3.19] - break the axial and the topo-
logical symmetry. Furthermore they fix the R-charge r in tor =1 — 22kl that

y E+1
can be computed from R[V; o] = R[Vo,0] = 2.

Another duality studied in [39] , involves U(n) with the linear monopole and anti-
monopole superpotential for Woi,o and W(fo

W =TrXY? 4+ Tr X" + Wty + W, (3.20)
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and a dual U(3kF — n — 2k — 2) gauge theory with superpotential

k—1 2
W= Tray?+ Tra 373 oM gah =102~ G + Wiy + Wy, (3:21)

=0 ¢=0

<.

Here we will not consider this case, even it may be interesting to derive this duality
flowing from some of the other cases studied here.

3.1.3 3d partition function

Focusing on the models of interest here, the partition function for Usp(2n) SQCD with
2f fundamentals and two antisymmetric A and B is given by

. Lh(74)"Th(7B) / Ln(£o; + fia)
Z2f . _ d a 1
Usp(Qn)(luaTAaTB) \/TM onp! H Iy, i201)
I Ty (Lo + £, + TA)Fh(:I:UZ- + 0+ 78)
In(£o; +0y)

(3.22)

1<j

The superpotential W = A + AB? fixes as 74 = 757w and 74 = 327 w. Furthermore

in presence of a KK monopole superpotential we must impose the further contraints

> e =2(w(f =2) = (n—1)(Ta+ 75 —w)) (3.23)

On the other hand the partition function for U(n) SQCD with f pairs of fundamentals
and anti-fundamentals and two adjoints X and Y is given by

I (T F T

f - . - n(Tx h Y —2inéo;

2 o (i T, Ty 3 €)= Nerrod /Hda e HFh i + ta)Ln(—0i + va)
1 (% (0 — o) + 7x)Th(% (07 — Uj) +7v) (3.24)

P Ly (£(0i — ;)
The parameter £ is the FI, corresponding to the mass parameter for the topological U(1)r
symmetry. The superpotential W = X*+! + XY? fixes as 7x = Zqw and 7y = 7w.
In this case we can impose different constraints on the parameters, depending on the
presence of a KK monopole superpotential or a linear monopole superpotential. The KK
monopole imposes

f
Z (o + Vo) = 2fw —n7x (3.25)
a=1

The linear monopole and anti-monopole superpotential imposes £ = 0 and

f
D (o +va) =2w(f —2) = (n—=1)(rx +7v —w)) (3.26)

a=1



28 3.2 4d/3d reduction of U Sp(2n) SQCD with two rank-two anti-symmetric tensors

while the linear monopole (or anti-monopole) superpotential imposes the constraint

f
Z(ua +vg)=+(or =)26+2((f —2)w—(n—1) (tx + v — w)) (3.27)

a=1

3.2 4d/3d reduction of U Sp(2n) SQCD with two rank-two anti-symmetric
tensors

In this section we derive the 3d dualities starting from the circle compactification of the
one for Usp(2n) SQCD with two rank-two antisymmetric tensors. Before starting the
analysis we have decided to simplify the reading by summarizing the final dualities in
(3.28). We have specified the rank of the electric and of the magnetic gauge group, the
electric and the magnetic superpotential and the paragraph where we have discussed
the derivation of each duality.

Gelectric Gmagnetic Welectric Wmagnetic Paragl‘aph
Usp(2n) | USp(2(3kf —n — 4k — 2)) 3.29 3.30 3.2.1

U(n) UGkf —n — 4k — 2) 3.18 3.19 322

U(n) UBKf —n—2k—1) 337 339 323

Un) UGkf —n) 3.14 3.15 324
Usp(2n) | USp(2(3kf —n — 2k — 1)) (3.4 3.50 3.2.5

U(n) UBBKf —n) +(355) [ B2) + B56) | B3I

(3.28)

3.21 USp(2n) with KK monopole superpotential

The circle reduction of the 4d Brodie-Strassler duality for Usp(2n) with 2f fundamentals
and two adjoints gives rise to the following 3d effective duality

e 3d Usp(2n) SQCD with 2f fundamentals ) and two rank-two antisymmetric ten-
sors A and B
W = TrAM + TrAB? + nYys, (3.29)

e 3d USp(2(3kf —n — 4k — 2)) SQCD with 2f fundamentals ¢, two rank-two anti-
symmetric tensors a and b and the dressed mesons Mﬁév“ =Q, A Bt Qs symmetric
(antisimmetric) for j¢ odd (even) with j = 0,...,k — 1 and ¢ = 0,1, 2. The super-
potential of the dual phase is

k-1 2 ‘
W =Tra"*' + Trab® +Y > Mjqa" 770" g + iy, (3.30)
§=0 £=0
with k odd.

The monopole operators Yy g, and yu g, can be generated because the rank-two antisym-
metric tensors do not carry new zero modes in the KK monopole background [79,[70].

The identity relating the superconformal indices of the 4d theory has been conjectured
in [77]. Reducing the identity between the indices to an identity between the partition
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functions can be done along the lines of the prescription given in [49]. Such prescription
requires a re-definition of the fugacities p, ¢ associated to the isometries of S3, of the
fugacity u, associated to the global symmetry and of the fugacity z; associated to the
gauge symmetry:

2mirw 2mirw 2miroc 2mwirm
N =e 2. z=e , u=e (3.31)

b=e q

The 3d limit is taken as » — 0, and it can be shown that the elliptic Gamma function
become hyperbolic Gamma functions

lim T (e2™7%) = ¢~ sz G~y (2) (3.32)
r—0
There is a divergent contribution associated to the gravitational anomalies, that cancels
if one reduces an integral identity between 4d dual models. By applying this reduction

to the identity between (3.11) and (3.13) we arrive at

2f 7 = 7% i
ZUsp(Zn) ('u7 TA; TB) - ZUSp(2(3kf—n—4k:—2))(TA —TB — K TA, TB)
k—1 2

X H H H Cr(jra + 478 + pa + o)
J=00=01<a<b<f
k-1 f

< JT TITr(q+ 1)7ra+ 75 + 21a) (3.33)

q=0a=1

with the constraint among the mass parameters. This constraint descends from the
4d constraint (3.12). While this constraint corresponds to anomaly cancellations in 4d, in
3d it reflects the presence of the KK monopole superpotential, both in the electric and in
the magnetic phase, preventing the generation of an axial symmetry. This is the crucial
aspects underlining the reduction of 4d dualities to 3d, the presence of the KK monopoles
generates new effective dualities on the circle, having the same global symmetries of the
4d ones. This guarantees that the 4d duality is preserved in the effective 3d description.

It is then possible to flow to other 3d dualities by consistently removing the KK monopole
superpotential in both phases. This is in general non trivial because the real mass flow
necessary to remove the monopole superpotential in the electric phase can require also a
dual Higgsing in the magnetic one. On the partition function this translates into the can-
cellation of the divergent pre-factors emerging when integrating out the massive field
in both sides of the identities. In the following we study some of these flows starting
from the duality with the KK monopole superpotential and from the identity (3.33). In
this way we obtain the other 3d dualities summarized in figure (except for the U(n)
case with a KK monopole turned on, that will be discussed separately in Section 3.3).

3.2.2 U(n) with linear monopole and anti-monopole superpotential

The first flow under investigation gives rise to the duality of [39] with linear monopole
and anti-monopole superpotential reviewed in sub-section

The flow consists of assigning a large positive real mass to f of the fundamentals and a
large negative and opposite real mass to the remaining f fundamentals. This real mass
flow is then combined with a Higgs flow, corresponding to a shift of the real scalars in
the gauge group, equal (or equivalently opposite) to the one assigned to f fundamentals.
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The electric theory becomes U(n) with two adjoint and f pairs of fundamentals and
antifundamentals, Q and Q. On the dual side the real scalars in the gauge group are
shifted analogously, giving rise to an U (3kf — n — 4k — 2) gauge theory with f pairs of
fundamentals ¢ and § and anti-fundamentals and two adjoints. In this case only the an-
tiysimmetric contributions from the original mesons remains in the low energy spectrum
and they correspond to the dressed mesons M) = Q"X IYEQs.

The flow does not generate an axial and a topological symmetry, signaling the presence
of the linear monopole and anti-monopole superpotential of [39].

This duality can be obtained also studying the flow on the partition function. In this case
we assign the masses as

Lo = Mg+s5 a=1,...,f
{:ua = MNg—S a:f+1a72f ’ (334)

and we shift the intagration variables o; — o; + s in both the electric and the magnetic
phase.

By computing the large s limit and by canceling the common divergent pre-factors be-
tween the LHS and the RHS of the identity (3.33) we obtain a new identity

Z[J;(n)(ffi;ﬁ, iTA,TB;0) = Zg(Skffnfélka)(TA —Tp —T;Ta — T — 7;Ta,TB;0)
k—1 2 f
< TTTI TI TrGira+ trs + ma +m) (3.35)

§=0£=0a,b=1

with the constraint

f
Z(ma +np)=2w(f—2)—(n—1)(7a+ 7B —W)) (3.36)

a=1

This is the expected identity for the duality with linear monopole and anti-monopole
superpotential. The constraints imposed by the superpotential correspond indeed to the
absence of an FI in (3.35) and to the constraint (3.36), as discussed in sub-section

3.2.3 U(n) with a single linear monopole superpotential term

The next step consist of integrating out one massive flavor from the last duality and flow
to a new duality with a single one monopole (or anti-monopole) superpotential.

This flow requires some care in the magnetic sector, because it requires a dual higgsing
in order to match the discrete anomalies.

If we consider f + 1 flavors on the electric side and assign large oppsosite real masses to
the last pair on the dual side. The electric model becomes

W =TrXY? + TrX* + Vil (3.37)

The linear monopole (anti-monopole) superpotential W, = V' survives the real
mass flow. A completely analogous choice is give by linear superpotential for the anti-
monopole, giving rise to W,on = V5. The sign depends on the choice of the sign of the
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real mass assigned to the fundamental quarks.

In the magnetic theory, after the dual Higgsing, we havea U(3kf —n—2k—1) x U(k—1)
gauge group. There are f flavors g and ¢ in the first gauge sector and 1 pair ¢, and ¢, in
the magnetic one. There are also two pairs of adjoints, x and y in the U (3kf —n —2k — 1)
sector and x, and y,, in the U(k — 1) sector. The superpotential is

W = Tray®+ Traftt + Trxpyp + Trxk+1 + Vo'f'o + \NIS:O
k—1 2
=+ ZTeréqu 1— ] 2— Zq-i‘./\/lqu wk 1— ]yi Eqp)+
7=0 £=0
k—1 n:%
+ VioVicio+ 2 VouVoa et We W,
j=1 £=0 q=0

(3.38)

where the singlets M and M, are the light field that survive from the original mesons in
the real mass flow. Furthermore the bare monopoles and anti-monopoles of the U (k — 1)

sector have been denoted as \7&0 and Wgto

Consistently with the assignation of the masses in t the electric theory the linear monopole
(antl—monopole) superpotential W0, = V0 (or Wmon = V0 + V0 ) remains
in the superpotential. On the other hand the last hne in (3.39) represents the AHW-like
superpotential generated by the dual Higgsing between the monopole operators of the
two gauge sectors.

We can consider this relation between the electric and the magnetic theory as a new du-
ality for U (n) SQCD with two adjoint an a single monopole turned on. Nevertheless here
we are interested in a more conventional formulation of the dual model. This is achieved
by conjecturing that the U (k — 1) sector with two adjoints x, and y, interacting through
W = Trak*tt +Trz,y> and one fundamental flavor identified with ¢, and g, is conﬁnmg

am presence of a linear monopole superpotential, either W, = VO o (or Wion = VO 0)-
n absence of further interactions the confining theory corresponds to a set of singlets

identified with the dressed mesons g,z5~177327‘G, and with the monopoles \7;@ (or

jx) with j¢ = 0 and Wq (or Wj) with g— =0,..., 552,

This conjecture allows us to dualize the U(k — 1) sector and the dual model becomes
U(3kf —n — 2k — 1) with superpotential

k—1 2
W= Tray® +Tra"t V5 + )0 Tr(MI g7y ) +
7=0 £=0
K=

k-3
k—1 —T2

+ Vg oVi— go+zvoevoz ¢t Z W
=1 =0 q=0

<.

(3.39)

2Observe that in 4d the confining limiting case of Brodie duality has been studied in [80]. In 3d the number
of confining limiting cases is expected to be larger, because of the possible presence of monopole superpoten-
tials.



32 3.2 4d/3d reduction of U Sp(2n) SQCD with two rank-two anti-symmetric tensors

where in the last line we have identified the monopoles of the confining sector with some

of the monopoles of the electric theory namely VJ o VJr and W

We can translate the conjecture on the partition function side, conjecturing the following
identity

lef(kfl)(ma m;TA,TB;2(TA —TB —w —m)) =

k—1 2 52
X HHFh 2m + j7a4 + {1B) HFh (2¢+1)7a —4(m —Ta + 7B))
j=0£=0 =

X Hrh(jTA72<m77'A+TB
§=0

Wl —2(m —74 4+ 78))) (3.40)

n"’:]w

where the F is fixed by the balancing condition (3.27), corresponding to the presence of
the linear monopole superpotential, and k is odd. We are not aware of any mechanism to
obtain this duality from other known dualities. Rather, in this Chapter we show that this
conjecture, in particular in the s-confining case (3.40), allows us to consistently describe
the various RG flows depicted in figure It would be interesting to provide indepen-
dent checks of this conjectured duality, for example by computing the superconformal
index for low values of k [73].

The flow is triggered by considering the identity (3.35) with f + 1 fundamental flavors
and assigning a large mass parameter to the last pair as

{mf+1 = m+s (3.41)
ngy1 = mM—s

On the dual side the gauge group U(3kf —n — k — 2) is higgsed to U(3kf —n — 2k —
1) x U(k — 1) by shifting (k — 1) integration variables as o; — 0; — s. Computing the
large s limit on the identity and eliminating the divergent part, that coincides on
the electric and on magnetic side we end up with the relation

Z{;(n) (M, ;745 73; —2(Mm —w)) = Z{;(%f_n_%_l)(ﬁ, m;Ta;7;2(m — 7))
X Zrlj(k 1)(ﬁ1 m;74,75; —2(m — w))
k-1 2

X HHHFhJTA+£TB+ma+nb)

j=0£=0a,b=1
k=1 2
X HH H Th(jTa + ¢t + 2m)e L S (mE =)
§=0£=0a,b=1
(3.42)

withn=74 -7 —7,m =74 — 7 —mand m = 74 — 7 — m. There is also a constraint
between the masses corresponding to

f
D (ma+mnq) =2((f —Dw — (n—1)(7a + 78 —w)) — 2m (3.43)

a=1
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that signals the presence of the monopole superpotential both in the U(n) and in the
U@Bkf —n — 2k — 1) sector. The monopole superpotential in the U(k — 1) sector corre-
sponds to the constraint on the FI in the second line of (3.42). The integral corresponding
to the U(k — 1) sector can then be computed using the conjectured relation (3.40). Af-
ter eliminating the massive fields with the inversion formula for the hyperbolic gamma
functions we obtain the relation

(7, m;7a;78;2(m — 75))

le;(n) (M, 74 5 7B 2(w —m)) = ZIJ}(Skf—n—Qk'—l)

k-1 2 f

ITII II Trtita + trs +ma + ny)e = ama (mi—nd)
G=00=0 a,b=1

X

_ f
x JI Tw(f=1Dw- L - > (ma +1na) + j7a + 1B)
i=0,..., k—1 a=1
2 f
< JITh@(f = Dw—(n—1)ra =23 (ma+na) + (2¢+ 1)74)
q=0 a=1

(3.44)

This relation reproduces, on the partition function, the duality that we have claimed on
the field theory side. Furthermore the identity reduces to the one conjectured in formula

(3.40) forn =k — 1, f =1 and m; = n;.

3.24 U(n) without monopole superpotential

Another crucial sanity check of our construction consists of flowing to the pure 3d dual-
ity of [37]. This can be achieved by starting from the duality with linear monopole and
anti-monopole superpotential with f + 2 flavors and assigning two large and opposite
real masses to two pairs of fundamentals and antifundamentals.

In this case we have more freedom than above in the choice of the masses, and this gives
rise to a free FI in both the electric and magnetic side. Furthermore on the magnetic side
we have to consider the Higgsing to U (3kf —n) x U(k —1)2. In the first sector there are f
fundamental flavors while in the other two sectors there is a single fundamental flavor.
Each sector contains two adjoints interacting through the usual power law binomial su-
perpotential and there are interactions between the light singlets surviving the real mass
flow and coming from the original meson and other combinations of fundamental and
adjoint fields, generalizing the construction in (3.38). There linear monopole superpoten-
tials for the U(n) and the U(3kf — n) sector are lifted, while there is still a single linear
monopole superpotential in each U(k — 1) sector. Furthermore the dressed monopole
and the anti-monopoles of the U(3k f — n) interact through an AHW-like superpotential
with the ones of the two U (k — 1) sectors (with the sign choice given by the sign choice
of the large mass limit in the electric side). Proceeding as above we can dualize both the
U(k — 1) sectors and we end up with the duality of [37].

This construction can be reproduced on the partition function as well. The real masses
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are chosen as

myegy1 = m+§+8
Mit2 = MogHs (3.45)
N1 = m—+3—s

N = mM—3—38

On the dual side the gauge group U(3kf — n + 2k — 2) is higgsed to U(3kf — n) x
U(k —1) x U(k — 1) by shifting (k — 1) integration variables as o, — 0; — s and (k — 1)
integration variables as o; — 0; + s. Computing the large s limit on the identity
and eliminating the divergent part, that coincides on the electric and on magnetic side
we end up with the relation

31
31

iTA,TBE) = Zf(gkf n)(T —Tp — ;T4 — T — 1174, TB; —§)

2
11
£=0

A

Uy (17
k—1
H Iy ]TA—FETB—Fma—Fnb)

=0 ,b=1

< 11
n==+
1

llj(k_l)(ﬁ:ln,ﬁln,TA,TB;QT](m - w) - 5)
—+1
k-1 2

X H HFhJTA+€TB+ma+nb)
§=0£=0a,b=1
k-1 2

X HH H H Lh(jTa + bt + (2m +nf))
7=0

£=0a,b=1n==%1

(3.46)
withm, =74 — 7 —m+ "75 The constraint on the parameters reads
f
Z(ma +n4) =2(fw—(n—1)(74 + 73 —w)) —4m (3.47)
a=1

In this case it signals the presence of the AHW interactions and it plays an important
role in identifying the monopole operators of the confining sectors with the ones of the
electric theory. On the other hand it does not play any role on the U(n) and U (3kf — n)
sectors because we are in presence of an unconstrained FI £. It signals the absence of
linear monopole deformations in these two gauge sectors.

Proceeding as above by dualizing the two U(k — 1) sectors with the help of (3.40) and
eliminating the massive fields with the help of the inversion formula for the hyperbolic
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Gamma functions we end up with the relation

2y P78, 5 74, 7536) = Dy n)(TA—TB—ﬁ'TA—TB_ﬁ'TAaTB;_f)
k—1 2
X HHHFh]TA+€TB+ma+nb)
7=0£=0a,b=
£ f
< ] Ta(E28 + 2fw—(n = 1)Ta—> (ma + na)+(2q + 1)7a)
q=0 a=1
x JI TaxE+s ! lzf:( +n4) + 075 + 5Ta)
w — TA— 3 Mg + Ng T. 7.
j 0,...,k—’ll 2 ! 2a:1 7 o

(3.48)

with unconstrained parameters. More precisely the parameters m, and n, are con-
strained as ), mq = >, nqa = fma where m4 is the parameter associated to the axial
symmetry. The relation (3.48) is the expected one between the electric and the magnetic
side of the duality found in [37].

3.2.5 Usp(2n) without monopole superpotential

Another duality that can be derived from the reduction of Usp(2n) on the circle is ob-
tained by eliminating the superpotentials nYy s, and 7fyy s, in and in (3.5). The flow
in this case is engineered by considering 2(f + 1) fundamentals and by assigning a large
and opposite mass to two of them. On the dual side the gauge group is Higgsed to
USp(3k —n —2k — 1) x U(k — 1), with 2f light fundamentals ¢ in the symplectic sector
and one fundamental flavor (p,p) in the U(k — 1) sector. Again the FI term generated
in the U(k — 1) sector is constrained and it signals the presence of a linear monopole or
anti-monople superpotential (here the choice depends on the sign of the shift in the real
scalar in the vector multiplet). In the USp(3k — n — 2k — 1) sector there are two anti-
symmetric rank-two tensors a and b while in the U (k — 1) sector there are two adjoints x
and y. The superpotential of this dual model is

W = Tra"™' + Trab® + Traf ™ + Tray? + VOTO +
k=1 2
+ )0 (Meqa?b'q + Nyepaly'p) +
=0 £=0
k=1 2 N r=252 N
+ Y VigYejot+ > Vo Yoot Y, Wy Zey (349)
j=1 £=0 q=0

where ffﬂ and Zq are dressed monopoles of the USp(3kf — n — 2k — 1) sector with
topological charge 1 and 2 respectively. They can be defined by radial quantization as
in (3.16). Dualizing the U(k — 1) sector we arrive at the final formulation of the duality,
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where the superpotential becomes

k-1 2

W = Trak+1+Trab2+ZZ ngajbq
§=0¢=0
E_1 I{—k 3
+ ) YioYio JO+ZYMY02 o+ Z YoZn—q (3.50)
7j=1 =0 q=0

where the monopoles arising from the U(k — 1) sectors are identified with the ones of
the electric Usp(2n) gauge theory.

The global symmetry in this case is SU(2f) x U(1)a x U(1)g and the fields and the
monopoles transform under the gauge and global symmetries as follows:

Field Usp(2n) | USp(2n) | SU2F) | U(1)a U1z
Q n 1 2f 1 T
A n(2n—1) 1 1 0 el
B n(2n—1) 1 1 0 B
Z, 1 1 1 —4f | Af(1—r) 4 B
q 1 i 2f —1 =
a 1 n(2n—1) 0 e
b 1 (27 —1) 1 0 =
Moo, k1) 1 1 fef-1| o 2(1-r) + o
Moj1 ... bo) 1 1 fef-n| 2 2(1—-r) + LF
Majii1_o, b3 1 1 fef+1) | 2 2(1—r) + LEE
Mj?(j:o,...,k—l) 1 1 fer-n 2 201 —7) + 2?@1?6
Vi 1 1 1 of | 2(f—1)r + HA2UEndkED
Z, 1 1 1 Af Af(r—1) + Hatpt+6
(3.51)

We conclude the discussion by performing such a flow on the partition function. In this
case we consider 2f + 2 mass parameters (i, and assign the masses as

pry1 = m-+s (3.52)
ffyz = m—s ' '

The dual higgsing corresponds to the shift o; — o; + s (or equivalently o; — o; + s) for
k — 1 integration variables.

Computing the large s limit on the identity (3.33) and eliminating the divergent part,
that coincides on the electric and on magnetic side, we end up with the relation
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2f - _ 2f -
Zyspen) T4 TB) = Ziigpo@ks—n—2k—1)(TA = TB = [;T4,TB)
k—1 2

< TIII TI TrGra+trs+ e+ m)

j=0¢=01<a<b<f
k=1 f
< ] TITa(2q+ 1)7a + 75 + 241a)

q=0a=1
X lej(k'—l)(fn?rh;TA7TB772(w7m))
k—1 2

< TIII II TwrGra+trs+2m)

§7=0¢=01<a<b<f

(3.53)
with m = 74 — 7 — m and the constraint
2f
D e =2(w(f—1) = (n—=1)(7a+ T8 —w)) — 2m (3.54)
a=1

Again this constraints does not affect the mass parameters on the electric side, signaling
that the KK monopole superpotential has been lifted. On the dual side the constraint
is crucial for the identification of the monopoles (or anti-monopoles) of the confining
U(k — 1) sector with the ones of the electric Usp(2n) model. The last step consists of
integrating Z}; (k—1) using the relation 1i and arrive to the equality

2f = . _ 72f =,
Zgspeny (B 5 TaTB) = Zigpoki—n—2k—1))(TA = TB = [; T4, TB)

k-1 2 Sy

X H H H Th(jma + 015 + pa + ) H H Tn((2¢+ V)74 + 78 + 204)
§=0 £=01<a<b<f q=0 a=1

2f
< JI Trlira+trs +2fo—raltn+k)=> pa)
i=0,...,k—1 a=1
£=0,...,2

je =0
£ 2f

< JITh(g+ 1D)7a+4fw—27a(n+ k) =2 o)
q=0 a=1

3.3 Reconsidering the 4d/3d reduction of U(n) SQCD with two ad-
joints

In this section we study the reduction of the 4d duality worked out in [45] and reviewed

in sub-section 3.1.T]along the lines of [49].

Some comments are in order. First we consider a slight modification of the original the
duality, by gauging the baryonic symmetry. The SU(n) case can be studied similarly,
even if it modifies the structure of the effective superpotential generated in the circle
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reduction. It is nevertheless possible to recover the 3d limit of the SU(n) duality by
gauging the topological symmetry in the final step of our procedure. We will further
comment on this possibility in the conclusions. A second comment regards the restric-
tion to the case of odd k. A similar duality was also conjectured for the case of even k in
[45]. The difference in such case is that the chiral ring is not truncated at classical level
by the F-term constraints on the electric side and the proposal is that such truncation
appears quantum mechanically. Here we will not elaborate further on this case and we
restrict to the odd case.

The reduction of this duality to an effective duality on the circle has been studied in [37]
by breaking the gauge group, and by reducing the duality only in U(n;) sectors without
adjoints. Here we adopt a different strategy and leave the gauge group unbroken. The
motivation underlining our analysis is that we want to follow the various steps at the
level of the reduction of the 4d superconformal index to the 3d squashed three sphere
partition function.

On the circle we obtain an effective duality relating

e 3d U(n) SQCD with f flavors @ and C~2 with two adjoints X and Y interacting
through the superpotential W = (3.1)) + W,, with

k=3
k—1 2 R="—"%—
W =TrX* 4 TrXy? 4 | Y VAV 0+ VehVoo + >, Wiw,
j=1 =0 q=0

(3.55)

* 3d U(3kf — n) SQCD with f dual flavors ¢ and g with two adjoints = and y inter-
acting through the superpotential W = + W5

k—1 2 k=E3
Wa =0 | Y VisVitio+ 2 VoilVooui v D WiW, (3.56)
j=1 1=0 4=0

The superpotentials W, and W3 break the axial symmetry, anomalous in the 4d case. The
conventional 3d duality is obtained by a real mass flow, accompanied on the magnetic
side by a dual Higgsing of the gauge group. Such real mass flow can be engineered
on the electric side by considering f + 2 flavors and by assigning large (and opposite)
real mass to two pairs of fundamentals and anti-fundamentals. On the magnetic side
we can assign the same opposite shifts to the scalars in the vector multiplet by breaking
UBk(f +2) —n) — UBkf —n) x U(3k)% In the U(3kf — n) gauge sector we have
two adjoint « and y and f pairs of fundamental and anti-fundamental ¢ and g. In the
U(3k) sectors we still have two adjoints, denoted respectively as x, and y, in the first
sector and z¢ and y¢ in the second sector and one flavor, denoted (g,,q,) and (ge, ge).
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The superpotential of this model is

W = Tray?>+ Trat + Tra prrTr:Ek“JrTery& +Trxk+1
k—1 2
k—1— ~
+ ZZTr Mjequ 1=dy2- €q++/\/lﬂq xk 1= Jyﬁ ‘q /\/l5 ey jyg [qg)
j=0 £=0
k—1

+ Y VihVicio +VioVisio + VieYiso)
j=1
2 ~ ~ ~ ~ ~ ~
+ Z(‘/OJ,FZV(;,Q—Z + Vojevofz—z + V(T,zvaz_e)
=0

r="5=

+ (Wi Wi+ W W+ WIW)
q=0

(3.57)

The first two lines of correspond to the superpotential in the gauge sectors of
the dual theory, inherited from the original one after the real mass flow and the Higgs
flow. The last three lines on the other hand correspond to an AHW-like superpoten-
tial generated between the monopole operators because of the dual Higgsing. We have
denoted as V and W the monopoles of U(3k), sector and V and WV the monopoles of
U(3k)¢ sector.

The last step consists of dualizing the U (3k) sectors in terms of singlets. The duality that
we have to use in this case corresponds to the limiting case of the 3d duality that we are
looking for. This is a very standard phenomenon in the reduction of 4d dualities to 3d.
In the case of SQCD such a limiting case was interpreted independently as local mirror
symmetry, indeed the extra sectors correspond to SQED with one flavor, and the confin-
ing model could be regarded as local mirror symmetry. In the case with one adjoint such
sector correspond to U (k) with one adjoint and one flavor and W = Tr X**1. This model
can be shown to be confining as well, even in absence of the adjoint superpotential, as
discussed for example in [81}69]. In both cases the confining duality corresponds to the
limiting case of the duality that one is looking for.

Here we borrow the results obtained in sub-section and dualize the two U (3k) sec-
tors with a fundamental flavor. From the superpotential (3.57) one can observe that
the mesons qu’g 1= yg G ge and g, k1= Jy q~p become massive and they can be inte-
grated out at zero vev. Ina snnllar fashlon the monopoles \7+e and ]7_ with j¢ = 0 and
WJr and W with ¢ = 0,..., 552 are singlets after confining the U(Sk) gauge groups
and they become massive because of the superpotential (3.57] (3.57). On the other hand the
monopoles V7 jeandV z with j¢ = 0 and W and W+ with ¢ = 0,..., 553 are singlets
of the U(3f — n) gauge theory that interact w1th the monopoles Vi and WjE They can

then be naturally identified with the monopoles VJ and Wi of the electrlc theory act-
ing as singlets in the dual phase. All in all we arrive at the dual superpotential (3.15)
corresponding as expected to the one obtained in [37].

This analysis can be reproduced on the partition function as well. The first step consists
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of reducing the identity of [77] between the 4d indices using the prescription of [49].
This gives an identity reproducing the effective duality on S*, with a constraint between
the mass parameters signaling the presence of the KK monopole superpotential. The
identity for the effective duality is

Z(ff(n)(m’ﬁ;TX’TY;g) = Z(J;(gkffn)(ﬁvﬁWX»Ty;—f)
k-1 2 f
< TITI II trGirx + by +ma+m)  (3.58)

=0 ¢=0a,b=1

where m, = 7x — v — mg and g = Tx — Ty — N,. In this case the FI parameter is free
while the constraint between the mass parameters corresponds to (3.25), preventing the
generation of an axial symmetry.

Next we need to engineer the flow to the pure 3d duality. This flow can be constructed
by considering f + 2 flavors and parameterizing the last two pairs as

mgy1 = MmM+S§
Mptz = m=s (3.59)
UTES = m-—3:
Nnfr1 = mMm+s

On the dual side the gauge group U (3k(f + 2) — n) is higgsed to U(3kf — n) x U(3k) x
U(3k), by shifting 3k integration variables as o; — ¢, — s and 3k integration variables
as o; — o; + s. Computing the large s limit on the identity and eliminating the
divergent part, that coincides on the electric and on magnetic side we end up with the
relation

le;(n)(m’ﬁ;TX7TY;€) = Z[J;(gkf_n)(ﬁ,ﬁﬁxﬁy;*ﬁ)
< T 2@, v 20(m — w) — €) (3.60)
n==%1
k-1 2 f

< TTTI TI TaGirx + ry +ma + ny)Ch(imx + Lry + 2m)?
j=0¢=0a,b=1

where m = 7x —7y —m. The U (3k) sectors are confining and the corresponding integrals
can be computed using the results of the previous section. Indeed they correspond to the
limiting case of the identity (3.48), because the rank of the dual gauge group vanishes
if n = 3k and f = 1. By computing these integrals, simplifying the massive fields and
using the constraint

f
Z(ma +ng) +4m = 2w(f +2) — nrx (3.61)

a=1

we arrive at the final relation, that coincides with (3.48) as expected.
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3.4 Discussion and future developements

Many open questions arise from this work. First the prove of formula is a nec-
essary step to confirm the validity of our approach and corroborate the claims that we
made for the new dualities. Another open question is related to the other duality E] dis-
cussed in [39], and reviewed in sub-section3.1.2} involving linear superpotentials for the
monopole operators with charge 2 under U(1)r. It would be interesting to obtain such a
duality by flowing from the ones discussed here.

Further classes of dualities can then be constructed starting from the ones proposed in
our work, involving CS terms, a chiral matter content (i.e. a different number of funda-
mentals and anti-fiundamentals) and/or SU(n) gauge groups. The 3d analog of Brodie
duality in presence of CS terms has been already proposed in [82]. It would be inter-
esting to obtain this last duality by flowing from the ones without CS terms and then
generalize the construction to the Usp(2n) case as well. Also the cases with a chiral mat-
ter content can in principle be studied by opportune real mass flows, with possible dual
Higgs flow, along the lines of [43, 83} 84, 85]. The analysis of SU(n) dualities is in gen-
eral less straightforward. This is due to the presence of quadratic monopole operators
in many of the dual phases. The general prescription to obtain an SU(n) gauge group
starting from U (n) consists of promoting the topological symmetry to a gauge symme-
try; in presence of an FI term this gauging leads to a mass term between the dynamical
photon of U(1)r and the original photon of U(1) C U(n), through a mixed CS term. By
integrating out the massive fields one is left, on the electric side, with an SU(n) gauge
group. On the other hand the presence of monopole operators in the dual phase does
not allow the same operation in a straightforward manner, because there are extra fields
charged under the gauged topological symmetry. The interpretation of the charge two
monopole operators arising from the gauging of U(1)r is less clear than the one for the
monopole with charge one under U (1) and it is not obvious how to manage this new
gauged sector in general. Anyway one could reverse the logic and start from the duali-
ties that we have obtained here before applying any local confining duality on the extra
U(k — 1) sectors. We hope to come back to this problem in the future. Other interesting
lines of research involve the generalization of the construction to the other dualities with
two rank-two tensors proposed in [46].

As a last comment we would like to stress that all the models discussed here refer to
the case of odd k, being k + 1 the exponent of the adjoint X and of the anti-symmetric
A in all the U(n) and Usp(2n) SQCD superpotentials respectively. While this choice
is motivated by anomaly matching for the Usp(2n) gauge groups, U(n) gauge theories
with k-even are more tricky, because the chiral ring is supposed to truncate at quantum
level, differently from the classical truncation taking place for k-odd (see [86) [87, [88]
for further discussions on this issue). In three dimensions we have seen that the U(n)
dualities can be derived from the Usp(2n) one, derived by circle reduction, only for odd
k. It would be then interesting to understand if is there any connection between the
quantum truncation of the chiral ring and the 4d /3d reduction.

30bserve that in [39] many other dualities are conjectured in presence of linear monopole deformations for
the dressed monopole operators, in the case with a single adjoint. Similar results are then expected for the case
with two adjoints. Here we have not addressed such an issue from the 4d perspective.






CHAPTER 4

S-confinement in 3d A/ = 2 SO/USp adjoint SQCD

In this Chapter we study s-confining 3d theories with A/ = 2 supersymmetry. Compared
to the 4d case, an ingredient that makes the classification of such theories more intricate
and offers new examples of gauge theories with confining dynamics is given by the
possibility of turning on monopole superpotentials. Many examples of 3d s-confining
gauge theories been studied in [49, 59, 60, 64, [89, 90, [71), [70} 91}, 92} [93] [94] ©5]], where
many checks of the new proposed dualities have been performed. In a recent paper [2]
models with real gauge groups and adjoint matter have been studied and new confining
dualities have been proposed. An interesting aspect of these cases is that the dualities
can be proved by sequentially deconfining the adjoint (symmetric or antisymmetric ten-
sors) in terms of other known dualities involving real gauge groups without any tensor.
Such a deconfinement of two-index matter fields follows from the one originally worked
out in 4d in [50] and then refined in [96] (see also the recent works [97, 51] where such
deconfinement technique has been reconsidered in the 4d case). In 3d the structure of
confining gauge theories is richer because of the possibility of turning on monopole su-
perpotentials.

In this Chapter we elaborate on these results, showing the matching of the three-sphere
partition function between the new dual phases proposed by [2]. We find that there is a
straightforward proof of the hyperbolic integral identity that corresponds to the match-
ing of the squashed three-sphere partition functions between the dual phases. The result
follows from the identity relating U Sp(2n) with the antisymmetric and four fundamen-
tals without monopole superpotential and its description in terms of confined degrees
of freedom. In this case by opportunely fixing the value of the mass parameters and by
applying the duplication formula for the hyperbolic Gamma functions we observe that the
identity can be manipulated into the expected ones for the new dualities proposed by

[2].

This correspondence motivates us to make one step further, and to consider the case
of USp(2n) with the antisymmetric and six fundamentals, in presence of a monopole
superpotential (see [67,[98]66) 68} 99| 100, 101} (102} 103} 104} 105, 106] for recent examples
of 3d N = 2 gauge theories and dualities with monopole superpotential turned on).
This model is confining as well and it admits the same manipulation referred above on
the integral identity matching the squashed three-sphere partition functions. Again we
obtain identities relating, in this case, the partition function of models with USp(2n)

43
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or SO(N) gauge groups with four fundamentals or three vectors and an adjoint matter
field, and the partition function of models with (interacting) singlets.

We then analyze these models through sequentially deconfining the adjoint fields, ob-
taining a proof of the dualities. This last approach offers also an alternative derivation
of the integral identities (obtained so far through the duplication formula), in terms of
adjoint deconfinement. Indeed, as we will explicitly show below, each step discussed
in the physical proof of the duality corresponds to the application of a known identity
between hyperbolic integrals.

4.1 3d confining models with real gauge groups and adjoint matter

These dualities have been proved in [2] and they are the starting point of our analysis.
Here we review the main properties of these dualities and briefly discuss their deriva-
tion.

The three classes of s-confining dualities with adjoint matter obtained in [2]] are summa-
rized in the following.

* In the first case the electric side of the duality involves an USp(2n) gauge theory
with adjoint S and two fundamentals p and ¢ with superpotential W = Tr(pSp).
The dual model corresponds of a WZ model with 4n chiral multiplets. These 4n
gauge fields corresponds to gauge invariant singlets of the electric theory. There
are 2n dressed monopole operators, Y; = Yys, Tr S7,j = 0,...,2n—1, where Yy 5,
is the unit flux monopole of the USp(2n) gauge theory. Then there are n dressed
mesons M, = ¢S**lq with ¢ = 0,...,n — 1 and eventually there are n singlets
o, =TrS* withk=1,...,n.

* The second case involves an SO(2n) gauge theory with an adjoint A and a vector
g, without superpotential. The dual theory is a WZ model with 4n chiral fields,
corresponding to gauge invariant singlets of the electric theory. There are 2n — 1
dressed monopole operators, Y;" =Yg, Tr A7, j = 0,...,2n — 2, where Y, is the
unit flux monopole of the SO(2n) gauge theory with positive charge with respect
to the charge conjugation symmetry. Then there are n dressed mesons M, = ¢A%‘q
with £ =0,...,n —1and n — 1 singlets o, = Tr A2 with k = 1,...,n — 1. The last
two chiral fields correspond to the baryon B = Pf A and to the baryon monopole
Y. ., obtained from the unit flux monopole of the SO(2n) gauge theory with

An—17
negative charge with respect to the charge conjugation symmetry.

* The third and last case involves an SO(2n + 1) gauge theory, again with an adjoint
A, a vector ¢ and vanishing superpotential. The dual theory is a WZ model with
4n+ 2 chiral fields, corresponding to gauge invariant singlets of the electric theory.
There are 2n dressed monopole operators, Yj+ = YSJFO TrA7,j=0,...,2n—1, where
Y4, is the unit flux monopole of the SO(2n) gauge theory with positive charge
with respect to the charge conjugation symmetry. Then there are n dressed mesons
M, = qA**qwith £ =0,...,n — 1 and n singlets o}, = Tr A?* with k = 1,...,n. The
last two chiral fields correspond to the baryon B = €3,,+1(¢A™) and to the baryon
monopole Yq;ln_l

As stressed in [2] the superpotential of the dual models correspond to polynomials
of the singlets and with complexity that rapidly grows when the ranks of the gauge
groups increase. Nevertheless by flipping the singlets o, and the baryon and the baryon
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monopole in the orthogonal cases, these superpotentials are given by cubic combinations
of the remaining singlets.

Let us briefly sketch the strategy for proving these dualities. The first step consists of
deconfining the adjoint field. In the symplectic case the adjoint is in the symmetric rep-
resentation and it can be deconfined in terms of an orthogonal gauge group. On the other
hand in the orthogonal case the adjoint is in the antisymmetric representation and it can
be deconfined in terms of a symplectic gauge group. In each case this step requires to
find a confining duality that reduces to the original model. After deconfining the adjoint
one is then left with a two gauge node quiver gauge theory and one can then proceed by
dualizing the original gauge node, by using a known duality. In the cases at hand this
duality corresponds to a limiting case of an Aharony duality or a modification of it, with
monopole superpotentials. This gives raise to another model with a real gauge group
and adjoint matter and generically a more sophisticated superpotential. By repeating
the procedure of rank-two tensor deconfinement and duality one is left with the original
gauge group but with rank of one unit less and it allows to iterate the procedure and
arrive to the desired WZ model at the end of such a cascading process.

By inspection it has been shown in [2] that the adjoint of the U .Sp(2n) case can be decon-
fined by an SO(2n + 1) gauge group and a superpotential flipping the monopole. After
dualizing the U Sp(2n) gauge theory one ends up with an SO(2n + 1) gauge theory with
an adjoint and a dynamically generated superpotentials flipping both the monopole and
the baryon monopole. In this case the adjoint can be deconfined by an USp(2n — 2)
gauge group and a more intricate flavor structure. Indeed the SO(2n + 1) /U Sp(2n — 2)
gauge group have one extra vector/fundamental charged chiral fields and there is a su-
perpotential interactions between these two fields and the SO(2n + 1) x USp(2n — 2)
bifundamental. Furthermore there is a linear monopole superpotential for the U Sp(2n)
gauge node. By dualizing the SO(2n + 1) gauge node with 2n vectors one ends up with
an USp(2n — 2) gauge theory, with two fundamentals and a non trivial superpotential.
By opportunely flipping some of the singlets of the original model one can recast that
the original USp(2n), iterate the procedure and eventually prove the duality. Similar
analysis have been used to prove the orthogonal dualities as well. In such cases after
deconfining the antisymmetric in terms of USp(2n — 2) and dualizing the original or-
thogonal gauge group one is left with USp(2n — 2) and two fundamentals. Then the
duality proven above for this case can be used to prove the duality for the orthogonal
cases as well.

4.1.1 Confining theories and the three-sphere partition function

We are interested in two confining gauge with U Sp(2n) gauge group and antisymmetric
and six or four fundamentals. In the first case the theory has a monopole superpotential
and it corresponds to the reduction of a 4d A/ = 1 confining gauge theory. In the second
case the theory with four fundamentals can be obtained by a real mass flow, it is still
confining but in this case the superpotential is vanishing. Details on these models have
been discussed in [70, [71].

In general the partition function of an U Sp(2n) gauge theory with 2n ¢ fundamentals and
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an antisymmetric tensor is

ZUSPn) _ H I Th(Fya + 1r) I Lo (Yo £ 90 +7)
_( —wiws) 22”n'

T Fh :|:2ya> 1<a<b<n Fh(:l:ya + yb)

(4.1)

Where the parameters 7 and ., are associated to the antisymmetric tensor and to the 2n
fundamentals respectively. The two confining dualities discussed above for 2ny = 6 and
2ny = 4 correspond to the following identities

1<r<s<6
with the balancing condition

6
2(n— )T+ Z,ua = 2w (4.3)

a=1

signaling the presence of a linear monopole superpotential, and

n—1 .

Ch((j + D7) .

ZUspn) h Crh(J7 + pr + 1s) (44)
Sy ha H Fh((2n —_9_ j)T + Z?ﬂ:l MT) 1§T]’;[SS4

with unconstrained parameters, corresponding to the absence of any monopole super-
potential.

These identities are the starting point of our analysis, and they contain all the mathemat-
ical information on the models with real gauge groups and adjoint matter.

In order to transform symplectic gauge groups into unitary one we will use a well known
trick, already used in the literature [78,[107, 108 43]. It consists of using the duplication
formula [109] 110, [111]

Fh(2.’£) = Fh(x)l“h (SL’ + u;) Fh <£C + u;) Fh(x + OJ) (45)

to modify the partition function of the vector multiplet of USp(2n) into the partition
function of the vector multiplet of SO(2n) or SO(2n + 1).

This transformation requires to consider an USp(2n) gauge theory with fundamental
matter fields and assign to some of the mass parameters some specific value as 1 = &%
or it = w or i = 0. Then by applying the duplication formula (and the reflection equation
I'(z)I'(2w — ) = 1 when necessary) one can convert the contribution of USp(2n) with
fundamentals in the one of SO(2n) or SO(2n + 1) with (few) vectors. Furthermore,
by using the same mechanism, one can convert also the contribution of the USp(2n)
antisymmetric field into the one of an adjoint (for both the symplectic and the orthogonal
cases).

To simplify the reading of the various steps of the derivation we conclude this section
by summarizing the integral identities for USp(2n) and SO(N) s-confining SQCD, that
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we have used in the analysis below. These identities are indeed necessary for translating
into the language of the squashed three-sphere partition function the chain of adjoint
deconfiments and dualities introduced above. In the table we indicate the gauge group,
the matter content, the superpotential and the reference to the integral identity equating
the partition function of each gauge theory with the one of its confined description .

Gauge group | Matter | Superpotential | Identity
USp(2n) 2n+40 W =Yusp B.1
USp(2n) 2n+20 W =0 A.2
SO(2n) 2n + 10 W =Yso+ B.3
SO(2n) 2n—10 W=0 A.3

SO(2n + 1) 2n+ 20 W =Yso+ B.2
SO(2n + 1) 2n W =0 Al

4.2 Proving known results

In this section we show how to obtain the integral identities for the three dualities re-
viewed in subsection (4.1) by applying the duplication formula (4.5) on the identity (4.4).
Here and in the following section we will use three choice of masses, that are

~ o w w ~

L i, = (%—I—f;,%—kf;,%,unﬁs)
— w w hrd

IL Hny = 217 22a0a,unf—3
b4 w w:

. fn, = S S Ty fing—3

Here we did not specify the length n; of the vector ji. In the following we will have
ny = 4 for the cases of [2] and n; = 6 for the new dualities discussed here.

Case I: USp(2n)

We choose the masses i, as i =
mula. Explicitly, the contribution

n 4
T wo
[TTIrn (20 + p ||F +, T (4o, + - + 22
h IE+M—> h($+2+2> h(x+2+2>

a=1r=1 a=1

% + %, 2. m) and apply the duplication for-
arks t he partition function becomes:

ol\’)
*u

x T ( £2q + ;) T, (224 +m) (4.6)
= H Tp(£2z, +7) T (F2q + m) T, (ixa +w— ;)
a=1
where we used the duplication formula (4.5) with + = 4z, 4+ 7/2 and the reflection

equation:

T <xa +w— ;) Ty, (xa +w+ 72_> =1 (4.7)
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The LHS of (4.4) becomes
Lp(r)™ / Tn(t £z £ xp)
(—wlwg)%an! cn 1<j<h<n Fh(:txj + ack)
n Fh(T + 233j)I‘h(m + xj)Fh(w — % + l‘j)
dx; 4.8
< 1 Th(£2z,) i “8)

j=1

This corresponds to the partition function of USp(2n) with an adjoint .S, a fundamental
p and a fundamental ¢ with superpotential W = Tr(pSp), where the constraint imposed
by the superpotential corresponds to the presence of the parameter w— 7 in the argument
of the last hyperbolic gamma function in the numerator of (&.8).

On the other hand the RHS of (4.4) requires more care. Let us separate first the contri-
butions of the three terms. By substituting the parameters p, and using the reflection
equation we have

]_:‘[Fh(wf (anjf%)T)fm)

=0

. . w . w .
X Th(( DG+ DT+ 5 G+ DT+ G DT+ w)
1 w 1 w 1
x F}L((j+§)7'+7l+m,(j+§)T+?2+m,(j+§)7'+m) 4.9)

where we used the shorthand notation I',(a, b) = I',(a)T',(b). By using the duplication
formula it becomes

n

1T, (w _ (2n —j— %)7) -m, 2+ 1)7, (25 + )7 + 2m)

Th((G+3)7+m+w) (410

This last formula can be reorganized as

ﬁ Ty (w —(2n—j— %)T - m> . 1:[ Tn((2¢+ 1)1 +2m) - H T (2kT)
j=0 =0 k=1

(4.11)

The three terms in the argument of these hyperbolic Gamma function correspond to
the ones expected from the duality. Indeed if we associate a mass parameter 7 to the
adjoint and two mass parameters m; = m and ms; = w — 7 then the unit flux bare
monopole Yy, has mass parameter my;,,, = 2w —2n7—m; —my. The dressed monopole
Y; = YUsij has mass parameter my, = 2w —(2n—j)7 —m; —ma. By using the constraint
imposed by the superpotential on m; we then arrive at my, = w — (2n — j — $)7 —m,
corresponding to the argument of the first hyperbolic Gamma function in (#.1). On the
other hand the arguments of the second and of the third Gamma functions in are
straightforward and they correspond to the dressed mesons M, = ¢S%*'q and the to the
singlets o), = Tr S2*.
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Case II: SO(2n)

In this case we choose the parameters i, as fi = (%+, “2,0,m) and apply the duplication

2
formula. On the LHS of we obtain

Th(r £ £ )
T EL )Ty (m+ a))de;  (412)
(—wiws) 22”n|/n 1<1:£< Thn(£x; + ap) H i)

This corresponds to the partition function of SO(2n) with an adjoint A and a vector ¢
with vanishing superpotential. Actually to correctly reproduce the expected partition
function we need an extra factor of 2, in order to have 27~ ! in the denominator, that
correctly reproduces the Weyl factor. This extra 2 will be generated when looking at the
RHS as are going to explain.

The RHS of (4.4) can be studied as in the USp(2n) case above. In this case we obtain

1
GTn(n7)  Tn(w = (n = )7 = H Ty (2k7)
n—1 2n—2
X HFh(2€T+2m) : H Ipw—(2n—2—j)T —m) (4.13)
=0 Jj=0

where we used the duplication formula, the reflection equation and the relations I'j, (£L) =
T () = _5- As anticipated above, the 5 term can be moved on the LHS reproducing
the Weyl factor of SO(2n). The other contributions correspond to the 4n singlets of [2] .
Let us discuss them in detail. Again we associate a mass parameter 7 to the adjoint and a
mass parameters m to the vector. The unit flux bare monopole Y, has mass parameter
Myt =w— 2(n—1)7—m. The dressed monopoles Y;" = Y, Tr A7 have mass parameter
My+ =W = (2n — 2 — j)7 —m, corresponding to the last term in the second line of (4 .
The mass parameter associated to the baryon monopole is obtained by adding (n — 1)7'
tomy+ . This gives My-  =w-= (n — 1)7’ — m and it corresponds to the second term
in the first line of (&.13). "The first term of (¢.13), with mass parameter nr corresponds to

the baryon B = Pf A. The dressed mesons Mg = gA?"q and the singlets 0, = Tr A%* a
associated to the combinations m s, = 207 + 2m and m,, = 2kt respectively.

Case III: SO(2n + 1)

w

In this case we choose the parameters i, as fi = (%, *2, 7,m) and apply the duplication
formula. On the LHS of ({#.4) we obtain

n

INYCOl / Tp(r £z + o) H T:i:xj Th(m £ ;)
(—wiw2) 270! Jo Ip(tx; +ap) Iy ()

dzx;
" 1<j<k<n j=1

(4.14)

This corresponds to the partition function of SO(2n + 1) with an adjoint A and a vector ¢
with vanishing superpotential. Actually we are still missing a contribution I';,(m) com-
ing from the zero modes of the vector. As in the SO(2n) case discussed above, the extra
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term comes from the RHS, that in this case becomes

Fh(w—nTI‘hnT—l—m 2 nl
n(2kT) Tn(201 +2m
Th(m 1;[ EHO a )
2n—1
X H Thw—02n—1—-j)71—m) (4.15)
§=0

As anticipated above the denominator can be moved on the LHS and it is necessary
to reproduce the zero mode of the chiral fields in the vectorial representation of the
SO(2n + 1) gauge group. The other 4n + 2 Gamma functions correspond to the singlets
discussed in [2]]. Let us discuss them in detail. Again we associate a mass parameter T to
the adjoint and a mass parameters m to the vector. The unit flux bare monopole Y, has
mass parameter my ¢ = w — (2n — 1) — m. The dressed monopoles YJr Yo Tr A

have mass parameter Mmy+ = w — (2n — 1 — j)7 — m, corresponding to the term in the
J

second line of (4.13). The baryon monopole Y, is obtained by adding (n—1)7 +m to
the contr1but1on of My . This gives myf L Tw— (n — 1)1, and this gives raise to the

first term in the first line of @.15). The second term in the first line of (4.15), with mass
parameter nt + m corresponds to the baryon €z, 4+1(¢A™). The dressed mesons M, =
gA%*q and the singlets o}, = Tr A?F are associated to the combinations my;, = 267 + 2m
and m,, = 2kt respectively.

4.3 New results

In this section we propose three new dualities, that generalize the ones reviewed above,
in presence of two more fundamentals (or vectors) and of a monopole superpotential.

Here we propose such dualities by reversing the procedure adopted so far. We start from
the integral identity , that has a clear physical interpretation, because it gives the
mathematical version of the confinement of U Sp(2n) with an antisymmetric, six funda-
mentals and the monopole superpotential.

Then we use the duplication formula and we obtain three new relations as discussed
above in terms of USp(2n) (SO(N)) with an adjoint S (4), four (three) fundamentals
(vectors) and W = pSp (W = 0). In each case the masses are constrained because the
choice of parameters necessary to apply the duplication formula leaves us with a con-
straint, corresponding to the leftover of (.3).

By applying the three choices of mass parameters discussed in Section 4.2l we arrive at
the following three identities
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Case I: USp(2n)

The first choice corresponds to choosing ji = (% + 5 5+ 5 s 2, /,63). Substituting
in {@.2) it gives raise to the following identity

D O oy ) f D 260 1, Dt 2,
C

da;
(—wiws) 3 277! T, (txz; £ zp) T (+22;) K

" 1<j<k<n =1

|
A

a

n

n—1
Ty (2kT) - Tn((25 4 )7 + 24,) - H Il TwGr+me+n)  (416)

1 =0 1<r<s<3

I
=~
i 3
—
I
- o
3
Il

3 .
|

Il
s

Ty (2kT) - ( Dh((2F+ D)7+ +ps) - [] rh(2j7+ur+us))

1<r<s<3 1<r<s<3

B
Il
-

<.
Il
=

with the conditions A

2nT + Zua =2w & 2ui+7=2w (4.17)

a=1

Schematically this corresponds to:

Wess-Zumino w/ 10n chirals
O'k:TI‘S2k, k:].,...,n
Aﬁf) =q¢.5%q, r<s

S — quMHqs, r<s

rSs

Sp(2n) w/ adjoint S
and 4 fundamentals ¢; 2 3,p <~
W = Yusp + Tr(pSp)

(4.18)

where / = 0,...n — 1land r,s = 1,2, 3. The dual (confined) model corresponds to a set
of singlets, o}, = TrS%*, with k = 1,...,n, and dressed mesons. These are in the antisym-
metric and in the symmetric representation of the flavor symmetry group that rotates
q1.2,3 and they can be defined as AP = 4,820, and SEHY = ¢,.52+1, respectively.
By flipping the singlets 0}, we modify the electric theory, adding the superpotential terms
= >"1_, pr Tr S?*. In the dual theory we are left with the cubic superpotential

Weie

W — E €T1T2T368182838§f€1,f1 S§3e72‘2+1 S§§€7§3+1)
by +Llo+l3=2n—2
+ E €r1r2r36515253A(22 A(}QEQI)S(VQK:?‘F:[) (419)

$1,71 §2,72 7 83,73
by 4+Lo+l3=2n—1

On the identity (4.16) the effect of such a flip corresponds to moving the terms I'j, (2k7)
on the LHS and taking them to the numerator by using the reflection equation, giving
raise to the contribution I';, (2w — 2k7), corresponding to the singlets py.
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Case II: SO(2n)

The second choice corresponds to choosing i = (4, 2,0, fu1, 2, 113). Substituting in
(4.2) gives raise to the following identity

n

Tn(r £ x; £ xp)
Errsi=n M| G eeen sy | 0 TSN

1<j<k<n j=1lr=1
_ n—-1 3 2n—2
Hrh(QkT H H 2]T+2UT H Fh((n_1)7+ﬂ7'+ﬂs) H Fh(jT+M7'+Ms)
— j=0 r=1 1<r<s<3 Jj=0
(4.20)
with the condition ;
2(n—1)T + Z P = W (4.21)
r=1
This corresponds to the duality:
Wess-Zumino w/ 10n + 3 chirals
o = Tr A%
SO(2n) w/ adjoint A A(%“) A <
and 3vectors g1 23 < TS 9s (4.22)
W =Y+ S(% 7qA26qk‘; r<s
SO
B=PfA

Br = €rst 62n(An_1qsqt)

withk =1,...,n—-1,£=0,...,n—1and r,s = 1,2,3. The dual description consists
of a set of chiral fields identified with mesons and baryons of the electric theory. The
baryon B = Pf A is reproduced on the partition function by I';,(n7) while the baryons
B, = €rst €2, (A" 1q5q;) are reproduced on the partition function by T'y, ((n—1)7+ puy-+ps).
There is also a tower of singlets oy, associated to the singlets Tr A?* contributing to the

partition function as [[{—; [ (2k7).

The mesons are in the antisymmetric and in the symmetric representation of the flavor
symmetry group that rotates the three vectors and they can be defined as AR =

4, A2 *1g, and 8129 = ¢, A%, respectively. By flipping the singlets o}, and the baryons
we are left, in the dual theory, with the cubic superpotential

_ T17T27T3 _S1S8283 251 (2@2 (2[3
W= 2 : € € 851771862 72863773
b1 +Llo+l3=2n—2
T1T2r3 _S15828 2014+1) f(202+1) Q(2¢3)
+ Yo enrersesioss AR ARG D S0 (4.23)

b1 +Llo+43=2n—3

Again we can reproduce the effect of the flip on the partition function by moving the
relative Gamma function on the LHS of (4.20) and using the reflection equation.
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SO(2n +1)

The third choice corresponds to choosing [ = (%, T, 1, f2, ,ug). Substituting in 1i
gives raise to the following identity

Tn(r)" Ty Thlpn) / Dp(r &£ 25 & a)
C

(—w1w2)%2nn! " <ilh<n Fh(ﬂ:Ij + :Z?k)

nTa(r £ 2) [, Th(pr £ 2 >
X H nl(m £ 25) 1o Dl xj)dxj =Th(w—n7) H Lp(nT + pr)
j=1

Ly (£x;)

r=1

n n—1 3 2n—1
< ] re@en) I ] rn@it+2m) TT  T] Talr+ e+ )
k=1 j=0r=1 §=0 1<r<s<3
(4.24)
with the condition ;
(2n — )T + Z g = W (4.25)
a=1
This corresponds to:
Wess-Zumino w/ 10n + 4 chirals
. O = Tr AQk
SO(2n + 1) w/ adjoint A AR = o 241
and 3 vectors ¢; 2 3 — rs " * (4.26)

Sgé) =q¢A%q, r<s

B=eot1A" ' q1q203
B, = eant14"qi

W:Y;o

withk =1,...,n—-1,¢=0,...,nand r,s = 1,2,3. The dual description consists of
a set of chiral fields identified with symmetric and antisymmetric mesons as above, the
baryons B = €ant1 A" 1q1g2q3 and B; = €9,41A™q; and the singlets o), = Tr A2k On the
partition function such fields correspond to 'y, (w — n7), Iy (n7 + p,) and [[;_, T (2k7)
respectively. Again by flipping the singlets and leaving only the mesons on the dual
side we are left with the superpotential (4.23). We can reproduce the effect of such flip
on the partition function by moving the relative Gamma function on the LHS of
and using the reflection equation.

4.3.1 A consistency check: flowing to the cases of [2]

Here we show that by giving large masses to two of the fundamentals (or two of the vec-
tors in the theories with orthogonal group) the dualities (4.16), (4.20) and (4.24) reduce
respectively to the dualities (5.1), (5.2) and (5.3) of [2].

Case I: USp(2n)

We consider the real mass flow triggered by giving large real masses (of opposite signs)
to two of the quarks, say ¢; and ¢z. On the electric side we are left with a U Sp(2n) theory
with two quarks ¢ = ¢3 and p, one adjoint and W = pSp. The linear monopole superpo-
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tential is lifted in the mass flow. On the magnetic side the dressed mesons Aéil), Séi“l)

and ST(%H) with » = 1,2 become massive and are integrated out in the IR. The dressed
mesons Ag) and Sg“l) are massless and are identified with the dressed monopoles

Y; of the electric theory. More precisely we identify .Agé) with Y5, and Sg”l) with
Yaeiq for £ = 0,...,n — 1. The leftover dressed mesons Sz correspond to My, for

¢=0,...,n— 1. The superpotential (4.19) reduces to the one of [2] when the singlets oy,
are flipped. Indeed the only superpotential terms surviving the real mass flow are

201 +1) (20241) (2641 201) 1 (262) (2041
W x Z 55,21 )Sizz )S‘g,s )+ Z Ag,zl)Ag,;)Sé,:a )
by +Llo+0=2n—2 l1+Lo+£=2n—1
= D Y5V, M6,y raeanto (4.27)
Ji,J2,¢

We can follow this real mass flow on the partition function in the following way. We
parametrize the mass parameters as:

H1 =V + 8, Mo =V — 8, 3 =m (4.28)

and we take the limit s — co. The constraint from the monopole superpotential reads:
T
2V:w—2n7+§—m (4.29)

On the RHS of (4.16) the Gamma functions with finite argument in the s — oo limit are:

n—1 2n—1

[ITn @+ )7 +2m) ] Tn (67 +2v)

=0 £=0
n—1 2n—1

= Hl"h ((20+ 1)1 4 2m) H Iy (w+jT—2nT+;—m)
£=0 j=0

(4.30)

which correspond to the singlets M, and Y;. On the LHS it corresponds to the partition
function of U Sp(2n) with 2 fundamentals p, ¢, one adjoint S, n singlets pj, and superpo-
tential W = Y"}'_, pr Tr S?* + pSp as expected. The Gamma functions with divergent
argument can be written as an exponential using (2.11), that we report here:

Zgrinoo Th(z) = (8" Fexp (2w1w2 sgn(z)(z — w)2> (4.31)
where ( = exp (2m’ ZJS%;U:E ) . The resulting phase on the LHS is then (we omit the prefac-
tor 57 -):

n(8+V:I:m»—w)2—(—s+u:|:x-—w)2:8sn(u—w) (4.32)
J J

Jj=1
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while on the RHS it is:

f: (((% )T+ 2w+ 25 — w)? — (20— 1) + 20 — 25 — w)2>
=1
2n—1 4.33
+Z((€T+m+u+s—w)2—(€T+m+u—s—w)2> (+39)
=0

=4ns(6v +2m — 4w + (4n — 1)71)

Under the constraint (4.29) the divergent phases cancel between the RHS and the LHS.
We are then left with an equation which corresponds to the identity between the partition
functions of the theories of the duality (5.1) of [2].

Case II: SO(2n)

We can flow from the duality (4.20) to (5.2) of [2] by giving a large mass of opposite sign
to two vectors. Indeed the only mesons that survive the projection are the ones labeled

by A%””, ng) and 3§§‘>. The first two are associated to the dressed monopoles Yj+ as
ARED — v ., and 829 — v fort = 0,...,n — 1. The leftover dressed mesons S
correspond to M. After the real mass flow the superpotential (4.23) reduces to the one
of [2] when the singlets o, Y, -, and YjJr are flipped:

W oo S SEISENSE L ST AR AR s
L1 +bo+0=2n—2 li+Lo+0=2n-3
= Z %T%jMet;jﬁszz%nM (4.34)

Ji,J2.¢

In order to follow the real mass flow on the partition function we parametrize the masses
as:
p=v+s, M2 =V =S, u3 =m (435)
The constraint reads:
2n— )7+ 2v+m=w (4.36)

Taking the limit s — oo the LHS becomes the partition function for SO(2n) with one
vector and one adjoint multiplied by a divergent phase. The singlets on the RHS of
(4.20) that remain massless are:

n—1 n—1
Ty, (n1) H Ty, (2kT) H Ty (207 +2m) Ty (w — (n — 1) — m)
o - 4.37)
X H Ty (w47 —m—2(n—1)7)
j=0

which correspond respectively to the singlets B, oy, M, Y ,,_, and YjJr discussed above.
Along the lines of the computation done in the previous case one can show that the
divergent phases cancel between the LHS and the RHS. The limit s — oo then gives the
identity between the partition functions of the dual theories (5.2) of [2].



56 4.3 New results

Case III: SO(2n + 1)

When we give large masses to two of the vectors this duality reduces to the duality (5.3)
of [2]. Analogously to the SO(2n) case the the superpotential reduces to the one of [2]
when the singlets oy, YJr and Y, 4An—1 are flipped.

We parametrize the real masses as in (4.35). The constraint reads:
Cn—11+2v4+m=w (4.38)

The LHS becomes the partition function for a SO(2n + 1) gauge theory with one vector
q and one adjoint A multiplied by a divergent phase. The singlets on the RHS of (4.24)
that remain massless are:

n n—1
Tp(w—n71)Th (nT 4+ m) H (2kT) HFh (201 + 2m)
k=1 =0
- (4.39)
X H Ty (w447 —m—(2n—1)7)
j=0

which correspond respectively to the singlets Yq;‘,,b,l ,B, o, Myand YjJr discussed above.

The divergent phases cancel between the LHS and the RHS. The resulting identity cor-
responds to the duality (5.3) of [2].

4.3.2 Proving the new dualities through adjoint deconfinement

The dualities read above from the matching of the three-sphere partition functions can be
proved along the lines of [2] by deconfining the adjoints as reviewed in sub-section
Even if the logic is very similar the presence of more fundamentals/vectors and the con-
straints imposed by the monopole superpotentials modify the analysis and it is worth to
study explicitly the mechanism. Furthermore when translated to the three-sphere parti-
tion function this process offers an alternative derivation of the mathematical identities
(4.16), #.20) and (4.24) from a physical perspective. In Figure [£.1] we show schemati-
cally the confinement/deconfinement procedure we used to prove the confinement of
the U Sp(2n) model with monopole superpotential.

Case I: USp(2n)

The USp(Qn) model with an adjoint S, four fundamentals {¢; 2 3, p} and superpotential
is dual to the USp(2n) x SO(2n) quiver given in Figure . As discussed above
the analys1s is made easier by flipping the singlets Tr S?* with k = 1,...,n. On the
physical side this corresponds to adding singlets p;, to the original USp theory with
superpotential:

W = i: piTr (57) (4.40)
k=1

while mathematically it corresponds to moving the tower I';, (2k7) on the LHS of (4.16)
and by using the reflection equation we are left with I';, (2w — 2k7). The superpotential
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SOQ2n)  USp(2n)

USp(2n)
OOs
Deconfinement
_—
O%
%
T
&
USp(2n —2) USp(2n —2) SO(2n) &
ec'o(\
OOs
~ Duality
q -—

Figure 4.1 Schematic representation of one step of the deconfinement procedure used
to prove the confinement of the USp(2n) model with monopole superpotential. The
superpotential and three-sphere partition function of each model in Figure are:

T T T2 Ty T3

W 4.18) | (4.41) | 4.52) | (4.54) | .60)
Zgs 4.16] 4.50) | (4.53 4.58) | (.62
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SO(2n) USp(2n)

[=]

Figure 4.2 Quiver description of the deconfinement of the adjoint S of the U Sp(2n) model
with superpotential (4.18). In this and in the following quivers we decided to omit to
represent the various singlets.

associated to the quiver in Figure is therﬂ

n—1
W = Yisy + Yo + Trlab@) + sie2n (@) + > peTr ((QQ)*)  (441)
k=1

Indeed by confining the SO(2n) gauge node of this quiver we arrive at the original
model. This can be proved thanks to a confining duality reviewed in the appendix
By confining the SO(2n) node the superpotential becomes

n—1

W = Yysp+ Tr(aMyg) + Z pr Tt (SQk) + s1qp + pSp
k=1
S M,
Myg? + M, det Q 4.42
+  Mppgp + Mpqqop + de ( Myo My > (4.42)

where the duality map for the meson of SO(N) is

QR Q \ _ S Mg
( 0 o )= ang A (4.43)
n €2,Q2" the USp indices of Q are contracted using J = ( —(I) IS ) and the SO indices are con-

tracted with ez, explicitly €2,Q%™ = €,jy...injn Q;.lll Jaib: Q?;" . Qf: Janbn QI]’.:. Similarly Tr (S™) is a
shorthand notation for Tr ((S - J)™). In the rest of this Chapter we omit the matrix J, which is always under-
stood whenever we contract the indices of a symplectic group.
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while the baryons are g, = €3,,(Q*") and p = €2,,(Q*"'b). The field S is in the adjoint
of USp(2n) while the field p is the fourth fundamental of U Sp(2n) (the other three fun-
damentals ¢; 2 3 are spectator when confining SO(2n)). By evaluating the F-terms of the
massive fields we end up with the original USp(2n) gauge theory, with an adjoint, four
fundamentals and superpotential

n—1

W =Yusp +pSp+ »_ pr Tr (S7%) + My,det(S) (4.44)
k=1

We can expand the determinant of S in terms of trace%
det (S) o< Tr (S’ 2”) + multi-traces (4.45)

By dropping the multi-trace terms and by comparing with the superpotential W = (4.18)
+ (4.40) of the USp(2n) model we started with, we identify My, = py,.

On the partition function the mass parameters for the fields appearing in this U Sp(2n) x
SO(2n) quiver are related to the ones of the original USp(2n) model (i.e. p, and 7 in
formula (4.16)) by the following set of relations

3
D e 200G + e = 2w, 20+ =W, pQ b+ e =2, s, + 20410 = 2

r=1

(4.47)

where (i, are the three mass parameter for the fields g; 2 3. Furthermore we can map

these parameters to the ones in the confined SO(2n) model by imposing ug = Z. In this

5
way we arrive at the following identifications
3
sy =2W —NT, pp =W — NT, ,ua:2w—ZuT—nT (4.48)
r=1
with the constraint s
-
2nT — 5 + ;MT =w (4.49)

The duality between the original USp(2n) model and the quiver with the deconfined
adjoint can be checked on the partition function by using the identity (B.3). This can be

2For a 2n X 2n symmetric matrix S:

det(S) = det(S - J) = @an(sl, csan), sk = (—1)F (k- 1) Tr ((s : J)k) (4.46)

where B,, are Bell polynomials B;(s1,...,8;) = s +....
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shown explicitly by considering the partition function of the quiver, i.e.

P Ty (2w — 267) D (s, /Hd T (2 + )

ZySp(2n) x SO(2n) (—wiws)m22n=1 ()2 C Th(Ex)

ﬁd Ui (Y0 + pta) [To—y Ta(Eya + 1)
Fh(izya)

H:L 1 . Fh (ixi + Yo + MQ)
H7,<j Fh(ixl :t J’.j) Ha<ﬁ Fh(iya :l: yﬂ)
and then by using the relation (B.3). This is possible because the mass parameters of the

2n + 1 vectors in the SO(2n) model are related, due to the linear monopole superpoten-
tial, by

(4.50)

n

D (Yo + 1) + 1o = 2np1g + iy = w (4.51)

a=1

By applying (B.3) and by using the reflection equation we end up with the first line of
(4.16), finding the expected result.

Next we can dualize the U Sp(2n) node with the linear monopole superpotential turned
on. We are left with an SO(2n) SQCD with an adjoint A and superpotential

n—1

W =Ydo+ > peTr A% 4 er o (Mygv PfA + vp€(A" ' uguy)) + 51 PfA (4.52)
k=1

In this case the fields are mapped to the ones in the U Sp(2n) x SO(2n) quiver as u, = Qq,,
A= QQ, M,;, = ¢q-qs and v, = aq,. The fields u, are three vectors while A is in the
adjoint of SO(2n). The fields M, and v, are singlets. The term €,4(. .. ) in the superpo-
tential originates from the Pfaffian of the generalized meson, built up by contracting the
fundamentals of the U Sp(2n) gauge node, after integrating out the massive component

MQa = Qa.

The partition function is obtained by the limiting case of the identity given in Proposi-
tion 5.3.4 of [56]] and we report it in formula (B.I). It corresponds to the confining duality
for USp(2n) with 2n + 4 fundamentals and linear monopole superpotential turned on.
This identity was obtained also in [49] from the reduction of the integral identity relat-
ing the superconformal indices of the 4d duality of [17]. The partition function obtained
after confining the USp(2n) gauge node is

L <o Tnlpr + ps) Hi:l Uy (w+n7 =5+ pr) Ta(2w — 07 Hk 1 Pn(2w — 2k7)

Z n) = 7
50(2n) (—wiwsa) 227~ H(n!)
n 3
T Op(tx; £x; +7)
dx; Ty | £x; r+ = J 4.53
x/HmH h<x+u +2> H Fh(:l:xi:l:xj) ( )
i=1 r=1 1<i<j<n

As a consistency check we can now use formula on the integral (@.53) because
the mass parameters are constrained as in (#21). After some rearranging we eventually
checked that the integral reduces to the LHS of (£.16). This signals the consistency of the
various steps done so far and motivated us to further deconfine the adjoint of SO(2n) in
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Figure 4.3 Quiver representation of the SO(2n) model after the adjoint field has been
deconfined

order to produce a new quiver with a symplectic and an orthogonal node.

The SO(2n) model with adjoint and three fundamentals is equivalent to the USp(2n —
2) x SO(2n) quiver given in Figure .3 with superpotential

n—1

W= Yusp+ Yo+ o Tr(QQ)™ + Tr(Qef) + vie2n(Q*" 2cacs)
k=1

4+ w3 Tr(feg) + va Tr(fes) + e2n(Q*™) (Tr(de) + €5t Mysvyt)
(4.54)

The duality map reflects on the following relations between the mass parameters in the

partition function
T T

g M =M flQ =g (4.55)

Furthermore the superpotential imposes the following relations on the other parameters

/~LC2,3 = K23 +

ff=w— g — U3 —NT, [le = 2w —NT — i (4.56)
and the usual constraint X
.
2nT — 5 + ; g = W (4.57)

We can see that this model reduces to the SO(2n) model discussed above when the
USp(2n — 2) node with 2n + 2 fundamentals and a linear monopole superpotential con-
fines. Again the confinement of the U Sp(2n — 2) symplectic gauge group gives raise to a
superpotential term proportional to the Pfaffian of the generalized meson. By integrat-
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ing out the massive fields and substituting in the Pfaffian we recover the superpotential
(4.52). The partition function of the USp(2n — 2) x SO(2n) model is

7 _ [T s Talpr + 1s) Hi:l Iy (W +nT— 35+ ﬂr) H:;ll Tn(2w — k)
SO(2n)xUSp(2n—2) (_w1w2)%22n_2(n!(n _ 1)')

/ ﬁ dxs Fh(ixi + ,u’f) Hg’:Q Fh(:l:xi + MCZ)
i=1

X

Fh(iIi)

n—1
T, (£ T (Y0 + fte
< T dve n(EYa + 1)U (E£Ya + fre)
a—1 Fh(i2ya)

n n—1
’ [y, (X2 £ ya + 1o
« ]._.[221 ]._.[a:1 h ( Y ) (458)

[Tic; Tna(E@i £ 25) [Tocp Dn(Eya £ 9p)

One can check that the partition functions for the SO(2n) model and that for the U Sp(2n—
2) x SO(2n) quiver are equal by applying the identity for the confining U Sp node with
2n + 2 fundamentals discussed above. The last step consists in performing a confining
duality on the SO(2n) gauge node with 2n + 1 vectors and linear monopole superpo-
tential turned on. This gives raise to an USp(2n — 2) gauge theory with an adjoint, four
fundamentals and a series of singlets. The mesonic and baryonic operators associated to
the SO(2n) gauge group are

= 2n—3
S=Q Moy=Qf Mo =Qa PR N
’ = €2p CoCs
M= MT)f MffEff Mf,clzfcl , Q: qr 72 2n722 3
M§, MF M, . =ce Ges = €20(Q7" 2 fe3)
Q,ci fa ci,em = ClCm ey = €2n(Q2n_2fC )

(4.59)

with I,m = 2,3 and where S is in the adjoint of the USp(2n — 2) gauge group, while
Mo, s, Mg,c,, Mg,c, and g are four fundamentals of U Sp(2n—2). There are also two extra
fundamentals of USp(2n — 2) corresponding to the fields d and e of the previous model,
which are not modified by the duality on the SO(2n) gauge node. The superpotential of
the dual USp(2n — 2) adjoint SQCD is then

n—1

w = Yng+ZkarSzk+MQQT+detM+6MQ,f+v1qf
k=1
+ wvsMye, +voMy o, + Tr(S™) (de + €r5: Mysvy) (4.60)

The determinant can be evaluated as

M Mz _
Waetm =  det Sdet < Mé“f M{: ) + €2n—2€2n—2 (SQn 3(MQ,fM62’63 + MchMf’Cs
f.é g,e
+ MQC3Mf,C2)2 + 52n74(MQ-,fMQ702MQ-,C3 (MQ’fMC%Cs + MQC2Mf,Cs
+ MQC3Mf762) + S2n75(MQ7fMQ762MQ703)2) (461)

We can then integrate out the massive fields {e, M¢ ¢, 7, qf, My} and we are left with
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USp(2n — 2) adjoint SQCD with four fundamentals. There is a rather rich structure
of singlets that we do not report here but that can be read by computing the F-terms
of (#.60). We can now iterate this procedure by alternating adjoint deconfinement and
duality in order to arrive to the final step and eventually prove the duality.

As anticipated this procedure can be used on the mathematical side to prove the identity
(4.16) from a physical perspective. In order to complete the proof we need to consider
the partition function obtained so far after the final duality on the SO(2n) node (B.3). It
is
2
Hl,m:l,z Iy (/J‘Cz + Ncm) Hl:l Iy (W IU’CL) Fh(2ﬂa) Hr<s Iy (:“r + NS)
(—wlwg)T an—1 (’I’L — 1).

Zysp(2n—2) =

n—1

Ch(+ya + fir) T (+ya £ ys +7)
I (2w — 2kT) Yo L=
X H h(2w T /H Tp(+2ya) 1§a<1:£n_1 Iy (:I:ya :i:yg)

(4.62)
Where the masses ji,. are:
= T
M:{ulau2+7—> /1'3+T7w_2} (463)
Notice that the superpotential constraint reads:
4
2n— )T+ jir=2w & 2fu+T7=2w (4.64)
r=1
which is equivalent in form to the original superpotential constraint (4.17).
The contribution of the singlets can be written as:
n—1
1 tn (2w — 2k7) Hrh (ptr + 1) Hrh e + pa (20 — 1)7)
k=1 r<s r=2 (4 65)

3

x Ty, (o + pg + 7) H Ty 2u.+7)Th (2u1 +7(2n — 1))
r=2

We can prove the confining duality for U Sp(2n) with four fundamental and linear monopole
superpotential by iterating this procedure n times. In each step we obtain a new set of
singlets as in {.65), with the exception that the tower of I'j, (2w — 2k7) reduces of one
unit. Furthermore in each step the rank of the gauge group decreases by one and the
real masses are redefined as in ({#.63), so that the fundamentals of USp(2(n — h)) ob-
tained after h steps are related to the original ones by:

N T
Hh-thstep = {,Ufl» p2 + hr, H3 + th w = 2} (466)

Thus iterating this procedure n times each term in (4.65) gives a tower of singlets of the
final confined phase. Schematically:
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n—1 3
5 HHFh(ET‘FMH-Mr)
| RO B (4:67)
[T 1w @r+ pa + )
£=0
3 2n—1 3
IIrn (e +ma@n—17) = [ TITw (b7 + 2 + ) (4.68)
r=2 l=n r=2
n—1
Tp(p2 +ps+7) — H Iy ((26 + )7+ po + Mg) (4.69)
=0
3 n—1 3
IIrn@u+7 = TIT]T»@ur+@+1)7) (4.70)
r=2 £=0 r=2
n—1
Dy (2m+72n—1) = J]Th@m+720+1) (4.71)
£=0

while the contribution of the tower H:;ll Iy, (2w — 2kT) reduces of one unit at each step,
and eventually disappear. Together these reproduce the formula (4.16).

Case II: SO(2n)

Now we prove the confining duality for SO(2n) with one adjoint A, three vectors ¢; 23
and monopole superpotential by deconfining the adjoint. The mass parameters
for the three vectors g, are referred as u, with r = 1,2,3 and the one for the adjoint is
referred as 7. The SO(2n) model is equivalent to the USp(2n — 2) x SO(2n) quiver in
Figure (4.3 but this time the superpotential is

W = Yusp + Yo + g Tr(de) + Tr(Qef) (4.72)
The duality map is:
T T
Hep s = H2,3,  Hd = H1 — 9 HQ = 5 (4.73)

The other parameters are fixed by the constraints given by the superpotential:

.
u8:2wfm'f,u1+§ pr=w—po—pz—m—1=nN—-0D7+pm, py=nr (474)

with the constraint given by the monopole superpotential:

3
2(n— 1)1+ Z fr =W (4.75)

r=1
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The partition function of the quiver is:

7 _ Fh (Ug)
SO(2n)xUSp(2n—2) w1w2) 22n Q(nl(n _ 1) )
y /Hd ixrf'/ﬁf)nz o Tn(Ei + pie,)
Fh(ﬂ:l‘l)
T
y H du n(EYa + pa)Tn(Eya + pe)
Fh(ian)
F i 1 i a
o i oz To (F2 £ ya + 1) (4.76)

Hi<j Lp(Ez; £ x5) Ha<b Ly (£ya = w)

Now we dualize the node with orthogonal group, this results in a USp(2n — 2) model
with four fundamentals and superpotential:

W =Yysp + hTr(de) + Tr(Mgye) + det M + TrOMQ 4.77)

where M and Q are given by [#59). Due to the rather complicated structure of such
superpotential we decide to proceed by adding some interactions in the original theory.
We turn on the extra superpotential term

n—1

Wsog@n = > o Tr A% + BPF A+ ergarean (A" quqr) (4.78)
k=1

On the partition function this removes the contributions of I'y,(n7), [ [, Tn((n — 1)7 +

pr + ps) and TT;_; Th(2k7) from the RHS of - giving raise to the contributions
'n(2w—nT), Hizl Lp(w+ (n—1)7+ p,) and [T7_, T'n(2w — 2k7) on the LHS. Mathemat-
ically this is achieved by applying the reflection equation and the balancing condition
and it does not spoil the integral identity (20). Furthermore becomes

n—1
W = Yusp+Yio+ Y pTrQ* + Tr(Qef)
k=1
+ 162, (Q* 2eacs) + an Tr(fea) + o Tr(fes) (4.79)

In this way we can dualize the U Sp(2n — 2) node integrating out Mg, and f and identify
B with Mg.. The final result coincides to the original model with the superpotential
deformation (4.78).

We can proceed by confining the SO(2n) node with 2n 4+ 1 fundamentals and linear
monopole superpotential after we have added the contributions of ;23 and 5. The
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partition function for the USp(2n — 2) model is
Z;% [ (2w — 2kT) H2§z§m§3 Lrpe, + the,,) H?:2 Ln (w - Mm) Lr(2py)
(—wlwg)%Q"—l(n — 1)'

/Hd [T—s Dn (g + fir) [ Dlwzunin)

ZuSp(2n—2)=

Iy iQytz) 1<a<b<n—1 'y (iya + yb)
(4.80)
Where the masses are:
= T
u—{m— s B2+ o ,u3+ 2} (4.81)

If we now ignore the singlets we observe that the contribution of the USp(2n — 2) gauge
sector to this partition function corresponds to the LHS of the identity (4.16). The du-
ality associated to such a sector was proven in the previous section. We can then use
this duality to confine the USp(2n — 2) theory, resulting in a WZ model with partition
function:

-2 2
T Talue +pe,) - Tuup) - T TITw 2+ D)7 + 2p,) T (267 + 2411)

2<l<m<3 (=0 r=1

(4.82)
3 2n—3 2
< [ITn (@ =re) - T @ (€407 + pa + ps) - [ Tn (b7 + p1 + 1) )
= =0 r=1

which reproduces the RHS of (4.20) once the contributions of the baryons Pf A and
€an—2(A""1q,q5) and of the singlets Tr A%* are removed.

Case III: SO(2n + 1)

The SO(2n + 1) model with adjoint A and three fundamentals ¢ o 3 is equivalent to the
USp(2n) x SO(2n + 1) quiver given in Figure The superpotential of this quiver is
given by

W =Yys, + Y;‘O + Tr(abQ) + f1Tr(ci1a) + faTr(caa) + gTr(cacs) (4.83)

The mass parameters in the partition function are

T T
Hess = H2,3 = 55 HQ = 5, Hd = i1, ,ua:2w7/$2*,u'3*n7'+§

I\D\ﬁ

Po =W = p1 —NT, flg =20 — flg = [13 =T, [ify, = [3,2 + NT
(4.84)
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S0O@n+1) USp(2n)

Figure 4.4 Quiver representation of the SO(2n + 1) model after the adjoint field has been
deconfined

with the constraint (4.25). The partition function of the SO(2n + 1) x USp(2n) quiver is
given by

Cnpg) Inza 3 Tn(rp )T (a)Tn ()
(—wiwn) 227 (n))?)

/‘"d Do (f2i + pa)Th(Ez; + )
| | T;
=1

Z50(2n+1)xUSp(2n) =

X

Fh(ﬂ:.’lil)

X

ﬁd T (o + fa) [ o Th (£ + e, ) Th(£Ya + 10)
11 T (£2y0)

[Ty [Tney On (2 £ ya + po)
[Lic; Tn(Ez £ 25) [[oep Tn(Eya £yp)

Next we have to confine the SO(2n+ 1) sector with 2n+ 2 vectors and a linear monopole
superpotential and we end up with USp(2n). The problem consists of understanding
the interaction among the various singlets from the confining dynamics of SO(2n + 1).
Again we can simplify the problem by modifying the original SO(2n + 1) model by
considering the superpotential

X

(4.85)

n 3
W =Ygo+ > o Tr A% + Besn 1 (A" 'q1023) + > apéans1 (A"q,) (4.86)

k=1 r=1

corresponding to remove the baryons and the singlets Tr A%* from the confined phase
and add the new singlets ; 2 3 and 3 in the original model. On the partition function

this removes the contributions of T'y, (w — n7), Hizl Lp(n7 + p,) and [T;_, Tn(2k7) from
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the RHS of - ) giving raise to the contributions I', (w + n7), Hi 1Th(2w —n7 — py)
and [];_, ['»(2w — 2k7) on the LHS. Mathematically this is achieved by applying the
reflection equation and it does not spoil the integral identity (#.24). By deconfining the
adjoint A the superpotential (4.83) is modified as well. The new superpotential is

W =Yusp + Ys+o + Tr(abQ) + gTr(cacs) + S Trbd + alegn“(QQ"d) (4.87)

We can proceed by confining the SO(2n + 1) node. By integrating out the massive fields
we arrive to an USp(2n) gauge theory with an adjoint S, three fundamentals, identified
by d and the two mesonic composites QQc2 and Qcs, and a fourth fundamental corre-
sponding to u = €2,41(Q*"~'bd) , interacting with the adjoint through a superpotential
term W o uSu. There is also a linear monopole superpotential and many more interac-
tions with the singlets that we do not report here, but that can obtained by evaluating
the determinant det S and the superpotential contraction of S with the baryons of the
confined SO(2n + 1) node. The partition function of the model is

Fh(T)n HZ:l Fh(QOJ — 2k7)1"h(2u1)1“h(w — ul)Fh(w + 1250 + 2n7)Fh(2ub)
(—wlwg)%Z”(n!))
/Hd [T,y Un (i + fir) Lh(£ya £ +7)
Ln(+2ya) Cr(£ya £ up)

ZUS'p(Qn) =

(4.88)

1<a<b<n

with i = {j1 — 5,2+ 5,3 + 5,w — 3} and the constraints >_,_, fi¢ + 2n7 = 2w and
24 + 7 = 2w. Also in this case we can borrow the results of the previous sections.
Indeed if we ignore the singlets we observe that the contribution of the gauge U Sp(2n —
2) sector to this partition function corresponds to the LHS of the identity (£.16). The
duality associated to such a sector was proven in the previous section. We can then use
this duality to confine the USp(2n — 2) theory and prove the confining duality for the
SO(2n + 1) model.

4.4 Discussion

In this Chapter we exploited the duplication formula to study 3d N' = 2 confining gauge
theories with real USp/SO gauge groups, with fundamentals/vectors and adjoint mat-
ter. We where able to show that the cases of [2]], with two fundamentals and one vec-
tor respectively, can be studied by the squashed three-sphere localization by applying
the duplication formula for the hyperbolic Gamma function of another s-confining model,
namely USp(2n) with an antisymmetric and four fundamentals. By applying the same
strategy we derived three new integral identities involving symplectic and orthogonal
adjoint SQCD, with four fundamentals and three vector respectively and a monopole
superpotential.

There are several directions where this approach can be applied. For example one can
apply the duplication formula to the integral identities for U Sp(2n) theories with an anti-
symmetric and eight fundamentals, where the A7 global symmetry enhances to E-. This
case has been deeply investigated in the mathematical [56] and then in the physical lit-
erature [70} 71] and it may be interesting to understand if similar enhancements or new
dualities appear for models with adjoint matter as well.

Another interesting family of models that may deserve some further investigation are
models with power law superpotential for the two index tensor. In this case the starting
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point of the analysis are the integral identities discussed in [112] for USp(2n) with an-
tisymmetric and adjoint matter fields. Again applying the duplication formula in such
cases could lead to new relations between these models and to new results for the or-
thogonal cases.

A deeper question that we have not addressed here consists of the physical interpreta-
tion, if any, of the duplication formula. As observed in the literature this formula allows to
switch from the integral identities for the USp(2n) duality with fundamentals to the in-
tegral identities for the SO(n) dualities with vectors. This has been discussed in [108] for
the superconformal index of 4d dualities and in [43] for the squashed three-sphere par-
tition function of 3d dualities. In presence of monopole superpotential this issue is more
delicate, because in some cases it can lead to a singular behavior that requires more care.
In any case, when the procedure gives rise to a finite result, also in presence of monopole
superpotential, the constraints imposed by anomalies (in 4d) and by monopole super-
potential (in 3d) translate in a consistent way into the new identities, and the latter can
be interpreted as new physical dualities (or in new examples of s-confining theories). It
should be then important to have a physical interpretation of the duplication formula.
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CHAPTER 5

Conformal S-dualities from O-planes

In this Part of thesis we will consider 4d QFTs obtained from stacks of D3 branes in Type
IIB string theory probing a toric Calabi-Yau singularity in the presence of orientifolds,
following [113]. Two different CY singularity correspond, in the low energy limit cap-
turing the worldvolume theory of the D3 branes, to different 4d theories. When on top
of the CY singularity we also consider an orientifold projection it is possible for two dif-
ferent singularity to have the same IR dynamics. More precisely, it is possible that two
QFTs obtained as the low energy limit of different CY singularities with an orientifold to
be related by exactly marginal deformations.

This phenomenon has been strudied in great detail in a recent paper [9], where it has
been observed that there are infinite families of examples in which models that are un-
related by any IR duality before the projection turn out to share the same central charges
and superconformal indices in the IR after it. This generalizes a previous construction
[12] for oriented chiral quivers. The equivalence of these quantities led to a natural dual-
ity conjecture among these oriented models, but this duality cannot be always obtained
by applying the usual rules of Seiberg duality on the quiver.

In Chapter [p|and [7]we construct many examples of toric theories which, in the presence
of an orientifold, engineer conformally dual theories. The examples studied in Chapter
E] are a generalization of the models studied in [9], and consist in Z, orbifolds of the
singularities considered in [9] in the presence of orientifolds. The examples studied in[7]
generalize the duality of [12] between orientifolds of the PdP 3, and PdP 3. singularities.

As motivation for the following two Chapters let us briefly review the examples of con-
formal dualities between orientifolds of toric theories considered in [9].

5.1 Conformal dualities from Type IIA elliptic models with orientifolds

Let us consider the models studied in [9]. For these theories an alternative construction
in terms of elliptic models in Type IIA is available, and involves D4 branes wrapped on
a compact direction, NS5 branes and orientifold planes. Some of these models (corre-
sponding to pairs of O6 and pairs of O6’-planes) were studied in [3, 4] where a Type
IIB T-dual description was also constructed. The directions wrapped by the branes are

73
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xg\

Figure 5.1 IIA picture of an elliptic model with O6-planes. The low-energy effective
quiver theory can have orthogonal and/or symplectic gauge groups.

summarized in the following table:

0 1 2 3 4 5 6 7 8 9

D4 - - — — . . _
NS5 - — — — — — - . .
NS — — — — . . . _ _
06 e

06’

The presence of both primed and non-primed branes breaks supersymmetry to N' = 1:
a pair of nearby NS-NS’ gives infinite mass to the scalar in the /' = 2 vector multiplet
breaking supersymmetry to ' = 1, while an NS-O6’-NS (NS’-O6-NS’) configuration
brings N = 1 chiral multiplets in conjugate tensorial representations other than the ad-
joint. Again we do not consider models which need additional flavor D6-branes. NS5-
branes must be tilted in pairs, according to the Z, quotient. A possible configuration is

shown in figure

The classification of possible configuration of O6-planes and NS5-branes (coincident
with the O6-planes) is shown in table There, the resulting quiver theories are shown
schematically with the leftmost and rightmost gauge groups together with their tenso-
rial matter. The other nodes have unitary gauge groups with (without) adjoint if the
corresponding NS5-branes are parallel (non-parallel). Additionally, the real groups may
have either an adjoint, or a tensorial representation other than the adjoint or may not
have any tensorial matter at all. The type of tensorial matter for the real groups depends
on the orientation of the corresponding O6-plane, while the presence of tensorial matter
depends on the orientation of the two nearest NS5-branes. Quivers without tensorial
matter for the real groups can be engineered by considering O6-planes at an angle in the
(4578) space, but we do not consider this possibility here.

Following the notation of [3]], there are four families of quivers distinguished by the
leftmost and rightmost gauge group. In the following we consider configurations which
correspond to quivers with ny + 1 nodes. The amount of NS5-branes needed to obtain
such theories depends on the familyﬂ The i-th node has an adjoint if i € I, where [ is a

1For family i) one needs 2ny NS5's, for families ii) and iii) one needs 2n4 + 1 NS5’s, and for family iv) one
needs 2n4 + 2 NS5’s. Furthermore observe that the number of regular D4-branes corresponds to 2(Ne — ng)
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-——C:D ¢ = adjoint

S = symmetric

O . symmetric and
5.5 = symmetric conjugate

symmetric conjugate

U
1l

= antisymmetric O ™ i antisymmetric and
L/ antisymmetric conjugate

antisymmetric conjugate

JA

O@OO

Table 5.1 Conventions for representing tensorial matter in quiver diagrams. When there
are two possible representations for a tensorial field (e.g. the antisymmetric representa-
tion for an orthogonal gauge group) we choose to represent it as an adjoint.

set of indices, while nodes with ¢ ¢ I do not have an adjoint. For the sake of simplicity
we have not drawn the adjoints. The enumeration of the nodes in the quivers goes from
left to right, starting at 1.

i)

ii)

This is realized without NS5-branes intersecting the O-planes. The quiver is:

SO(2N,) SU@2N,—2)  SU@N.—4)  USp2(N. — n,))

O=—=0==0O
b AN (5.1)

with superpotential

W =1 X15Xo1 + Y $i(Xii1 Xi1i — Xiig1 Xi414)
il
+ Z(:l:Xi,i—lXi—l,iXi,i-i-lXi-i-l,i) + Py +1Xny+1,m, Xng,ng+1
igl

(5.2)

where traces are understood as well as the correct sums over the color indices in
each term. The i-th node has an adjoint iff i € I. N' = 2 models in this family,
corresponding to cases with parallel NS5-branes, are self-dual under S-duality, i.e.
the S-dual phases have the same gauge algebra and matter content.

This is realized when an NS5 intersects the O6~ and there are no NS5’s intersecting
the O6™. The quiver is:

SO(2N.+1)  SU@2N.—1)  SU@2N.—3)  SU(2N.-2n,+1)

— >f\, >O —————————— O'“\' A A
O‘ < =/ (5.3)

for family i) and ii), 2(N. — ng) + 1 for family iii), and N, — 2n4 for family iv).



76

5.1 Conformal dualities from Type IIA elliptic models with orientifolds

ifi)

iv)

with two antisymmetric A, A for the rightmost gauge group and superpotential

W =¢1X12Xo1 + Y 6i(Xiim1Xim1s — Xiir1Xig1,)
il
+ Z(:l:Xi,ileif1,iXi,i+1Xi+1,i) + ¢n9+1AA .
il

(5.4)

where the i-th node has an adjoint iff i € I. We will refer to this family as theory A.

This is realized when an NS5 intersects the O6" and there are no NS5’s intersecting
the O6~. The quiver is:

SU(2N,) SU@2N,—2)  SU@2N.—4)  USp(2(N. — n,))

~ \ ;l/-\l ‘Q_____--———O
S7S C‘ U‘
(5.5)

with two conjugate symmetric tensors S and S for the leftmost gauge group and
superpotential

W =195+ ¢i(Xiio1Xio1i — Xiiy1Xig1.)
il
+ Z(ixi,i—1Xi—1,iXi,i+1Xi+1,i) + Png+1Xng g 41 Xng+1,n, -
il

(5.6)

where the i-th node has an adjoint iff ¢ € 1. We will refer to this family as theory 5.
S-duality maps model A to model B in the N = 2 case.

This is realized when both O6~-planes have an NS5 on top. The quiver is:
SU(N.) SU(N. —2) SU(N. —4) SU(N. — 2ng)
13O Ommm OO

~ (5.7)
with two antisymmetric A, A for the rightmost gauge group and two symmetric S, S
for the leftmost gauge group. The superpotential is

W = S§¢1 + Z 6i(Xii1Xio1,i — Xiiv1 Xiv1,4)
el i (5.8)
+ Z(iXi,i—lXi—1,iXi,i+1Xi+1,i) + ¢n9+1AA )

i¢I

where the i-th node has an adjoint iff i € I. In this case the models are not in general
self-dual under S-dualityE] For example when n, = 0 the S-dual models have been
found in [114} [115]. However for higher values of n, one can still have shift and per-
mutation symmetries for the NS5-branes that are not placed on top of the O-planes.

(In the above survey we have described the case where the leftmost and rightmost

2We are grateful to I. Garcfa-Etxebarria for comments on this point.
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groups have an adjoint ¢1, ¢,,11, or either an adjoint or a tensor for the real groups.
If they do not have such two-index matter field, the corresponding superpotential term
must be replaced with a quartic term, in a straightforward way.)

Given an V' = 1 model from one of the families above, for fixed n,, one can show that
the vanishing of the beta functions fixes the R-charge of the adjoint matter to be equal
to 1. Then a mass term for the adjoint fields is a marginal deformation, and a further
analysis of the global charges of the adjoints, following [16], shows that this deformation
is exactly marginal. Then two theories differing for the number of adjoint fields can be
connected by adding a large mass to some of the adjoint fields and integrating them
out, which is a marginal deformation. This provides infinite families of examples of the
phenomenon that we are interested in: two different elliptic models, which correspond
to different CY singularities in the dual Type IIB construction, give rise to conformally
dual theories in the presence of orientifolds.

An interesting duality also exists between models in families families ii) and iii), i.e.
model A and B respectively where some of the NS5-branes are non-parallel. In [9} [10]
it was shown that this can be considered as an example of inherited S-duality from the
corresponding A = 2 models where all NS5 branes are parallel. We will not discuss this
topic further, but we summarize the results of [9}[10] in Table
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CHAPTER 6

N =1 conformal dualities from unoriented chiral quivers

In this Chapter we generalize the phenomenon described in Chapter [5, where specific
orientifold models not only give rise to conformal fixed points at strong coupling in the
infrared (IR), but also that these models belong to the same conformal manifold. The
mechanism was first identified and discussed in [12], 9] and then extended in [10] to
non-chiral L#¢ quiver gauge theories, a subfamily of the L?¢" models [116] 117, 118]
characterized by the presence of orbifold singularities. The models admit both a brane
tiling description and a Hanany-Witten one [72] in type IIA string theory in terms of
N D4-branes, extended along the directions z°'?* and compactified along one direction,
say z°, and ng NS5-branes extended along 2°1234° and separated along x°. We described
the Hanany-Witten setup in more details in Chapter |5 Such non-chiral models, known
as elliptic models [119][120], have ng SU (V) gauge group and N = 2 supersymmetry
if @ = 0, otherwise N/ = 1. Pairs of six-dimensional orientifold planes with opposite
charge (06%) extended along 2°123457 can be placed symmetrically on the circle without
breaking further supersymmetry. For the case with extended supersymmetry this de-
scription has been extensively studied in [3]], where four families of models have been
identified. The classification depends on the presence of an odd or even number n¢ of
gauge groups and on the possibility of placing, or not placing, an O6* and/or an O6~ on
top of an NS5-brane. Breaking supersymmetry down to A/ = 1 in presence of orientifold
planes and suitable choices of fractional branes has been shown to lead to models with
conjugate pairs of chiral multiplets with R-charge R = 1 in tensor representations of
the gauge group [121} 9] [10]. Supersymmetry is broken in general by tilting some of the
NS5-branes and/or O6-planes, such that the orientifold projection can be still applied
consistentlyE]

From the perspective of brane tilings associated to L%, we can visualize the process
with orientifolds acting with fixed loci on the tiling, as discussed in [113]. Proper choices
of fractional branes, often dictated by the constraints on the S-functions, lead to models
with the same central charges and superconformal index after integrating out the chiral
fields with R-charge R = 1 [9] [10]. The mass terms for these fields have indeed R-
charge R = 2 and they are exactly marginal deformations. From a purely field theory
perspective, a similar situation occurs when breaking N' = 2 by a mass term for the
adjoint field, given an V' = 1 description. The resulting theory develops a quartic term

IThe U (1)center-of-mass iS free while the other U(1)’s decouple in the IR.
2In the IIA elliptic engineering of L%%%, a + b corresponds to the total number of untilted NS5-branes,
whereas a to that of the tilted NS5’s. When a = 0 we are left with b = ng NS5’s and N = 2 supersymmetry.
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in the superpotential and the Seiberg dual theory has mesons with a marginal mass
term, so that these mesons can be integrated out. In this context, Seiberg duality relates
strongly-coupled and weakly-coupled regimes of theories whose matter content differs
only for mesons with marginal mass [122} [123], inheriting the action of S-duality from
the mother A = 2 theory[]

Observe that parent theories L%1+%1:%1 described either by elliptic models or brane tilings,
admit relevant mass terms [125] that deform the model into an L%:*2:%2 with a; 4+ b; =
as + by and by > by. Clearly, they are not Seiberg dual to each other, as can be seen from
the fact that their toric geometry is different. The novel aspect here is the presence of
the orientifold, because once we reach N’ = 1, all projected models with constant a + b
have the same number of gauge groups and of non-anomalous U(1)’s but differ only
by the presence of fields, tensors or adjoints, that admit marginal mass terms. There-
fore, the consequence of the orientifold projection is that the two theories flow to the
same conformal manifold. For this reason, we borrow nomenclature from the literature
[24] and say that certain orientifolds of L**® with constant a + b are conformally dual.
They are not Seiberg dual, for they cannot be related by Seiberg dualities known in the
literature [9] [10], but they inherit part of the S-duality action on the marginal masses
from the mother N’ = 2 models through the mechanism of inherited duality introduced
in [126},127].

It is natural to wonder whether the mechanism discussed so far can be generalized to
other /' = 1 models, extending the notion of conformal dualities to toric quiver gauge
theories with a chiral field content. The first necessary ingredient in the recipe is the
presence of internal points in the toric diagram. Indeed these are associated to anoma-
lous U(1) global (baryonic) symmetries and they require the presence of a chiral field
content, i.e. there are bi-fundamental fields connecting two nodes of the quiver, without
the corresponding anti-bifundamental [128]. Another necessary ingredient is the pres-
ence of points on the perimeter of the toric diagram, because this allows to RG flow from
one model to another even before the orientifold projection, through a mass deforma-
tion [125].

A natural set of models where to look for a generalization of the mechanism of conformal
duality in presence of orientifolds consists of Labe /Z, orbifolds, leading generically to a
chiral field content (with the exception of L%29 and L!!:!) — see Fig. [6.1|for examples of
such orbifolds on the toric diagram. In this Chapter we will see that such orbifolds admit
a generalization of the mechanism of conformal duality similar to the one obtained for
the four N/ = 2 families of [3] broken to N = 1. We will distinguish two out of these four
families (corresponding to families i) and iv) of [3]) allowing for the presence of marginal
mass terms. Another difference with the construction presented in [9}[10], briefly review
in Chapter [f} is that here we will observe that in some cases fractional branes will not
be required. Observe also that in these L*%?/Z, models the type ITA description is not
readily available and the orientifold projection can be performed on the dimer model
with the techniques of [113] and the recent extension of [129] in terms of a Klein bottle.
This is the other main novelty of the construction performed here. We will observe that
the projections are implemented on the brane tiling either in terms of fixed points and
fixed lines or by maps on the dimer without fixed points that lead to Klein bottles.

30r better, being 7 the coupling of the quartic term, there is a line of conformal theories described by the
equation v(g,n) = —1/2 and Seiberg duality relates opposite regimes on this line, see [124].
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Figure 6.1 Examples of chiral orbifolds for the Lobe family.

6.1 Orientifolds and conformal duality

The aim of this section is to summarize the results of [12, 9] 10], where specific V' = 1
supersymmetric gauge theories obtained as orientifold projections of toric quivers were
shown to be related to one another by conformal duality. We will first concentrate on the
simplest models wherein this occurs, namely the orientifold of C?/Z, x C and the orien-
tifold of the conifold, obtained by mass deformation of the former [130]. This example
contains all relevant information and, as we will see, it can be naturally generalized to
the more elaborate models discussed in [12} 9] [10].

6.1.1 A picture of five-branes

A toric diagram in a Z¢ lattice encodes the information about a d-dimensional complex
toric variety, admitting the action of a complex torus (C*)? [131} [132, [133| [134]]. For toric
CY threefolds (i.e. d = 3) it is enough to focus on a two-dimensional diagram, thanks to
the vanishing of the first Chern class [132]. The toric data can be translated into a well
defined supersymmetric gauge theory in four dimensions, using a five-brane diagram
as an intermediate step, from which the corresponding brane tiling or dimer can be im-
mediately drawn [135, 136}, [137, [138, 139} [140] [141] 142]. More explicitly, one identifies
the vectors with coordinates (p, ¢) that are dual (outgoing normal) to the sides of the
toric diagram and represents them as one-cycles of a two-dimensional torus with (p, q)
winding numbers. The resulting five-brane diagram owes its name to the fact that in
the IIB picture, whereby D3-branes are T-dualized into D5-branes wrapping the two-
torus, the one-cycles are NS5-branes that emerge from T-dualizing the toric singularity.
As an example, see the toric diagram of C3/Z5 and the associated five-brane diagram in

Figs.

The one-cycles divide the planar graph in different regions, highlighted in white, gray
or black in Fig. White regions are SU(NN) gauge factors, whereas bifundamental
fields X5, where a, b are labels for the gauge factors, correspond to arrows crossing the
white regions a and b at the intersection points. The direction of the arrows determines
if a field transforms as a fundamental (out) or antifundamental (in) of a gauge factor.
Gray and black regions are encircled by the arrows in clockwise (41) or counterclock-
wise (—1) direction, respectively. They correspond to gauge-invariant interaction terms,
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(b) The five-brane diagram of C?/Z5 x
C, with the four fixed points of the ori-
entifold projection.

(a) The toric diagram of C?/Z, x C and
the vectors orthogonal to the edges.

that involve all the fields surrounding the region and give rise to a trace-like ‘mesonic’
operator. In our example, the five-brane diagram in Fig. gives two gauge factors,
which have been labelled by 0 and 1. The bifundamental fields are

X(%l = (Do, i1)1 , Xllo = (Dl, i())l
X2 = (0o, O’ X% = (0, )’ 6.1)
Xoo = ¢o = (Do, To) » X11=¢1=(0n, 0hh)

where the latter two fields are adjoints and the upper index labels different fields with
the same transformation rules. The superpotential reads

WC2/22 we — Cij (¢1X{0Xgl + ¢0X81X{0) . (62)

As a final step one turns the five-brane diagram into the brane tiling or dimer by shrink-
ing the gray and black regions into points, white points for (+1) and black for (1), and
connects white points to black ones by edges, so as to obtain a bipartite graph. This is in
a sense dual to the five-brane diagram, as the edges represent the bifundamental fields.
The brane tiling encodes the information about the toric CY geometry and completely
defines the dual gauge theory in the sense of the AdS/CFT correspondence. The brane
tiling of C?/Z, x C is drawn in Fig.

To sum up, in a toric variety the geometry is encoded in a toric diagram whose discrete
data allows to construct the brane tiling, which translates geometric information into
a 4d gauge theory. The dictionary of this bipartite graph is as follows. Each face rep-
resents a gauge group factor SU(N),, each edge represents a bifundamental field X,
transforming under the adjacent faces, with an orientation given by the direction black
to white, each node represents a gauge-invariant term in the superpotential. The gauge
factors and matter fields can be translated from the five-branes to a quiver representa-
tion in form of nodes and arrows, respectively. The legend in Fig. |6.4{shows the various
matter fields that appear in subsequent sections.
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Figure 6.3 The brane tiling of C?/Z, x C with the four fixed points of the orientifold
projection.
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Figure 6.4 The various matter fields and their representations that we will use in quiver
diagrams. We draw multiple arrows for multiple fields connecting the same pair of
nodes. When nodes are both SO and/or USp groups, we drop the arrow and connect
them with an edge, signaling the fact that representations are real. For tensor represen-
tations, when not specified if they are symmetric or antisymmetric, we simply denote
them by 7.
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6.1.2 Inherited S-duality

The quiver of C?/Z, x C is drawn on the top left of Fig. where the red dashed line
highlights the orientifold projection. (Let us call the projection €2.) On the brane tiling,
the projection is realized by four fixed points, whose charges are encoded in a vector
7 = (70,700, 71, T11) and project in turn the gauge group SU (Ny), the field ¢y, the gauge
group SU(N;) and the field ¢;. Positive 7’s give either orthogonal groups or symmet-
ric representations, while negative 7’s give either symplectic groups or antisymmetric
representations. The product of the 7’s is constrained by the condition [113]

Nw

[I=-1>=", (6.3)

where Ny is the number of terms in the superpotential of the parent theory. In the
present C?/Z, x C case Ny = 4, thus the product of the 7’s is +1. The superpotential
reads

W(?Q/ZQXc = 7TOX01X10 + T1X10X01 . (64)
We observe that in the five-brane diagram in Fig. the fixed points that project the
adjoint fields are located at the intersections between the ‘vertical” (blue) brane and the

‘oblique’ (green) brane, and the two ‘horizontal” (red) branes are identified by the orien-
tifold.

Given the above orientifold, the field content of the model can easily be read from the
linear quiver either on the top right or bottom of Fig. the two representing two
different choices for 7. We can find out whether the model has a conformal fixed point
by analyzing the beta functions. Let us identify the R-charges Ro; and Ry of the two
bifundamental fields, while imposing R(W') = 2 that identifies the R-charges R, and R;
of the two projected fields. This gives the condition ry + 2r9; = —1, where

r=R-1 (6.5)

is the R-charge of the fermion in the chiral multipletE] Together with the condition that
the S-functions of the two gauge group vanish, we have

ro(m+ 2799) = —(m — 279) ,
ro(m—2711):—(m+27'1) s (66)

where m = Ny — N;. We now study the solutions to these equations for the different
possible choices of the 7’s.

It is straightforward to see that there is a choice that preserves ' = 2 supersymmetry,
choosing 199 = —79 and 71 = —7, and we denote it as 74. (Let us call 24 the associated
orientifold projection.) In this case the solution demands m = 27y and 7 = —7, so that
Ta = (£, F, F, ). These conditions leave 1y undetermined, and we find that at large
N the value of 7y that maximizes the central charge a is 79 = —%. Hence, at large N the
R-charges of all the fields are 2, and the central charge

atla _ Ly 6.7)

C2/zZyxC 4

4R = 2/3 is the ‘canonical’ R-charge of a free field.
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Figure 6.5 The quiver diagram for C?/Z, x C with the orientifold projection (2 on the top
left, while on the top right the associated (linear) “‘unoriented” quiver after the N' = 2
choice for the orientifold and the N = 1 choice at the bottom.

is half the value of the central charge of the parent theory. To summarize, and choosin
without loss of generality 7y = 1, one gets the gauge groups SO(N) and USp(N — 2) E]
with projected fields Ap and S, in the adjoint of each group.

There are however other possible solutions to Eq. (6.6). These are ' = 1 solutions with

Too = To, T11 = 71 and 7y = —7p, which we denote as 75 = (£, £, F, F) giving
m — 27y
Too = — ,
00 m + 279
27’0
=— ) 6.8
o= (68)

In general for these solutions one should worry about the presence of gauge-invariant
composite operators that hit the unitarity bound R = 2/3 and decouple. This analysis
was performed in [9] and it was shown that in the range 1 < m < 10 this cannot oc-
cur. There is a particular value of m in this range, namely m = 27, that gives Ry = 1
and Ry; = 1/2. We observe that the value of m is the same as the one of the N' = 2
preserving orientifold, i.e. 7o = —799 = —71 = 711, and the value of the central charge
a= 3(3TrR® — TrR) ~ catlarge N is

QB _ 27 2

c2/zyxC ﬁ ’ (6.9)

which is 27 times the central charge of the N = 2 orientifold. Again, choosing 7o = 1
gives the gauge groups SO(N) and USp(N — 2), but now the projected fields are Sy and
A; and both have R = 1, while the bifundamental fields have R = 1/2. We observe that

the fields with R = 1 do not contribute to the central charge.

The other value for m in Eq. we are interested in is m = 47, which gives Roy =
Ry = 2/3 as in the N' = 2 model, and as a consequence gives also the same central
charge at large N, although the difference between the ranks at finite IV is not the same,

SHere Ny = N, which is assumed to be even. The ranks of the two groups are N/2 and N/2 — 1.
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(b) The five-brane diagram of the coni-
fold C with the fixed lines of the Q2 pro-
jection.

(a) The toric diagram of the conifold
C and the vectors orthogonal to the
edges.

and the projected fields are not in the adjoint. As we will see, the presence of this kind
of solution will be systematic in the models discussed in this Chapter.

The central charge of the N' = 1 model with m = 27, coincides (exactly, that is even at
finite N) with the central charge of the orientifold of the conifold C. This can be quickly
shown by determining the central charges and the difference of the ranks of the two
gauge groups at the conformal fixed point. For completeness, we draw in Figs. and
6.6b| the toric diagram and the five-brane diagram of the conifold. We also draw in Fig.
60.7| the corresponding quiver. In this case the orientifold projection cannot be realized
on the five-brane diagram by fixed points, but instead by fixed lines. Identifying the
R-charges of all the fields, the superpotential of the parent theory

W,

C

= ap€ea X X5 X0 XY (6.10)

implies that they are all equal to 1/2, and they do not change after the orientifold pro-
jection. Denoting as before 7y and 7; the orientifold charges that project the two gauge
groups, the condition that the S-functions vanish gives m = 27y and 7, = —7p, where
again we denote with m the difference Ny — N;. Choosing 79 = +1, we end up again
with the gauge groups SO(N) and USp(IN — 2), while the bifundamental fields have
R = 1/2[°| Hence, apart from the absence of the fields Sy and A;, we get exactly the
same ranks and the same R-charges as the N' = 1 C?/Z, x C orientifold with m = 27,
implying that we get exactly the same central charge in Eq. (6.9).

As is well-known [130], if one deforms the C?/Z, x C parent theory by adding a mass
term for the two adjoint fields, this generates a flow that in the IR reaches the conifold
model. This explains why the ratio of the central charges of the two parent theories
is 27/32 [146]. This picture is preserved by the orientifold: starting with the N' = 2
C?/Z; x C orientifold and mass deforming, one ends up with the orientifold of the coni-
fold, and again this explains the value of the ratio of the central charges. The fact that the
orientifold of the conifold and the A" = 1 orientifold 75 of C?/Z5 x C with m = 27, have

6The same solution for the orientifold of the conifold has been constructed in [143} 144 [145], where the first
reference observes that seven-branes should not be present in the type IIB configuration due to the lack of 1/N
corrections to the a-anomaly, and the other two construct a configuration with one O3* and one O3~ that
wrap two homologically different two-cycles, both coming from a fractional O5.



N = 1 conformal dualities from unoriented chiral quivers 87

/£ D
- = .0_‘ ____________ [- ) - -
J

© NS

>

(=)
3

\
(o)

SO(N) USp(N —2)

Figure 6.7 On the left, the quiver diagram for C, where the red line represents the ori-
entifold projection. On the right, the linear ‘unoriented” quiver for the theory after the
orientifold [1]].
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Figure 6.8 The chain of toric diagrams connected by mass deformation for n = 6: C?/Zg x
C — L?%2 — 333, the number of points remains n + 2 = 8 all along. It holds also with
the orientifold projection, mutatis mutandis.

the same central charge suggests that the two theories are conformally dual, meaning
that they flow to the same conformal manifold, and indeed they are connected by turn-
ing on a mass term for the projected fields, which is an exactly marginal deformation
because these fields have R = 1 and the mass operator is not charged under any other
global factors.

The results of [9] 10] are a natural generalization of the mechanism described above to
the infinite class of L**? theories (a < b). The parent L»"~%% toric models can all be
obtained by mass deformations of L%™°, which is the A" = 2 orbifold C?/Z,, x C. Specif-
ically, starting from L%™9, one can add a mass to a pair of adjoint of gauge groups
that are connected in the quiver, and integrating out this mass term gives the L*"~11

theory [125]. This can be iterated to produce a chain that ends with L%:3:% for n even
1 ntl

and Lz "2 "z for n odd. We represent some steps of this chain for n = 6 in Fig.
In fact, these theories can be embedded in IIA elliptic models, where stacks of D4-branes
are wrapped around a circle and their worldvolume is divided by orthogonal NS5’s. The
rotation of the five-branes describes the mass deformation, see for example Fig. This
construction holds also in presence of orientifold planes.

For the orientifold of L% theory one can choose the ranks in such a way that the choice
of 7’'s preserving N' = 2 supersymmetry has a fixed point with ‘canonical’ R-charges

7Giving mass to pairs is necessary but not sufficient to preserve toricity [125].
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Figure 6.9 The theories C?/Z3 x C and suspended pinch point (SPP) represented via IIA
elliptic models. Rotating NS5 branes results in mass deforming the theory.

2/3 and half the central charge of the parent theory at large N. On the other hand, for
all such theories it is also possible to perform an N’ = 1 orientifold projection, with the
same ranks of the gauge groups, and such that all the adjoints and projected fields have
R =1 and all the bifundamental fields have R = 1/2.

Note also that, for higher values of n, the L»"~%“ theory admits different toric phases,
which means different ways of integrating out pairs of adjoints, compatible with the
orientifold. These correspond to different ways of accommodating the horizontal branes
in the five-brane diagram, see Fig. for an example.

For a family with n even, there are orientifold projections that generalize the ones of
C?/Z, x C and the conifold, corresponding to the fixed points in Fig. [6.2b]and the fixed
lines in Fig. As an example, we represent in Fig. the n = 6 case. The five-
brane diagrams are constructed from the toric diagrams in Fig. The parent theories
describe six gauge groups, with vector-like bifundamentals connecting group i and 7 + 1.
In the first and second diagram, the fixed points with charge 7y and 73 project the groups
0 and 3, while 70 and 733 project the adjoints of these groups. The L!:5'! theory is missing
in the chain because it does not allow this orientifold. Indeed, in L'®! we would have
five horizontal red branes (pointing towards the left) and one horizontal brown brane
(pointing towards the right), and there is no way to accommodate them compatibly with
the desired orientifold. Finally, the last diagram represents the orientifold of the non-
chiral Z3 orbifold of the conifold, which is realized by fixed lines that project groups 0
and 3. In general, given a generic even n, all of the N' = 1 orientifold theories in the
family have the same central charge a, 't Hooft anomalies and superconformal index of
the orientifold of the orbifold of the conifold, which is the theory at the end of the chain.
The value of the central charge is always 27/32 the value of the N’ = 2 theory. This
was shown originally in [9] for n = 3p studying the orientifold of the non-chiral orbifold
SPP/Z,,i.e. the Lp-2p:p theory and, then generalized in [10] to any even n.

For n even another orientifold projection is allowed, with all of the four fixed points
lying on the intersections between NS5-branes, i.e. generating two conjugate pairs of
tensor matter fields. In this way, all gauge factors remain unitary. We can construct
such an orientifold by shifting the fixed points by a quarter of a period in the five-brane
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Figure 6.10 The chain of five-brane diagrams connected by mass deformation for n = 6:
C%/Zs x C — L?*% — L333, the number of vectors remains n + 2 = 8 all along. It holds
also with the orientifold projection, provided a Z; symmetry is preserved.
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Figure 6.11 The chain of linear quiver diagrams after the orientifold connected by mass
deformation for n = 6: C?/Zg x C — L>%2 — [333,
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Figure 6.12 The two inequivalent ways of accommodating the horizontal branes for L2
and the associated linear quivers.

diagram (see Fig. for the L?*?2 example). These orientifolds were also analyzed in
[10], and shown to realize the same mechanism as the models above. Note that when
the toric diagram is a rectangle, such a projection cannot be obtained either with fixed
points or with fixed lines, which implies that in order to include the last step of the chain
the orientifold projection must be realized differently on the five-brane diagram. As we
will see in the next section, this occurs for a chain of L@ /Z3 models with a particular
orientifold projection introduced in [129] known as glide orientifold. This will play an
important role in the remainder.

In the case of n odd the process is similar, but at the end of the chain a single adi'oint

field remains, corresponding to the L"z""5"7" toric model. We show in Fig. the
example of SPP, that is L'*!, obtained by a mass deformation of C%/Z3 x C. The figure

x >
T00 700 U H [
1 1 SU(N) (:)><—>\1/<—><2 ) SU(N)
- _ SU(N) /\Dj
x5 H
T2 Toy 2

Figure 6.13 The orientifold projection of L?*? with four fixed points that yields unitary
groups and pairs of conjugate tensor fields and the choice 799 = —1, 722 = +1.
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Figure 6.14 An example with n odd obtained from mass deformation of C?/Z3 x C and
the orientifold projection with fixed points. On the left, the toric diagram of L' or
SPP, center its five-brane and on the right the quiver after the orientifold with 7y = +1,
To0 = +1, 711 = —1L.

reveals the general feature of these orientifolds, in which one group and its adjoint are
projected, while the other two 7’s give two conjugate fields which are symmetric or
antisymmetric under a unitary group. In [9] these models where studied for n = 3p and
generalized in [10] to any n, showing that again the same mechanism occurs.

Finally, [10] shows that the conformal duality discussed above is an “inherited S-duality’
from the mother N = 2 theory that is subsequently mass-deformed.

In the rest of this Chapter we will show how the same construction works for another
infinite class of toric models, which are Z, chiral orbifolds of the models of this section.
In particular, the next section is devoted to the description of the models in terms of
five-brane diagrams.

6.2 Glide orientifold and L*"*/Z, models

In this section we are going to introduce the class of orientifold models Lvba /Z2, which
we will focus on hereafter. In the first subsection we discuss the glide orientifold projec-
tion introduced in [129], which we will perform in the case a = b. The second subsection
is devoted to a description of the models involved and the results. The following two
sections will then contain a detailed analysis of such models.

6.2.1 Orientifolds and Klein bottles

Among the Z; involutions of a torus, there are some choices that do not leave fixed
points. This is interesting, as the five-brane diagram and the brane tiling are embedded
in a torus and the orientifold projection is realized as a Z, involution. While the past
literature mostly focuses on projections with fixed loci, the case of a glide orientifold
was recently analyzed in [129]. This involution maps a point to another by combining
a shift by half a period of the fundamental cell with a reflection about one of its axes,
see Fig. The topology obtained after this involution is that of a Klein bottle. This
operation does not leave any fixed points and this can be understood by the fact that
the net orientifold charge in the system is zero. As a consequence, the glide orientifold
yields only SU(N) gauge factors and tensor representations, if any, in conjugate pairs.



92 6.2 Glide orientifold and L% /Z models

>

>

o 0 0

0 0

0 0
>>Y
(a) The toric diagram of ) ) ] )

C?/Z, x C. (b) The five-brane dia- (c) The five-brane dia-
gram of C*/Z, x C and gram of C*/Z, x C and
the horizontal axis that the Klein bottle result-
provides the glide orien- ing from the glide orien-

tifold. tifold.

m—{0~—14

SU(N)

Figure 6.16 The linear quiver resulting from the glide orientifold of C3/Z,.

Hence, the resulting model is automatically free of any gauge anomaly. We denote this
projection by Qg).

As an example, consider again the original orbifold C2/Z, x C. First, we need to move to
a different toric phase by means of an SL(2,Z) transformation, since the toric diagram
needs to be symmetric about an axis that crosses at least two points of the toric diagram.
In other words, if one consider the vectors dual to the sides of the toric diagram, an even
number of them must be parallel to the symmetry axis of the glide. For our example, we
choose the phase displayed in Fig.[6.15a) whose associated five-brane and its symmetry
axis is drawn in Fig. Finally, the Klein bottle is explicitly displayed in Fig.
The parent theory has two gauge factors, labelled by 0 and 1. The projection maps one
factor into the other, while representation are conjugate. Moreover, the glide projection
maps fields ¢ — ¢1, X3 — X& and X, — X3, so the upper index can be dropped.

Since [, — [y, we can split Xo; = (T, Th) in HO = A, [T = S, and X19 = (O, Do)

in Ho = ,Z, Ty = S. The linear quiver that summarizes this matter content is drawn in
Fig. Finally, the superpotential reads

Wi = $0AS — ¢oSA . (6.11)
6.2.2 Families of orientifolds of L%%%/Z,

In the previous section we argued about a conformal duality between projected non-
chiral toric theories, connected by a deformation that changes the shape of the toric
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diagram while preserving the number of points [125]. We constructed a chain of toric
polygons that belong to the L**? family, where a and b can take generic values with
a<b.

In order to generalize the duality to chiral theories, we consider the Z, orbifold Lvba/z,
of that family, and infer some general behaviors that may be useful for a complete classi-
fication of the phenomenon of conformal duality among toric quivers after an orientifold
projection. Indeed we observe that all such models are chiral, except for L% and L1,
Note that in order to have chiral theories, we lose the elliptic model description of these
model. Perhaps, one could still construct a similar one along the lines of [129].

Moreover, for constructing a chain of toric diagrams as before, the number of external
points of the toric diagram, i.e. on the perimeter, and the number of internal points
must separately coincide. This implies that the models before the projection have the
same number of gauge nodes and of non-anomalous U(1) symmetries. This imposes
constraints on the possible orbifold that we can use to generate an infinite family of
dual models. Interestingly the conformally dual models discussed in [12], that are not
related by an R = 2 mass deformation, respect these constraints as well. It may be a hint
to a more general phenomenon whereby the conformally dual models obtained after
orientifold projections are related by non-quadratic superpotential deformations.

In the following we identify three families in terms of the parity of a and b and in terms
of the type of projection that we will realize on the five-brane web, though we will focus
only on the first two.

Family A

The first family that we study is the orientifold projection of L*%%/Z, with a + b even
that leads to quiver gauge theories with only unitary gauge groups and two pairs of
conjugate tensor matter fields at the extremal gauge nodes, and we call it family A. This
is the generalization of family i) of [10] and we analyze it in Section[6.3] Imposing a+b =
2k, two extreme possibilities are L%?%0/Z, and L*** /Z,. As anticipated above, the case
with k = 1 has a non-chiral field content before the orientifold projection, while for k£ > 1
internal points on the toric diagram necessarily arise. A generic model in the family is
L2P:2k=2p.2p /7, with 4k — 4p hexagons and 4p squares. We can construct a chain of toric
diagrams that describe, upon orientifold projection, theories connected by conformal
duality, i.e. a quadratic exactly marginal deformation:

L0207y — L2202 7, o LR 7, o IRRRZ, 0 (612)

wherep = 1, ..., LgJ Along the chain, pairs of vector-like fields with R = 1 are in-
tegrated out thanks to quadratic marginal deformation, until the last step where tensor
fields are deformed. Note that the number of vector-like fields is k — 1, so when k is even
the last step requires that one remaining vector-like field is integrated out together with
the tensors.

In all steps but the last the orientifold projection is given by fixed points. On the five-
brane, these lie at the intersection between a vertical brane and a skew brane. On the
other hand, the last step requires a glide orientifold. An example of a chain of models,

upon orientifold, is showed in Fig. and the quiver in Fig.

Note that the orientifold projection allows also for another configuration with four tensor
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fields at four different nodes, associated to five-branes where the four fixed points lie at
the intersection of the green vectors and horizontal red ones. In this way, orientifolds
of Lr:2k=p:P /7, are also allowed. However, such a configuration does not feature the R-
charges and dualities we want to discuss here, at least for the first examples we worked
out, hence we will not consider it in the following.

Mass Def Mass Def
_— _—

°
e
° e o o
e
° e o o
e

Figure 6.17 An example of a chain of toric diagrams of family A connected by mass de-

formation for k = 3: L0690 /7y — L242/Z, — L[3:33/Z,. It holds also with the orientifold
projection, mutatis mutandis.

15 5 'K > 7
/
/
50 ()/></T{ A A)o 0 To0 N —> 0
: 2_7 1 2 1 2
3 1 3 1 3 4
e—5 S Y 5 y/ 5 5
T55 T55 T55 T55

Figure 6.18 The chain of five-brane diagrams of family A connected by mass deforma-
tion for k = 3: L960/Z, — [242/7, — [333/Z,. It holds also with the orientifold
projection, provided a Z, symmetry is preserved.
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SU(N) SU(N)
\ 2\<—a\]k\/ H
. N
SU(I} 0 5/;U(N)
_ _
SU(N) SU(N)

Figure 6.19 The quiver for the orientifold theory of L%6Y/Zy — [242/Z, — [333/Z,
in Family A with choice (190 = +, 755 = —). Colored fields represent the pairs that are
mass deformed in the chain, the color match the chain of five-branes in Fig.

/
/
0 X 7o 1 XT1 0 X170 I X Tt o= b o] SRR
,/7 / 0 1
’ 2] 3 2 3 2
! V 4 5 4 5
7 6 7 6 7 6
T6
T7 76 T7 T6

Figure 6.20 The chain of five-brane diagrams of family B connected by mass deforma-
tion for k = 3: L960/Z, — [242/Z, — [333/Z,. It holds also with the orientifold
projection, provided a Z; symmetry is preserved.

Family B

We will refer to the second family as family B, which generalizes family iv) of [10]. Also
in this case a + b = 2k, but the orientifold projection acts either with fixed points or with
fixed lines, lying on top of the faces of the five-brane, either hexagons or squares depend-
ing on the fixed loci. Contrary to the previous family, four gauge factors are now real
groupsﬁ SO or USp depending on the signs of the fixed loci. The chain of toric diagrams
is the same as in the previous family, Eq. (6.12), but the orientifold projection is realized
differently on the five-branes, as we need to move the fixed points by a quarter period,
see for example Fig. and the associated quiver in Fig. The extremal cases are
L2807, and L***/Z,. Moreover, the last model in the chain is projected by fixed
lines. As we will observe in Section[6.4)} in this family marginal quadratic superpotential
deformations with R = 2 can be generated only with a specific shift between the ranks
of the gauge factors.

8We loosely refer to SO(N) or USp(N) as real gauge groups since, contrary to SU(N), they do not admit
complex representations. Complex spinors do not appear in perturbative open string constructions.
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SO(N) SU(N —2) SU(N —4)  USp(N —6)
0 <€ 2 <« 4 <« 6
1 i< 3 < 5 ‘< 7
SO(N) SU(N —2) SU(N —4)  USp(N —6)

Figure 6.21 The quiver for the orientifold theory of L%60/Zy — 1242 /75 — [333/Z,in
Family B with choice (79 = 71 = +, 76 = 77 = —). Colored fields represent the pairs that
are mass deformed in the chain, the color match the chain of five-branes in Fig.

MY < (< L.« 71\/ H
T S~
/
m % # (O < \4/\5

Figure 6.22 The generic quiver of family .A models. Colored fields are the mass deformed
pairs. All gauge nodes are SU(N).

6.3 Family A

In this section we study in detail the conformal duality for the L**?/Z, models (with
a + b = 2k) after an orientifold projection that induces only unitary gauge groups. The
generic quiver of this family of models is given in Fig. where colored fields have
R =1 and they are progressively integrated out by mass deformations that generate the
chain of conformally dual models in Eq. (6.12). We realize the orientifolds as fixed points
on the five-brane for a # b and both even, while for a = b the gauge theory is realized as
a glide orientifold [[129].

The analysis is based on the computation and comparison of the central charges of the
different L%%%/Z, orientifolds, which we denote as af!, ,. We first analyze in detail the

cases with k = 1 and k = 2 and then discuss the generalization to any k.

6.3.1 Orbifoldwithk =1

The case k = 1 is the only non-chiral one among the models we discuss in this section.
The L%2:°/Z5 model is C?/(Zy x Z5) with charges (0,1,1) x (1,0, 1), while L1 /Z, is
the non-chiral Z, orbifold of the conifold C.
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T00 SU(N}Q,,,‘—’\L SU(N)

T11 T11

/. A e A
4

Figure 6.23 The model L%2:°/Z,. On the left the toric diagram is drawn, at the center
the five-brane and its orientifold projection with fixed points, on the right the quiver
resulting from the orientifold projection.

Orientifold projection of L2 /Z, with fixed points

We study the orientifold projections with fixed points of L%%0/Z,. After the projection,
the gauge group is G = SU(Ny) x SU(N;), whereas the field content is given by

Xo1 = (To, Th) ,  Xio= (T, Do)

Yor = (T, 0y) ,  You = (T, )

Too = (T, ), Too = (T, o)

Tn=n,0), Tiu=@,0), (6.13)

where fields Yo, and Yy arise at the intersection between red and blue vectors on the
five-brane diagram in Fig. while the particular representation of the tensor fields
Too, Too, Th1 and 111 depends on the signs of the charges 7. Since Ny /2 = 4, the prod-
uct of these charges must be positive. Another constraint for the charges 7 comes from
gauge anomaly cancellation that requires the presence of conjugate pairs of tensor rep-
resentations, hence 799 = 7Tpo and 711 = 7T11. We denote the inequivalent choices of
T = (TOQ, 7~'007 T11, ?11) as T4 = (:l:7 +, F, :F) and 7 = (:t, +, 4 :t). The resulting
quiver is drawn in Fig. while the superpotential reads

W(?z,o = Xo1T11Yo1 — YorT11X10 + X10T00Yo1 — Yo1TooXo1 - (6.14)
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Imposing that the S-functions all vanish one obtains

oo + Too = r11 + 711 ,

ro1 +7Too + 1y = —1,

r10 + 7100 + 7y = —1,

(Too +700) + (ro1 + 710) + (ry +7y) = =2,

(roo + Too) (m + 2700) = —2m,

(00 + 7To0) (M — 2711) = —2m (6.15)

where m = Ny — Nj and 74 is selected. Note that with m = 0, the choice on 7 is no
longer constrainedﬂ Further imposing that R-charges of conjugate pairs are the same,
ie. ro1 = rip and r =7 we get

~ ~ m
Too =Too =T11 =T11 = —
m+27‘00 ’

To1 + 100 + 7y = —1, (6.16)

We can select equal ranks by imposing m = 0, as opposed to the orientifold projection
studied in [9} [10], meaning that this model does not requires the presence of fractional
branes. This holds for the whole family A. At large N, we have

TTR=0,
TrR® = 2N? (r(?jl (=1 —ro1)? + 1) : (6.17)
and the central charge is maximized at

Too =Too =711 =711 =0,

- 1
T01:7“10:7"Y:7"Y:_§,
27
a?);o:“ = —64]\f2 , (6.18)

implying superconformal R = 1 for the tensor fields, and R = 1/2 for the remaining
ones.

Finally, note that for m = 791, we have that all the fields have R = 2/3, and the value of
the central charge is

1
Qm=rg; — 2
a022,0 01 = §N . (6.19)

Remarkably, shifting the ranks of the unitary groups, which means that a fractional brane
is present in the system, yields the R-charge of free fields. This solution is present for

all orbifold of flat space (L°2*:0/ ZQ)Q. Surprisingly, the ratio between the two central

9The fact that 75 works here is due to R = 1. Similarly, in family ii) and iii) of [10] one can engineer a
configuration of O6-planes that yields pairs of tensors that transform in the same way. The point is that they
can still be integrated out.
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Figure 6.24 The model L1 /Z,. On the left the toric diagram is drawn, at the center the
five-brane and its glide projection, on the right the quiver resulting from the orientifold
projection.

charges in Egs. (6.18)-(6.19) is 27/32. This is supposed to happen when A/ = 2 is broken,
via mass deformation, down to N’ = 1 [146]. We briefly discuss the role of this solution
in section

Glide orientifold of L''1'1 /Z,
We study the glide orientifold of L' /Z,, whose field content is
Xor = (o, Th) , Xio = (Th, Do)
Yor = (o, 0;) , Yo1 = (Co, Tn) (6.20)

which is similar to Eq. (6.13)) except for the tensor fields. The projection yields a theory
with gauge group G = SU(Ny) x SU(N;) and superpotential

W = Xo; X10Y01 Yor — X10X01Yo1Yo1 (6.21)

1,1,1

as can be read from Fig. The set of constraints for the superconformal R-charges,
together with ro; = 19 yields

No=N, =N,
ro1+7y = —1, (6.22)

and at large NV we retrieve Egs. (6.17) and at the local maximum

- 1
T01:7"10:7"Y:7"Y:_§a
27
Qa — 2 N2, 6.23
al,l,l 64 ( )

The central charge, 't Hooft anomalies and the superconformal index are the same for
the orientifold projection with fixed points of L%*°/Z, and the two orientifold theories
are conformally dual.

1

° />|‘_\
AR R R S S - SUN) (0)e———1) SUW

. Qg | 0 \_/‘

)
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Figure 6.25 The model L%%9/Z,. On the left the toric diagram is drawn, at the center
the five-brane and its orientifold projection with fixed points, on the right the quiver
resulting from the orientifold projection.

6.3.2 Orbifold with & = 2

We now discuss models with a + b = 4. The parent theories are chiral and their toric
diagrams are reflexive polygons, having one internal point [147]. As already mentioned
above, we restrict ourselves on orientifolds of models with even a (and b), because in the
case of a, b odd the projection does not give a theory with the the desired features, as we
will explicitly see for L1:3:1 /Z,.

Orientifold projection of L%*°/Z, with fixed points

We study the orientifold of L%%°/Z, with fixed points such that [[ 7 = +1 the projection
yields gauge groups G = SU(Ny) x SU(N;7) x SU(N3) x SU(N3). The toric diagram
of the parent theory, the five-brane and the quiver of the resulting projected theory are
shown in Fig The field content is
Xoz = (o, T2) , Xio=(
Xip= (0, ) , Xo = (o, D)
Xoz = (o, Os) , X3 = (05, Th)
Yoo = (o, Oo) ,  Yor = (To, Th)
Yig = (01, Os) ,  Yag = ( )
Too = (Tos Ty) > Too = (To, Do)
Tss = (03, 05) . Tis = ) (6.24)

and the superpotential reads

W = TooYo1X10 — X10X02X21 + TooXo2Yo2 — Yo2Yo1 X12

0,4,0

+ X192 X03X31 + YisYas Xo1 — Ts3Ya3 X035 — Ts3 X3 Vi3 . (6.25)
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Figure 6.26 The model L*%2/Z,. On the left the toric diagram is drawn, at the center the
five-brane and its glide orientifold, on the right the quiver resulting from the projection.

Cancellation of gauge-anomalies requires that
N1 - N2 =2 (TOO - 5:00) . (626)

Proceeding as before, we find the condition for S-functions to vanish and R(W) = 2,
together with demanding that the R-charges of conjugate pairs are equal. Imposing that
all ranks are equal, N, = N Va, we find

Too =T00 =T33 =T33 =T12 =791 =0,

Yoo =T10, Tyi3 =723,

To2 = ?Y(n =—-1- 10 , r31 — ’Fyzg =—-1- 23 , (627)
in terms of two R-charges 19 and ra3. This solution gives at large N

TTR=0,
ﬁﬁ:mﬂ@+eyﬁ&+@+ekmy+2, (6.28)
which is symmetric under the exchange 719 <> r23. The resulting global anomaly is twice
the one of (L*%°/Z,) ? and the local maximum stays at
1

Tlo:T23:*§,

27
Q 2
Uoao = 55V (6.29)

so that the R-charges of tensor fields and vector-like fields is R = 1 and they do not
contribute to 't Hooft anomalies and the superconformal index, while the remaining
ones have R = 1/2.

Glide orientifold of L?2:2/Z,

We now study the glide orientifold of L*%2/Z,, which yields a theory with gauge group
G = SU(Np) x SU(Ny1) x SU(N3) x SU(Ns). The toric diagram of the parent theory, the
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five-brane and the quiver resulting from the projection are drawn in Fig. The field
content is

Xio= (O, o) , Xo2=

Xoz = (o, Bs) , Xa1 =

Yiz = (O, 05) , Yor = (To,0h) . (6.30)
whereas the superpotential is
W8 = X10Ye (Xo2)" Yor — X10X02X23X31 + X31Y13 (Xa3)” Yas
— Yo1Y13Y23Y02 + Ya3 Xo3V13 (Xa1)" + Yoz (X10)” Yor Xoz - (6.31)

The field content is similar to Eq. (6.24) except for the tensor and the vector-like fields.
We notice that in this case it is not enough to mass deform the pairs of tensor fields from

(L040/Z5) Q, but we need to mass deform also X15, X»1. This happens when the number
k — 1 of vector-like fields is odd, hence for k even.

The set of constraints for the superconformal R-charges, together with cancellation of
gauge-anomaly and the Z;-symmetry of the quiver yields

No=N1=Ny=N3=N,

Te3 =T10, Toz=T31=—1—r1i0,

TYis = TYos 5  T¥as = T¥p = —1 — Tvy, (6.32)
expressed in terms of the two charges 1o and ry,,. Atlarge N, the global anomalies read

TTR=0,

TeR? = 2N2 [l + (=1 = 110)" + 1, + (-1 = 1yi)’ +2] (6.33)

whose share the same form and local maximum of (L%*°/ Zg)Q in Egs. (6.28)-(6.29), as

1
T10 = TY()Q = _5 9
27
Q 2
0, = N (6.34)

The two models orientifold of L4 /Z, and of L*?? /Z, are conformally dual, connected
by quadratic marginal deformations.

L'31/Z, and general feature of odd a

The set of parent theories Laba /Zs with a+b = 4 involves also the case a = 1 and b = 3,
i.e. both odd numbers. The orientifold of L' /Z, with four fixed points yields a theory
that does not belong to the chain of conformally dual projected theories, i.e. cannot be
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Figure 6.27 The model L!31/Z,. On the left the toric diagram is drawn, at the center
the five-brane and its orientifold projection with fixed points, on the right the quiver
resulting from a choice of orientifold projection consistent with gauge anomalies. This
does not belong to family .A.

connected to other models by an exactly marginal deformation that integrates out pairs
of conjugate fields, as we instead showed in the previous sections and works [9] [10].
We can see this clearly from Fig. In particular, from the quiver we see that the four
tensor fields transform under four different groups, hence they cannot be mass deformed
as for the theories in family .A4. Moreover, cancellation of gauge anomalies gives

No — Ny — No+ N3 +4190 =0,
—No+ N1+ No — N3 +4111 =0,
No — N1 — Na+ N3 — 4792 =0,
—No+ N1+ Ny — N3 —4733 =0 (6.35)

and all ranks equal is not a solution, as it is for family A.

From the point of view of the five-brane diagram, when a and b are both odd, the Z,
involution of the orientifold imposes that two horizontal vectors, one oriented to the
right and one to the left, pass through two fixed points. See for example Fig. where
a red vector oriented to the left lies on 19y and 711, while a brown vector oriented to the
right lies on 792 and 733. Since only two five-branes can meet on a pointm we need to
move either the skew green vectors or the vertical blue vectors. The consequence is that
the four fixed points project fields transforming in four different groups. This is general,
for all odd a and b, and therefore they do not belong to the family A.

Finally, one can easily see that from the five-brane in Fig. the models do not admit a
glide orientifold.

100r better, in those cases one can describe strongly coupled sectors following [148].
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Figure 6.28 A portion of generic quiver of the orientifold of L%2%/Z, from node 2i.

6.3.3 Generalization

In this section we want to show the previous results are general and hold for the whole
chain

L0207y — L2202 7, o LRI 7, s IERRZ, 0 (6.36)

wherep =1, ..., | %|. Let us begin with the orientifold of L%2:9/Z,, the generic quiver
is drawn in Fig. with all vector-like fields. From the five-brane, we can write down
the superpotential as

0 - - _
Wo2k0 = TooYo1X10 + TooXo02Y02 — Xo2X21X10 — Yo2Y01 X712
— Top—1,26—1Y2k—2,2k—1 Xok—2,2k—1 — T2k—1,2k—1X2k—1,2k—3Y2k—3,2k—1

+ Xok—2,2k—1Xok—1,2k—3X2k—32k—2 + Yor—3 2k—1Yor—2,2k—1X2k—2,2k—3

k—2
+ E (XQi—1,2iX21',2i+1X2i+1,21'—1 +X21’,2i—1X2i—1,2i+2X2i+2,21')

i=1

k—2
- E (Xoi+1,2i+2X2i42,2i X2i 2641 + Xoig2,2i41X2i+1,2i-1X2i-1,2i42) - (6.37)

=1

We need to impose the conditions R(W) = 2 and that all S-functions vanish, with all
ranks equal, N, = N Va. Consider a section of the quiver from node 2i, as in Fig.
and the related superpotential terms, whose constraints imply

T2i2i—1 = — 1 — (T2i—1,2i42 + r2i42,2) »
roi—1,2i = — 1 — (roi,2i41 + T2i41,2i-1) , (6.38)
as well as the same equations with ¢ — ¢ 4+ 2. The sum of this four equations gives:

M2 2i—1 +M2jy22i41 = —4— (T2i—1,2i+2 + roit2.2; + T2i2i+1 + T2it1,2i-1 +{i = i+ 2}) .
(6.39)
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where mo; 2;—1 = T2i2i—1 + T2:—1,2;. Vanishing of the beta functions on the nodes 2i + 2
and 27 + 1 imply:

M2it22i+1 = — 2 — (roite,2i + 2i—1,2i+2 + T2i+4,2i+2 + T2i42.2i+3) , (6.40)

Mi+2,2i+41 = — 2 — (F2i41,2i—1 + T2i,2i+1 + T2i+1,2i+4 + T'2i43,2i+1) - (6.41)

The combination of Egs. (6.40) + (6.41) — (6.39) gives

M2 2i—1 = Maiy22i+1, t=1,...,(k—2). (6.42)
Similarly one can show that
700 + T00 = T2k—1,2k—1 + T2k—1,26—1 = M2i2i—1, (=1,...,(k—2). (6.43)

Finally the beta equation for the node i = 0 and the superpotential terms that include
the tensor fields Ty and Ty yield

(roo + 700)2700 = 0 (6.44)

Together with this implies that the combinations TooToo, T k_L%_lfg k—1,2k—1 and
X2i2i—1X2i—1,2; have fermionic R-charge r = 0 (bosonic R-charge R = 2) and they
are marginal deformations. If we impose that conjugate fields have the same R-charge,
this also means that tensor fields and vector-like have r-charge » = 0. The quadratic
marginal operators written above give mass to the fields and we can integrate them out.
The resulting effective theory is the orientifold of L?P:2k=2P:2r /7, where p is the number
of pairs of conjugate fields that have been integrated out. The conformal mass terms for
the pairs of conjugate fields is marginal and does not trigger an RG flow. Another way to
see this is that the superpotential of the orientifold of L?":2*=2P2P /7, imposes the same
constraints in the r-charges as the theory (L%2*:0/ ZQ)Q. Indeed from the last two lines

of the superpotential in Eq (6.37), using i — (i + 2) for the first term in each line, we can
write

T9i42,2i4+3 T T2i43,2i4+1 + T2i4+1,2i—1 + T2i—1,2i42 = —2,
T2i+2,2i + T2i,2i+1 + T2i4+1,2i+4 + T2i44,2i+2 = —2, (6.45)

where we also used (6.44). These are exactly the constraints from the quartic terms after
the quadratic deformation. This is due to the fact that one integrates the pairs of con-
jugate fields out plugging their F'-terms into the superpotential. Therefore, all we need
to study is the first model of the chain in Eq. (6.36). From the superpotential and the
SB-functions we have now

T00 = T00 = T'2k—1,2k—1 = T2k—1,2k—1 = T2i,2i—1 = 72i-1,2i = 0,
T2i—1,2i42 + T2i42,2i = —1,
T2i2i41 T T2i41,2i-1 = —1 . (6.46)

All superpotential terms are generated sequentially shifting i — (i 4 2) from the quiver
combining a vertical arrow, which does not contribute now, an horizontal one and a
diagonal one. Compare Fig. and Eq. (6.37) in order to see that. Moreover, the generic
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SO(N) SU(N — 2) SU(N —2k+2) USp(N — 2k)
< < oo - .. <€ <
< < oo - .. <€ <

SO(N) SU(N — 2) SU(N — 2k +2) USp(N — 2k)

Figure 6.29 The general quiver of family 3 models. Colored fields are the mass deformed
pairs.

quiver has a Z; symmetry. Hence, we can impose
10 = T02 = T2k—2,2k—1 = T2k—1,2k—3 = T2i2i+1 = T2i—1,2i42 = - .- 1t = (i +2)},
Yoo = TYo1 = "Yor—2,26-1 = "Yor—3,26—1 — 1'2i42,20 = T2i+1,2i—1 = - -+ {Z — (7’ + 2)} ) (647)

so that we can express 't Hooft anomalies only in terms of four R-charges, riq, (—1 —r10),
Tvy, and (=1 — ry,, ), and we have a number & of each of them. The central charge reads

9 5 s
‘ﬁ%ﬁ=g§N%[ﬁm+GJ—rm)+w%,+@4—r%g +2|, (6.48)

whose local maximum is

1
™10 = Yo = 75
27
Q 2
00 = g VR (6.49)

and the same holds for the orientifold of L?:2k=2P:2P/Z, and LK:¥F/Z,, as they only
differ by fields with = 0. Since the quiver is the same and these fields enter in conjugate
pairs, 't Hooft anomalies and superconformal index match along the chain of quadratic
marginal deformation.

6.4 Family B

As already anticipated in section|6.2} the second family of conformally dual models that
we consider are orientifolds of the chiral Z, orbifolds of L%"?/Z, (with fixed a + b = 2k)
that give rise to four real gauge groups. As shown in Fig. for a # b (and again both
a and b even) the orientifold projection is realized on the five-brane diagram by means
of fixed points that are shifted horizontally by a quarter of a period with respect to the
case of family A, while for a = b the projection is realized by means of fixed lines. The
resulting quiver in drawn in Fig. where as in the previous case the colored fields
have unit R-charge and they are progressively integrated out along the chain.

Again, the results are based on the computation and comparison of the central charges,
that we denote as a’, , as in the previous section We will discuss in more detail the

11Given that these models are not compared to the models in the previous sections, we assume that this will
not cause any confusion to the reader.
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k = 1 and k = 2 cases, showing that the central charges of the orientifolds of L%*°/Z,
and L%'!/Z, coincide. The analysis reveals a direct analogy with the models in family
A, and as a consequence the generalization to any k£ will be given with fewer details.

6.4.1 Orbifold withk =1
Orientifold projection of L2 /Z, with fixed points
We draw in Fig. [6.30] the toric diagram of the parent L%%°/Z, theory, the five-brane

diagram with the location of the fixed points and the resulting quiver. Imposing that the
superpotential has R-charge 2 gives the constraints

To3 + 701 + 113 = —1
703 + o2 + 123 = —1
r12 + 701 +ro2 = —1
ri2+rizt+res=-1. (6.50)

We assign the same 7’s and the same ranks on the groups 0 and 1 and the groups 2 and
3 respectively, so that the quiver possesses a Z; symmetry under flip with respect to a
horizontal axis, which implies that 792 = r13 and rg3 = r12. As a consequence, Egs.
are reduced to two independent equations implying 91 = 723, and plugging this into the
condition that the S-function vanishes for each gauge group gives

7N27N0+2T0 7N27N072T2

METNG N, No— I (631)

This condition clearly imposes ) = —72, and we can set 79 = 1 to get the groups in Fig.
m It we also assign the ranks as in the figurele Eq. gives ro; = 0. Therefore
the fields X¢; and X33 have R-charge equal to 1, and maximizing the a central charge
one can show that the other R-charges are all equal to 1, which can also be more directly
deduced observing that the quiver has an additional symmetry under flip of the nodes
2 and 3. The value of the central charge at large [V is

27
agag = 6—4N2 . (6.52)

As an aside, we observe that once again there is a different assignment of the ranks of
the gauge groups, namely Ny = Ny — 3, which results in a conformal field theory with all
R-charges equal to 2, and central charge equal to 1 N2. This corresponds to two SO(N)
and two USp(N — 3) gauge groups The occurrence of these orientifolds is a feature of
all L0209 /7, models.

12This implies that N must be even.
130bviously N must be odd in this case.
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2 3
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Figure 6.30 The model L%2:°/Z,. On the left the toric diagram is drawn, at the center
the five-brane and its orientifold projection with fixed points, on the right the quiver
resulting from the orientifold projection.

2 ’ SO(N) USp(N — 2)
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Figure 6.31 The model L1141 /Z,. On the left the toric diagram is drawn, at the center the
five-brane and its orientifold with fixed lines, on the right the quiver resulting from the
orientifold projection.

Orientifold projection of L' /Z, with fixed lines

The second and last orientifold in the k& = 1 chain is the L}'!!/Z, orientifold described
in Fig. This theory has a quartic superpotential which leads to the constraints

ro2 +ri2 = —1
ro3 + 713 = —1
ro3 +roz = —1
ri3+ri2=-1, (6.53)

and substituting them in the g-function conditions implies the 7’s and the rank assign-
ment that can be read from the quiver. Imposing a-maximization one can show that the
R charges must all be equal to %, as one could also easily deduce by symmetry argu-
ments. This results in a central charge identical to the one in Eq. (6.52).
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L] s
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Figure 6.32 The model L%%9/Z,. On the left the toric diagram is drawn, at the center
the five-brane and its orientifold projection with fixed points, on the right the quiver
resulting from the orientifold projection.

6.4.2 Orbifold with k = 2
Orientifold projection of L%*°/Z, with fixed points

The next model we consider is the L%%°/Z, orientifold, whose five-brane diagram and
quiver, together with the toric diagram of the parent theory, are drawn in Fig. We
assign the same rank to the groups 0 and 1, 2 and 3 and 4 and 5, and we also require 7y =
71 and 74 = 75. Again, this implies a symmetry under flip with respect to an horizontal
axis. Imposing that the superpotential has R-charge 2 then implies 791 = 723 = 45, and
requiring that the -functions vanish gives

_NQ—N0+2T0 _N4—N2—27’4

= = .54
01 No No - N, (6.54)
together with the further condition on the ranks
Ny + N.
Ny = % : (6.55)

One can then immediately notice that the rank and 7 assignment in the quiver in Fig.
implies that X¢1, X23 and X45 have R-charge 1, while all the remaining fields have R-
charge 1. The value of the central charge at large N is

27
Sio==-=N?. 6.56
ag,4,0 39 ( )
From Egs. (6.54) and (6.55) we deduce that imposing instead that there is a shift of 3 in
the ranks, i.e. Ny = Ny — 3 and N4 = N, — 3, results in a conformal model in which all
the R-charges are equal to 2 and the central charge is equal to N? at large N.

Orientifold projection of L*%?/Z, with fixed lines

For the sake of completeness, we also briefly discuss the other model with k£ = 2, namely
the L%%2/Z, orientifold with fixed lines. The toric diagram of the parent theory, together
with the projected five-brane diagram and quiver, are given in Fig. and as usual we
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Figure 6.33 The model L?%2/Z,. On the left the toric diagram is drawn, at the center the
five-brane and its orientifold with fixed lines, on the right the quiver resulting from the
projection.

assign the ranks so that the quiver possesses a symmetry with respect to the horizontal
axis. This fully constrains the model, because imposing the relations on the R-charges
coming from the superpotential and requiring that the S-functions vanish give

_N0+N4

N2:N0—27'0 N2 9

N4 = N2 —|— 27’2 . (657)
From this we read that the 7’s must be opposite, and choosing for instance 79 = 1 one
gets No = Ny — 2 and Ny = Ny — 2, which gives precisely the groups and their cor-
responding ranks as in the quiver in Fig. One can finally realize that the central
charge ag 2o matches exactly, i.e. at all orders in NN, the central charge in Eq. (6.56).

6.4.3 Generalization

In the following we generalize the set of constraints for the R-charges in order to find a
superconformal point. Since the line of reasoning follows closely section [6.3.3} we show
the generic solution in a more compact way. In this family of models the 7’s of the four
fixed points project four of the (2k + 2) gauge factor as (79, 71, T2k, T2k+1), Which must
be equal in pairs as (£, £, F, F), in order to yield the same theory of the last model in
the family with fixed lines. Let us use the upper signs without loss of generality and
consider L%2%:0/Z,. All interactions are cubic and the generic terms read

£ X0j122jX0j2j43X0j432j+2 F X2j43,2i+1X2j+1,2j+2X2j4+2,2j+3 - (6.58)

Using Fig. we choose the ranks such that they are symmetric around the horizontal
axis, i.e. No; = Najy1 with i = 0,...,k. Moreover, all fields enter iteratively in the
superpotential and we call the R-charge of the fermions 7, for all horizontal fields, r,
for all diagonal ones and r, for all vertical one. The latter are precisely the fields that
are integrated out in the chain Eq. Note that the choices we made corresponds
to require that the non-anomalous baryonic symmetries do not contribute at the fixed

14With the choice of the orientifold of family B.
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point. The condition from the superpotential together with the beta functions impose

Te +Ty+71,=-1,

2
ry,+1°

Na; — Najo = (6.59)
We see that choosing a pattern for the ranks fixes the R-charge of the vertical fields in
Fig. For instance, with No; 1o = Ng; — 2E] r, = 0 and the mechanism described
in the previous sections arises, as we can integrate out the vertical fields. The crucial
point is that their mass term is exactly marginal. The resulting theory is the orientifold
of L?:2k=2p.2p /7, with quartic terms in the superpotential that give 2r, + 2r, = —2.
Therefore, the solution for L2%:0/Z, still holds.

Finally, there are 2k fields with fermionic R-charge r, and 2k with ry, = —1 — ., so at
large N the local maximum of the central charge reads

1
Te = —7%,

2

27
Q 2
LIRS (6.60)

If we use instead Na; o = Na; — 3, we find the solution where Rx = Ry = Rz = 2/3,
that holds only for L%?%:0/Z,, i.e. the orbifolds of flat space, since the R-charges are not
compatible with a marginal mass term.

6.5 Discussion and conclusions

In this Chapter we have generalized the mechanism studied in [9, [10] to chiral Z, orb-
ifolds of L**® models. The L**% family exhausts the class of non-chiral toric models.
However there exists one (and only one) non-chiral orbifold which does not belong to
this infinite class, corresponding to the C3/(Zy x Z,) theory studied in section We
have observed that the fixed point orientifold of this theory is conformally dual to the
glide orientifold of L??2, corresponding to the non-chiral Z, orbifold of the conifold (i.e.
L+11/Z7,5). The presence of the glide orientifold is the key ingredient that has allowed
us to generalize the above construction to an infinite family of dualities analogous to
the case of L*** studied in [9}10]. We explicitly verified that this is not possible for the
L*%® non-chiral theories studied in [9} [10], so the additional Z, orbifold is a necessary
condition for the new infinite family to exist.

With the exception of the “seed” duality between the non-chiral C3/(Z; x Z,) orbifold

and L11!/Z,, this generalization involves chiral models such as C3 /(Zy x Zy,) = L%2%:0/Z,
and LF-kF/Z,. For k > 2 we have observed the presence of intermediate models L?P:2#=2p:2p /7,
with fixed point projections. They altogether form a family of dual projected models that

we named family A in section The field theory interpretation of the duality is the
presence of an exactly marginal quadratic deformation. In the L**“ case such deforma-

tion is realized by a pairing of (conjugate) two-index tensor fields with R = 1 [9,[10]. In

the orientifolded L*%%/Z, chiral orbifolds studied here we have observed the possibility

of realizing the quadratic deformation via a pair of conjugate bifundamentals. Note that

15Which is the choice in Fig.
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a different glide orientifold, i.e. around the other axis (see figure for example) does
not give rise to conformally dual models.

By considering a different fixed point projection of L?P:2F=2P:2p /7, with 0 < p < |k/2]
we have found the existence of a second family, dubbed family 5 in section involving
the fixed line orientifold of L**:*¥/Z,. This represents a more conventional family of
dualities from the perspective of [9}[10] since it does not involve a glide orientifold.

Another difference between family .4 and B is that in the former all gauge group ranks
are equal, whereas in the latter the ranks are assigned in a way that resembles what done
in the non-chiral cases of [9,[10]. Moreover, in the orientifold models of [9}[10] there is al-
ways an N = 2 mother theory with the same choice of the ranks that flows, upon adding
a relevent deformation, to the ' = 1 models. This is the reason why those dual mod-
els inherit part of the action of S-duality. We have not been able to identify the mother
counterpart for the theories studied here, neither the origin of their duality. However, in
both families A and B, the extremal case L%?%C/Z, has always a different rank assign-
ment such that R = 2/3 for all fields and all -functions vanish. This choice has two
interesting features. First, it is always a shift by one unit w.r.t the rank choice that yields
the conformal duality discussed here. It is unclear if this can be understood in terms
of fractional branes present in the system, and if there exists any relevant deformation
that connects to the conformally dual models. Second, its central charge is always 27/32
times smaller than the central charge of the conformally dual theories, which usually
happens when supersymmetry is broken via mass deformation from /' = 2to N =1
[146]. Clearly, this in not the case here, but an explanation is that the Cartan of SU(2)r
survives the extra orbifold Z; and enters in the combination with the U (1) as in [146].

In all orientifold models studied so far, both here and in [9}[10], there are empirical rules
at the level of toric diagrams which are necessary but not sufficient to have a conformal
duality, namely that the numbers of internal and external points are separately equal and
that all internal points sit on a line. The geometric deformation that allow us to pass from
a toric diagram to another with these rules is associated to the quadratic deformation on
the field theory side, which integrates out fields with R = 1.

Another pair of toric quiver gauge theories describing different singularities before the
orientifold projection but that give rise to a pair of chiral models on the same conformal
manifold has been obtained in [12], relating a fixed line projection of PdP3;, to a fixed
point projection of PdPs.. In this case there is no notion of geometric deformation, i.e.
the possibility of deforming the superpotential by an exactly marginal massive chiral
operator. Even though PdPs. is actually L}*!/Z,, it does not belong to any of the fami-
lies studied here, because the sum a + b is odd. Nevertheless the model of [12] behaves
as the models studied here from the toric perspective, i.e. the toric diagrams in the two
phases have separately the same number of internal and external points. For this reason,
the models of [12] represent a seed for another infinite family of dual orientifold models.
In a forthcoming publication we are planning to show the generalization of this model,
similarly to the cases discussed here.

Finally, let us discuss some interesting avenues of future investigation. A possible gener-
alizations involve orientifolds in presence of extra flavors. In [149] different projections
of the same orbifold result in dual unoriented theories. One may also ask if dualities
similar to the ones studied here exist in lower or higher dimensional SCFTs. In lower
dimensions it would also be interesting to apply the orientifold projections, denoted as
Spin(7) orientifolds in [150] [151], which break holomorphy while preserving some su-
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persymmetry.

Another aspect that we would like to stress is that differently from the pure L** cases,
where four families have been identified [10], here for the chiral L**¢/Z, orbifolds we
only found two families giving rise to a conformal duality. The two missing families
correspond to the S-dual quivers studied in [10]. Here, by inspection, we have not found
the generalization of models with both real gauge groups and tensor matter. If they do
not exist, we would like to understand why.

It would be desirable to have a geometric interpretation of the conformal duality from
the perspective of the 10d string setup and/or the holographic dual. For instance for
the conformal dualities of non-chiral L*** models one can understand them as being
inherited from S-duality of the N' = 2 parent theories. (See [10, Sec. 4.2].) The latter
are engineered as type IIA elliptic models of D4’s, NS5’s and O6-planes, where by tilting
some of the NS5-branes (or the O6-planes) one can halve supersymmetry. In turn, by
lifting the A = 2 models to M-theory one can understand S-duality relating two type ITA
configurations as two different classical degenerations of the M-theory torus [3]. Having
at hand a similar picture for the N' = 1 dualities studied here would clarify their string
theory origin. A possible starting point is the conformal duality between one of the fixed
point orientifolds of C*/Z5 and the fixed line orientifold of L*!!, i.e. the conifold. For
the latter, both type IIB and IIA (elliptic) configurations have been constructed in [144]
without relying on the brane tiling technology. One would then need to construct the
type IIA engineering of the former, and lift the two IIA setups to M-theory to try to
understand the addition of the exactly marginal quadratic deformation in field theory
(responsible for the N = 1 conformal duality) via a chain of string dualities.

Lastly, another promising piece of geometric technology is K-stability [152, [153] of the
SCEFT [154, 155, 156, [157, [158,, [159} [160], which can be understood as a criterion to check
whether the SCFT is stable in the IR against certain deformations of its superpotential,
captured by the chiral ring. In favorable situations (such as for toric theories, but also
for classes of non-toric ones) these deformations can be classified, and are related to
complex deformations of the hypersurface singularity probed by the N D3-branes. It
would be interesting to study whether the conformal dualities of this paper admit an
interpretation in terms of deformations of the chiral ring of the SCFTs.






CHAPTER 7

Multi-planarizable quivers, orientifolds, and conformal
dualities

In this Chapter we study further instances of conformally dual theories obtained from
Type IIB string theory setups in the presence of orientifolds. The examples worked out
in [9} 10, 11] and reviewed in Chapterand@ corresponding to orientifolds of L*** and
L% /Z,, provide examples of conformally dual theories engineered in string theories.
The parent models (i.e. before the orientifold projection) describe stacks of D3-branes
probing different Calabi-Yau threefolds (CY3’s) and, only after the projection and for
suitable choices of ranks, the models have the same conformal and 't Hooft anomalies
and superconformal indices. The claim is that the models are also conformally dual and
the marginal deformations that relate them are associated to quadratic superpotential
deformationsﬂ Then, by integrating out such conformal masses, the final models become
identical.

Another similar behavior was anticipated in [12]. In this case the two models before
the projection are associated to D3-branes probing two different singularities, namely
(cones over) the pseudo del Pezzo surfaces PdPs, and PdPs.. After a fixed-line and
fixed-point projection respectively, again with a suitable choice of ranks, it turns out
that the two models have the same quiver structure, field content, anomalies and index.
These models differ only by the superpotential interactions, i.e. they differ only by the
point on the conformal manifold that they describe, or equivalently there is an exactly
marginal deformation connecting them. This notion of conformal duality between these
two models generalizes the one found for the Lebe and [abe /Z2 orientifolds discussed
in [9} 10, 1] (see Chapters [f|and [), even though in the former there is not any (explicit)
conformal mass connecting the two theories.

Motivated by this example, in this Chapter we look for a generalization of this behavior
for infinite families of toric quiver gauge theories. We note that the crucial property at the
core of the relation between PdPs;, and PdPs. is that the two models can be represented
with the same quiver even before the orientifold projection. The quiver admits two dif-
ferent planarizations, corresponding to the two inequivalent toric descriptions. We then
look for families of quivers admitting multiple planarizations, referring to quivers of
such type as multi-planarizable. We find an infinite family of models of such type: toric
diagrams described by three parallel lines connecting the integer point lattices, two on

INote that these mass terms are relevant in the parent theories [125} 121]], but become marginal after the
orientifold projection.
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the perimeter and a central one (see Fig. [7.9). We observe that there always exist coinci-
dent quivers (in some Seiberg/toric dual phase) associated to different toric diagrams in
this family. The recipe to obtain such quivers corresponds to moving one or more lattice
points from one external line to the other.

We then study orientifold projections of these models, and by inspection we identify
a subfamily that generalizes the construction discussed above for PdPs, and PdPs..
This subfamily corresponds to the case where there is an even number of points on the
perimeter.

We show that after the orientifold (by fixed lines or fixed points, depending on the toric
diagram) the models differ only by exactly marginal deformations. Furthermore we
observe that acting with Seiberg duality and global symmetries we can always find a
phase where the difference between these models corresponds to a sign or a set of signs
in some superpotential interaction.

7.1 Toy models for conformal dualities

In this section we construct pairs of N' = 1 toy models that differ only by a marginal
deformation on the conformal manifold. In particular, given a unique quiver we turn on
different interaction terms such that the models are not the same. We begin with SQCD
in the conformal window, and introduce singlets and interactions so that the global sym-
metry contains (at least) an SU(2) factor. Turning on further interactions breaks this
SU(2) and yields different models. We find a behavior that resembles §-deformations in
N =4 SYM [122], as the models differ only by a sign flip in a subset of terms.

We exhibit examples with unitary and real gauge factors, which will be embedded in
string models in later sections.

7.1.1 SQCD with singlets

The simplest toy model in which the mechanism of conformal duality described above
can be found is SQCD with a single unitary gauge group SU(N) and F flavors. We can
break the flavor group SU(F') in different patterns, by introducing singlets and turning
on interactions. Let us start from the quiver drawn in Fig. with F' quarks ¢, F
anti-quarks ¢ and no interaction, and choose F' such that the theory stays inside the
conformal window, i.e. F' = 2N. Now break the non-abelian global symmetry from
SU(F) x SU(F) into the pattern in Fig. SU(Fy) x SU(Fy) x SU(G1) x SU(G5) with
Fy + Fy = G1 4+ Gy = F. The quarks g1, g2 transform under SU (F}) x SU(F,), whereas
the anti-quarks ¢; and ¢» under SU(G;) x SU(G2). Note that with no gauge singlets
and W = 0 the non-abelian global symmetry of this quiver is actually enhanced back to
SU(F)xSU(F). In order to effectively break the flavor, we introduce gauge singlets M,
M2, M1 and My, which interact with the quarks via a cubic superpotential. Denoting
the color indices with a and flavor indices with f, g; (¢, j = 1,2), we can write

W = hej (My;) ™ @),," (a),” . 7.1)

so that we can control the actual global symmetry by turning on subsets of hy; and im-
posing conditions on the ranks of the flavor groups. Henceforth we will omit color and
flavor indices for clarity. For instance, the theory with only k1 # 0 and hia = hoy =
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ha2 = 0 has superpotential given by
W = hiiMuqiqr (7.2)

and if we require further that F; = G and F, = G5, we obtain the quiver of Fig.
This model is studied in [161], where it is shown that it is dual to the case with h1; = 0
and hja, ha1, haa # 0 with a bifundamental singlet, an adjoint singlet on the second node
and the same requirement for the ranks of the flavor groups.

An interesting case is the one given by h11, hos # 0 and his = ho; = 0, thus the interac-
tion has the form

W = h11Mi1G1g1 + haaM22G2g2 (7.3)

where two out of four couplings are non-zero. Requiring that G; = G, 1 = F; and
identifying singlets My, = Mss = M and couplings hi; = hoa = h, the resulting quiver
is drawn in Fig. and the superpotential simplifies to

W = hMqiq1 + hMgags - (7.4)

Note that we can rotate the quarks ¢, g2 and the anti-quarks g1, g2, signaling an SU(2) x
SU(2) global symmetry that emerges only under the required condition. Rotating both
quarks and anti-quarks gives the same superpotential, while rotating only one species is
equivalent to choosing h2, ho1 to be non-zero and the diagonal terms to be zero.

The final case has h; # 0V /¢, j. We can require that either F} = F5, G; = G2 so that
there are four bifundamental singlets, or F, = G1, F» = G, resulting in two conjugated
bifundamental singlets and one adjoint singlets at each node [161].

All patterns of global symmetry breaking discussed above are summarized in Tab.

Couplings \ Superpotential Global Symmetry
hij =0 W =0 SU(F) x SU(F), Fig.[7.1a
hi1 #0 W =huMiugiq SU(F1)? x SU(F»)?, Fig.[7.1¢
hi1 =hao =h#0 | W=hM(qiq1 + q2q2) SU(F1) x SU(G, = Fy) x SU(2)?, Fig.[7.1d
hej #0 W = h¢jMy;qeq; SU(Fy) x SU(Fs)x
SU(G4) x SU(G>), Fig. [7.1b|

Table 7.1 The various patterns for breaking the global symmetry SU(F) x SU(F') of
SQCD introducing four singlets M,; and four couplings he;, £,j = 1,2, referring to Fig.
With Fi+F,=F =G +Gs.

Consider now the case with two couplings turned on, either h1; = haa = h # 0 or
hig = ho1 = h # 0. In particular, from the quiver in Fig. we focus on two models,
obtained by turning on the first pair or the second one. Denoting them as model A and
B respectively, their superpotentials read

Wa =hM(qiq1 + 42q2) ,
Wp = hM(qi1q2 + q2q1) - (7.5)
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As mentioned above, we can move from one model to the other by rotating the pairs of
quarks, thanks to the SU(2) global symmetry. It is useful for later purposes to change
basis for the quarks as

@ = (Q+ +Q-),
32— (Qy —Q-),
s that the superpotentials in the two models become
Wa—hM[@(Q+ + Q)+ 2(Q4+ — Q)] ,
Wp = h M [1(Q+ — Q-) + ¢(Q+ +Q-)] , (7.6)

and we can redefine the field Q. — —@Q_ in W4 so that the two interactions match. We
add further flavors to this construction, in order to turn on additional interactions. In
Fig. add e.g. SU(F3)? x SU(G35)?, bifundamental matter fields p, p, bifundamental

singlets [, v, f1, f2, fi, f2 landing us onto the model in Fig. Note that the ranks of the
flavor groups must be chosen such that 2F; + F5 = 2G + G5 for the theory to be free of
gauge anomalies. Another interaction can be turned in both model A and B, namely

Wy = Aplgi + A7Pg1 + A@pfifo+ Apgafafi (7.7)

where ) is the couplingﬂ This interaction breaks the SU(2) global symmetry, as we
cannot rotate the quarks anymore. In the basis chosen earlier, we have

Wa+Wx = hM [G1(Q+ +Q-) + ¢2(Q+ — Q)]
+ APl + ATP(Q1 + Q) + Apapfifo + B(Qs — Q) a1,
Wg + Wy = hM [01(Q4 — Q-) + 32(Q+ + Q)]
+ADIG + ATB(Q4 + Q) + Aepfifa+ D(Qr — Q) fr . (78)

and, if we proceed as before, the additional transformation - — —@_ does not send
one model into the other. The new interaction is crucial as there is no field redefinition
that transforms the two superpotentials into the same form. However, the two models
preserve the same global symmetry. In particular, the constraints for the R-charges are
compatible and if a conformal point exists for one model, the same happens for the other,
where one of the couplings has acquired a minus sign. As long as the ranks of the gauge
group and of the flavor groups are chosen such that the 3-functions vanish, we expect
that they live on the same conformal manifold.

In order to see that, let us choose the ranks of the flavour groups as
Gi=N+2, Fy=N-+4,
FF=N-2, Gs3=N-4, (7.9)

and let us turn on the interaction terms one by one, following the flow at every step.

2In principle, there may be two different couplings, A3y for cubic terms and A(4) for quartic, and the
argument still holds. We pick A(3y = A(4) = A for the sake of brevity.



Multi-planarizable quivers, orientifolds, and conformal dualities 119

When W = 0 all of the fields are free, i.e. R = 2/3, the central charge is a« = 11/24
and the cubic interaction W4 is marginal, while the quartic operators in W) are irrele-
vant. Requesting that the S-functions of all the couplings vanish leads to a new confor-
mal fixed point, whose central charge a has decreased to a ~ 0.305. The R-charges of
gauge-invariant operators stay above the unitarity bound, so no accidental symmetries
are generated along the flow. The story is repeated exactly with Wg, and both W4 + W)
and Wp + W, have the same central charge. At this conformal point, the non-anomalous
global symmetry of the two models match as well, with the same charges for the matter
fields, see Tab. and therefore the 't Hooft anomalies match. One can see that Wp
(W4) is classically marginal at the fixed point of model A (B). Furthemore, from Tab.
we can see that W (W4) is not charged under any of the global symmetries, hence it
is exactly marginal [16] for the model A (B). This identifies a direction on the conformal
manifold along which we can move from one model to the other by turning on exactly
marginal operators.

‘ a2 QO @ M D P I v A fo h F
u,| 1 1 -1 -1 0 1 -1 0 0 0 0 0 0
Uiy | 11 0 o -1 -3 -2 I 4L 0o 1 0o 1
vl | 2 2 -1 -1 -1 4+ =3 L 4 1 —-i 1 -3
Ul | 0 0 0 0 0 0 o 0 o0 1 -1 1 1

Table 7.2 The global symmetry charges for the matter fields, both for W4 4 W, and for
Wg + W,.

Furthermore, we shall see that the quiver in Fig. can be embedded in a dimer con-
struction, where one can read off the low-energy gauge theory associated to a particular
toric singularity. To be more precise, the flavor factors would be gauged and further in-
teractions arise, since each field must appear twice in the superpotential with opposite
signﬂ as a consequence of the strong constraints given by the toric condition. We no-
tice that in each case considered below, any pairs of superpotentials of conformally dual
models, obtained along these lines, do not admit any field redefinitions transforming
one into another.

7.1.2 Real gauge groups

The previous mechanism of conformal duality can occur also in the case of a real gauge
group. In order to see that, consider a single gauge group, either SO(N) or USp(N)
with 2F flavors and a singlet in a tensor representation of the flavor group SU(F). Let
us choose the tensor to be symmetric for orthogonal gauge groups and antisymmetric
for symplectic ones. The quiver associated to this theory is drawn in Fig. where
¢1 and ¢y are the fundamental flavors, T is the tensor, and the real group is drawn as a
diamond (see Fig. [7.3|for a legend about our notation for quivers.). We can turn on two

3This can be accounted for by inserting a factor (—1)**! in front of the superpotential in Eq. and the
subsequent ones.

4In our convention USp(2) = SU(2), hence in USp(N) N is even.

SEven though the gauge group is real, we keep drawing arrows for the bifundamental matter fields to show
the chirality under SU(F).
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(a) The quiver for SQCD with gauge
group SU(N), non-abelian global symme-
try SU(F) x SU(F) and W = 0.
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(c) The quiver for SQCD with gauge
group SU(N), global symmetry SU(F1)? x
SU(F»)?, adjoint singlet M; and interac-
ﬁOl’l W = h»llMllal(h-
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(b) The quiver for SQCD with gauge
group SU(N), non-abelian global symme-
try SU(Fl) X SU(FQ) X SU(Gl) X SU(GQ),
with F1 + F» = F = G1 + G2, singlets M;;
and W = hijMiijvqu%

Mll

a ~ 41 3
N] >
Q2 B a2

Gy

Yy

(d) The quiver for SQCD with gauge
group SU(N), non-abelian global symme-
try SU(Fl) X SU(G1 = Fl) X SU(Q)Q, bi-
fundamental singlet M11 = Ms2 = M and
interaction W = hM (q1q1 + ¢2q2).

Figure 7.2 The quiver for SQCD with singlets with gauge group SU (V) and non-abelian
global symmetry SU(F1) x SU(G1) x SU(F3)? x SU(G3)%.
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(N) gauge SU(N) auge SO/USp(N)
N gaug gaug

F flavor SU(F)

Figure 7.3 The notation we use for quivers: a blue circle for a SU(N) gauge factor, a blue
diamond for a SO(N) or USp(N) gauge factor and a red square for a flavor factor.

interaction terms
1
Wa =h 5T} +a3) (7.10)

W =hTqq:, (7.11)

where h is the coupling, and we refer to the theory with W, (Wg) turned on as model
A (B). The constraints for the R-charges given by these interactions are compatible with
each other. Redefine the fields as

Q1%%(Q++Q*) ,
g = %(@ ~Q), (7.12)

so that the interaction terms become
1 1
Wa=h iT(Q% +q3) > §T (Q%r + QQ_) ,

Wo = W T(a) - 57 (@2 - @2) | 7.13)

and they differ only by a relative sign. As before, we can still perform a second trans-
formation on W4 that acts as Q- — iQ)_ and the two theories end up having the same
interaction. Hence, they are equivalent and we can move from one to the other with
simple field redefinitions, similarly to the previous case.

Let us add two flavour groups and four bifundamental fields, w, v, f; and f; as in
Fig. We can turn on an additional interaction in both models, as

Wy = Aqwv — Ag@uwv + Aqwfifo + Agpwfifs, (7.14)

so that model A has superpotential W4 +W) and model B has Wg+W,. We note that the
constraints for the R-charges are compatible, similarly as before, and we ask whether the
two theories are equivalent. If we perform again the two transformations, i.e. Eq. (7.12)
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for both models and subsequently Q_ — i@)_ for model A, we obtain

Wat Wy 37 (01 @) A 5 (Qr +i00) - J5 (@1 —i1Q0)| w
+%(Q++iQ*)wflf2+%(Q+_iQf)wflfQv
W+ W —>th(@2 —Q?)H[l@ Q) - Qs -Q >]wv
B A 2 + — \/i + — \/§ + —
+ % (@ +iQ)wiifa + % Qs —iQ_)whifs . (7.15)

and the two models are no longer trivially connected by a simple field redefinition, due
to the presence of additional interactions. As before, the two theories preserve the same
global symmetry, including the abelian R-symmetry and if a conformal point exists, e.g.
by choosing ranks such that the g-functions vanish, it exists for both models. Let us
choose the ranks as

F=N-2,F=N-4, (7.16)

and study, as before, the dynamics of operators turning interactions one by one. With
no interactions, all of the fields are free and the central charge is a = 11/48. Around
this conformal point, the cubic operators are marginal and quartic ones are irrelevant.
As in the previous section, it exists a consistent conformal point in the IR where the
B-functions for all the couplings vanish, with ¢ ~ 0.153, reached by both W4 + W)
and Wp + W). No accidental symmetries are generated along the flow. Again, the two
models share the same global symmetry and the charges match, see Tab and Wy is
exactly marginal for model B, and viceversa. As before, the two models live on the same
conformal manifold, even though they they flow to different points on the conformal
manifold.

@ 72 w T bil f2
Ul 1 3 2 -2 0
Ulp| 0 0 -1 1 0 10

Table 7.3 The global symmetry charges for the matter fields, both for W4 + W) and for
Wg + W,.

7.1.3 Duality frames

When the models we introduced in the previous subsections are embedded in larger
quivers, the resulting theory contains more gauge group factors, fields and interactions.
At any rate, two models that differ only by superpotential terms of the form W4 and W
are in fact the same theory, but if an interaction that breaks explicitly the rotation among
the quarks in both models is present, then they live on the same conformal manifold, at
separate points where one of the couplings (or a subset thereof) has changed sign. How-
ever, the presence of extra structure can hide the superpotential mechanism we showed
earlier. While the computation of protected quantities such as anomalies and indices
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T
T
SU(F) F E
ol a1 || g v f1
SO(N) SO(N) {N————F SU(F)

(b) The quiver model with a single real
gauge and global symmetry SU(F) x
SU(F)3.

(a) The quiver model with a single real
gauge and global symmetry SU(2F).

would undoubtedly signal that the two theories end up on the same conformal mani-
fold, it can be unclear whether they are actually the same theory or different points on
the same manifold [12]. One would need to compare and map gauge-invariant operators
of the models. In this regard, finding the proper duality frame can make the comparison
easier.

Below we will show prototypical examples that we will encounter in the rest of the Chap-
ter. The idea is that after some duality operation, the superpotential can be brought to
the form of Eqgs. (7.8)-(7.15). Even though there are more gauge factors, the underlying
message is the same as long as all factors lie in the conformal window. For instance, it
may happen that the SU(2) is not explicit, namely ¢> and ¢, are not present in the theory,
but a composite operator will take their place. There is a Seiberg-dual frame in which
this is a fundamental field of the theory and one only needs to find this dual description.
A common situation occurs as follows. Suppose we have the quiver in Fig. part of
two larger models A and B with superpotential

Wa =hMgqi + h Mdtud + Apldi + A pudr + ...
Wp = h Mgud + h Mdug, + Apldt + A pudr + ... | (7.17)

where the dots indicate the part of the superpotential that does not contain d, d, @ or
u and it is shared by models A and B. Note that all the nodes in the quiver are gauge
factors. If we dualize both nodes G4 and G5 in models A and B, the dual quiver results
in the one of Fig. H where the dual quarks are D, U, U, D and the mesons ud = ¢,
du = g2. As there will be more fields transforming under the nodes G4 and G5, more
mesons will be present and other interaction terms will arise, but they do not spoﬂ the
argument. The superpotentials of the Seiberg-dual phases read

Wa=hMgiq +h Mg + Aplgs + A\pgar + ¢2DU + GUD + ...
Wp =hMgiqa +h Maaqr + Aplga + X\ pgar + ¢o2DU + GUD + ..., (7.18)

and the quarks ¢; and ¢; can be rotated as in Eq. (7.6), hence, with the proper choice of
ranks such that the two theories stay inside the conformal window, they live on the same
conformal manifold. Looking back at the original phase (i.e. before dualization), despite
the fact that the interactions differ in the two models (a cubic and a quintic in model A,
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(a) Quiver for a part of a larger model. The
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(b) The quiver with tensors, part of a larger
(a) The quiver with tensors, part of a larger model, where tensor 75 has been deconfined
model. into (t2)” and the gauge node SU(G-) has
been dualized.

and two quartic terms in model B), the two models flow to the same conformal manifold.

It may also happen that we need to dualize only one model, if the interaction in the other
one is already in the form of Eq. (7.1§ -E] As a consequence, we have two interesting types
of conformal duality: either a pair of models with two cubic terms in A and two quartic
terms in B, or a pair of models with one cubic term and one quintic term in A and two
cubic terms in B.

Deconfinement of tensors

The last case of interest concerns the presence of tensor fields. Suppose we have the
quiver of Fig. part of two larger models A and B with superpotentials

1 ~
Wy :hiTl (q%+u2d2) + Awvgy + ...,

Wg = hTiqrud + Awogr + . ... . (7.19)

6We need to be careful that the new phase does not exhibit any global symmetry enhancement.
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We may proceed as before, but we need to dualize the node with the tensor field 75.
In order to do that, we need first to deconfine the tensor field [50} [162] 96|, which is
seen as the result of the confinement of a real group. At this step, we need to be careful
not to add extra gauge-invariant operators, which may arise due to the presence of the
confining gauge factor. In particular, when T3 is an antisymmetric tensor of SU(G) and
G is even, the confining gauge factor is symplecti and we may need to add the Pfaffian
operator Wy, = Pf(T%) to the superpotential, so that it is forced to vanish. However, the
complete structure of the interaction may already impose this constraint, so a case-by-
case analysis is actually neededﬂ

After having deconfined, we are allowed to dualize the node SU(G»), resulting in the

meson ud = ¢, possibly among other composite operators that become fundamental in
the dual phase. The dual theory has the quiver shown in Fig. and the superpoten-
tials of the two models read

1 -
WA:h§T1 (q%—&-q%)—&-)\qul—i—quU—i—... ;

Wg = hTiqigs + Awogs + DU + ... . (7.20)

We realize we are back to the models described in Sec. [7.1.2} hence the same argument
holds. In this case, model A with a cubic interaction and a quintic interaction, involving
a tensor field, flows to the same conformal manifold of model B with a quartic term
involving a tensor field.

7.2 Gauging the flavor: PdPs, vs. PdPs. and their orientifolds

In this section we discuss gauging of global symmetries in the toy models studied above,
focusing on a detailed example. On one hand, this section is a bridge that allows us to
fix the notation necessary for the more general analysis of the conformal dualities for
multi-planarizable quivers studied below. On the other hand we will be able to give an
explanation for the results obtained in [12]]. The models that we present here correspond
indeed to stacks of D3-branes probing the complex cone over the pseudo del Pezzo sur-
faces PdP3, and PdPs. with appropriate orientifold projections, over specific toric phases
that enjoy the Z, needed for the projection. The final models can be constructed by gaug-
ing the global symmetries of the toy models discussed above, by further requiring the
cancellation of gauge anomalies and the vanishing of the beta functions.

As observed in [12] the quivers associated to the PdPs;, and PdPs, coincide, and are given
in Fig. However the two models have different superpotentials. Explicitly:

Wy = Xo1 X13X30 — Xi13 X35 X51 + X35 X50X03 — X0 Xo1X12X24 X5
+ X2 Xo3 X34 Xus X1 + Xoa XaoXo2 — Xo2 Xo3X30 — Xao X03 X34 (7.21)

7In the case of a symmetric tensor, the auxiliary gauge factor that confines is orthogonal. The moduli space
of such a gauge theory must be studied carefully, since the origin may not be smoothed out [18]. Whenever
we need to deconfine a symmetric tensor, we restrict ourselves to the case in which the auxiliary gauge factor
SO(N + 4) confines, generating a symmetric tensor of SU(N).

8In this Chapter we will study cases where those operators are irrelevant.
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3
O
(a) The quiver of. the.ories PdP3, and (b) The quiver of theories PdPs, and
PdP3C’ WIth the OrlentlfOId represented Pdch after the orientifold projection.
with the dashed red line.
and
We = Xo1 X13X30 — X13 X34 X45X51 + X35 X50X03 — Xy0 Xo1X12X24

+ X2 Xo3 X35 X51 — Xog Xus X50X02 — Xo2 Xo3Xs30 + Xag Xo3 X34 . (7.22)

This difference gives rise to two different dimers and thus two different toric diagrams.
As a consequence the two models are nof related by any IR duality.

As discussed in the introduction in this case we refer to the quiver as multi-planarizable,
because there exist two inequivalent periodic planar quivers (and consequently dimers),
i.e. there are two different consistent choices of toric data for the quiver in Fig.
In absence of orientifolds this degeneration does not have further implications for the
gauge theories associated to the two singularities.

The situation is more interesting if one studies orientifold projections. When orientifolds
are added to the previous brane setups symplectic and orthogonal gauge groups and two
index symmetric and antisymmetric representations naturally arise after the projections
and the quivers become unoriented. This is a consequence of the fact that the orientifolds
reverse the orientation of the strings, giving rise to a Z, involution on the gauge theory
[163] [164] [165] [166] [167, [168]. On the brane tiling these projections can be represented
by the general fixed points/fixed lines procedure spelled out in [113} 169} [170] (recently
also projections that involve the Klein bottle have been considered [129]). Orientifolds
have many applications in various sectors, both at theoretical level [171), [172) 173} [174]
175| 176|177, [178] and at phenomenological one [179] 180} [181) 182 [183) 184} [185].

Here we will not review the whole construction and refer the reader to [113, [170] for
more details and notations. The idea is that one considers the action of the orientifold
by looking at identifications on the dimer in terms of fixed points and fixed lines. The
charges carried by the orientifolds reflect in consistent choices of charges associated to
the fixed points and fixed lines. As discussed in [12], the non-trivial statement is that
there exists a fixed-line projection on PdPs;, that has the same quiver as a fixed-point
projection of PdPs.. The action of such projections on the dimer is explicitly represented
in Fig. The final quiver after the projection corresponds to the unshaded one in
Fig. which results in the quiver in Fig. The net effect of the projection is
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Figure 7.8 The dimers of Pseudo del Pezzo 3b and 3c with the fixed lines and fixed points
projections, drawn in red.

then to identify the gauge groups SU(N;) with SU(N5) and SU(Nz) with SU(Ny). As
a consequence, bifundamental fields X5; and Xs4 are projected to two-index tensor rep-
resentations, drawn in red and green. Finally, the remaining two gauge groups SU(Ny)
and SU(N3) are projected to USp or SO depending on the choice of charges associated
to the fixed points. We use to draw the real gauge nodes as diamonds on the quiver. Ob-
serve that the quiver in Fig. [7.7b|is the simplest model that one can construct by gauging
the flavour in the model discussed in Sec. [7.1.2]and Fig.

In the case of the fixed-point orientifold there are four charges, denoted with 7 and la-
beled from 1 to 4 as in Fig. These charges are either +1 or —1 and then, from
now on, we will associate to them the value ; = +1 withi = 1,...,4. In the case at
hand, 7; projects the bifundamental X5; to the conjugate tensor 77, 72 projects the bi-
fundamental X, to the tensor T3, 75 acts on the gauge factor SU(N3) and 74 acts on
the factor SU(Np). As discussed in [12] the product of these charges is constrained as
[I_,7 = (=1)"w/2 where ny is the number of superpotential terms. We thus have
H?Zl 7; = 1. The further requirement that PdPs. and PdPs;, have the same quiver after
the projections imposes that 77 = 74 and 72 = 73, as these are the charges of the two
fixed lines. The choices of 7; consistent with the vanishing of the beta functions are con-
strained by 7, + 7 = 0. This requirement further fixes the gauge ranks properly. There
are two possible choices for 7, = %1, but they are equivalent because of the Z reflection
symmetry of the quiver. In general, for the more complicated cases that we will analyze
below, this property does not hold anymore and the two choices for 7, will give rise to
different models.
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Let us fix 71 = 1 for concreteness. In this case we are left with an
SO(Ng=n) x SUN; =n—2) x SU(Ny =n—2) x USp(N3 =n —4) (7.23)

gauge theory. Each pair of nodes is connected by a bifundamental field, where the rep-
resentations are inherited from the parent theory consistently with the projection. Fur-
thermore there are two tensors for the unitary gauge groups. In the SU(N;) case there
is a conjugate antisymmetric tensor, denoted Ty and colored in green in Fig. In
the SU(N3) case there is a symmetric tensor that we denote T5; and color in red in Fig.
The same colors are used in the rest of the Chapter. In the general analysis in the
following sections we will not specify the value of 7. For this reason in this section we
are using the same notation 7" for symmetric and antisymmetric tensors. This implies
that in each case the correct representation will be specified by the choice of sign for Tlﬂ
On the other hand we distinguish with a tilde the conjugate representation, because it is
independent of the choice of sign for 7.

The superpotentials (7.21) and (7.22) are projected as

W?flzf'l‘ = X01X13X30 — X02X23X30 + %T22X32
- %T22(X01X12)2 - %THX%, - %TM(XQX%F (7.24)
by fixed lines, and
W?fzﬁp' = Xo1X13X30 — X02X23X30 + Toa X12X01 X0z — T11 X13X12X03  (7.25)

by fixed points. Observe that, as in Sec. in these formulas and in the rest of the
Chapter all the gauge contractions will be understood.

Let us make an important remark regarding the factors of 1/2 in formula (7.24). The
presence of such factors has not been discussed in the original references on orientifolds
and dimers [113], because the authors were not interested in the structure of the exactly
marginal deformations. Here we observe that these factors appear each time a fixed line
crosses some superpotential interaction in the dimer, which in turn arises from a disk
amplitude in the five-brane picture and whose volume is halved by the fixed line. As
we discussed above, they are crucial in our discussion about the conformal duality. The
analysis of the fixed point via a-maximization was performed in [12]. This analysis has
shown that the two models differ only by exactly marginal deformations.

Here we analyze the fixed points of the two models by turning on the superpotential
terms one by one. We stress that a similar analysis can be performed in the other models
considered in next sections. We start from W = 0, where a fixed point exists with central
charge a ~ 0.650, and the unitarity bound is not violated. Let us first focus on the PdPs;,.
At this point, at large N, the cubic operators without tensors in Eq. are marginal,
the quintic operators are irrelevant and the cubic operators with tensors are relevant.
We turn on the cubic operators and find a new fixed point with a ~ 0.609, where the
unitarity bound is satisfied. At this new fixed point, the quintic operators are marginal.

Studying the model PdPs,, at the fixed point with W = 0 the cubic operators in Eq.
(7.25) are marginal and the quartic operators, which involve tensors, are irrelevant. By

9We are confident this will not generate any confusion in the attentive reader.
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turning on these operators we find a new fixed point with central charge a ~ 0.609, the
same value we just found for PdPs;. The unitarity bound is satisfied and we see that the
central charge has decreased. This suggests that the quartic operators are dangerously
irrelevant. At this fixed point the operators appearing in the superpotential of PdP3;, are
classically marginal. One can check, from Tab. that these operators are in fact exactly
marginal, therefore the two theories live on the same conformal manifold.

‘ XOl X02 X12 X13 X23 XBO fll T22

0 1 1 1 0 -1 -2 -2
1 0 -1 0 1 -1 0 0

U(1)
U(1)2

Table 7.4 The global symmetry charges for the matter fields, at large N, both for PdPs,
and for PdPs,.

Here we will go one step further by applying a chain of tensor deconfinement ‘tricks” and
Seiberg dualities to show that the two superpotentials are actually identical up to some
sign factors. The interpretation of the conformal duality in this sense is more natural and
fits with the general behaviors discussed in Sec. Observe that the simplest example
of such a conformal duality is the case of N' = 4 SYM in presence of a $-deformation
[122]. More generally the -deformation is always an exactly marginal deformation for
any toric quiver gauge theory [186,[187]. Starting from the superpotential W = AW, of a
toric quiver gauge theory the beta deformed superpotential is W = hW, + W3, where
W corresponds to the toric superpotential but this time taken with all plus signs. In this
sense a model with W = hWW is conformally dual to a model with W = hWj3. Here we
will consider exactly marginal deformations of this type, but only by flipping the sign of
a subset of superpotential interactions.

The next step consists in finding an auxiliary quiver without tensors. This corresponds
to deconfining the symmetric tensor with an SO(N4 = n + 2) gauge node and the con-
jugate antisymmetric tensor with an USp(Np = n — 6) gauge node. The new bifunda-
mentals X 41 and X;p will appear quadratically in the superpotentials, i.e. we substitute
Ty — X2 and T1; — X3,. (Indeed by confining these nodes the theory comes back to
the original one with the tensor.) There are in addition non-perturbative contributions
for the tensors but for generic N they are irrelevant and we can ignore them. In the de-
confined model we can Seiberg dualize the unitary gauge nodes. In this way we want to
explicitly see the conformal duality applying the ideas and the construction discussed in

Sec.[711

The models share two cubic superpotential terms, hence the chain of dualities we are
going to discuss will affect them in the same way, for this reason we prefer to keep the
discussion simple by not showing them in the following. Seiberg duality on SU(N, =

n — 2) gives an SU(N, = n) gauge node with dual superpotential
Wawal = M1Yp2Yo1 + Mi3Ys2Y21 + MopYpaYao + MosYs2Yao (7.26)

where M are the mesons of this duality and Y are the dual (bi-)fundamentals. The re-
maining superpotentials in the two cases are

1 1 1 1
Wap = M3 X30 — Xo2X23X30 + ngB - 5Mfogl + §XEHM123 - ixileg (7.27)
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and
Wie = Moz X0 — XoaXo3X30 + MopMipXo1 — X33 M13 X135 . (7.28)

By integrating out the massive fields (only M3 and X3¢ for the moment)

MosX30 — Xo2X23X30 + MosY32Y20 = —X01X13Y32Y20 , (7.29)
we have
Wsp, = MipYpaYor + Mi3Y352Ya1 + MopYp2Yao (7.30)
— XonXug¥aaYao + 3 Miy — 3 M3 XG, + 5 X3 M — 3 X3, X
and

Ws. = MipYpaYar + Mi13Y32Y1 + MopYpaYoo (7.31)
—  X01X13Y32Ya0 + MopMipXo1 — X3, M13X13

Next we can dualize node 2. Seiberg duality on SU(N; = n—2) gives an SU(N; = 2n—4)
gauge node. Using the letter NV for the mesons of this duality and Z for the dual quarks,
the dual superpotential of the gauge node reads

Wawad = 3 N Z5 Z1o + N$Y 23y Zoa + N 25y Z10 +
1=1,2

+ NopZpi1Zio + NopZpi1Zio + NapZpi1Zia , (7.32)

where the index i refers to the mesons constructed from X3 (¢ = 1) or M13 (i = 1) . The
remaining superpotentials in the two cases are

Wabdet = MopYpaYao + YaaNs3 + YiaNSa — N$3YasYao + Wial
b (M~ Ngp + N - ND) 7.33)
and
Wsedet = MopYpaYoo + Y32N2(§) + Y32N2(2B) - No%)y:szyzo + Waual
MogNop + NYNG) . (7.34)

We can see that the difference between the two models corresponds then to the last line

in (7.33) and (7.34) respectively.

By rotating the fields Myp and Nyp and the fields NE‘IS) and Nf; we arrive at a situa-
tion similar to the one discussed in Sec. The main difference in this case is that the
difference between the models resides in mass terms and not in cubic interactions. Nev-
ertheless we can proceed by rotating these fields as discussed above and then integrate
them out in both phasesm The final difference then resides only in the sign of some of
the superpotential terms as in the discussion in Sec.

190bserve that there are other massive terms that can be integrated out as well but they behave identically
between the two phases.
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Observe that we can rotate fields only if they carry the same charges under the global
symmetry, otherwise we will generate non-marginal terms and break the global symme-
try explicitly. As stressed in Sec. in addition to sharing the same quiver the models
need to have the same global anomalies in order to be conformally dual. This is crucial,
as it determines which theories that share the same quiver flow to the same conformal
manifold. For example, the parent theories PdPs, and PdPs., without the orientifold
projection, still share the same quiver but are not conformally dual because cancellation
of the S-functions requires different solutions. In this sense, the action of the orientifold
is pivotal to ensure anomaly matching.

7.3 Embedding in string theory

In this section we give a general description of the 4d NV = 1 toric quiver gauge theories
that generalize the duality between PdP3, and PdPs. after the fixed-line/fixed-point ori-
entifold projections. The key fact that lends itself to a natural generalization is that both
PdP3;, and PdP3. can be represented by the same quiver. However the two models have
different superpotentials that correspond to the two inequivalent planarizations of the
quiver and they cannot be related by any low-energy duality. This reflects in the fact that
the two toric diagrams are not related by any SL(2, Z) transformation. In general we are
looking for examples of such type: pairs (or sets) of models sharing the same quiver but
with inequivalent planarizations. This is a necessary but not sufficient condition in our
construction of conformally dual models. We refer to such quivers as multi-planarizable.
After obtaining classes of models with this property we discuss general aspects of their
orientifold projections that give rise to conformal dualities.

7.3.1 Multi-planarizable quivers

In most cases, given a planarizable quiver the latter admits a unique planarization in
terms of plaquettes and therefore a unique dimer and tiling. However here we are in-
terested in families of models with the same quiver but different planarizations. We
identify such families in terms of their toric diagrams, that are inequivalent also up to
SL(2,Z5) transformations. From the toric diagram we then identify the brane tiling
using the inverse algorithm. This step is not unique, because toric dual phases can
emerge by different choices of the intersections of the five-branes in the brane tilings
that preserve the zig-zag paths. Nevertheless we observe that it is always possible to
choose these brane tilings for pairs of inequivalent toric diagrams, in order to obtain an
identical quiver. This implies that the quivers obtained by this procedure are the multi-
planarizable quivers that we are looking for. The simplest realization of models with
such property corresponds to the case of PdPs, and PdPs,.
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Figure 7.9 Generic toric diagram la- Figure 7.10 Fundamental cell of the
beled by (k1, ke, k3). (K1, k2, ks) model.

Let us start by identifying the toric diagrams: they are drawn in Fig. In general we
label these toric diagrams by three integers (k1, k2, k3), where k; and ks, represent the
number of points in the two external lines and k3 is the number of points in the central
one, excluding the points at the base. Equivalently, k1 and ks represent the length of the
external lines, while k3 the length of the central line.

It is possible to show that such toric diagrams always admit a dimer with a fundamental
cell given in Fig. This dimer has 2k; squares obtained by cutting hexagons with
the NW-SE orientation and 2k, with the NE-SW orientation. Then, there are k3 — ko — k1
hexagons in the central part of the fundamental cell. The other column is on the other
hand made of k3 hexagons. We have to require k3 > ks + k1, which is saturated when
there are only squares in the central column. With this notation, the examples in the
previous section correspond to (1, 1,2) for PdPs;, and (0, 2, 2) for PdPs,.

Here is the key observation that allows us to construct multiplanarizable quivers. We
consider the flip in figure where a hexagon cut by a diagonal with the NW-SE
orientation is transformed into a NE-SW oriented one, while relabeling the faces as in
Fig. This flip does not give in general a new consistent brane tiling, and in many
cases the flipped dimer shows one of the inconsistencies discussed in [188]. However
this is not the case for the models labeled by (k1, k2, k3) considered here. Indeed in such
cases the flip does not modify the quiver even if it is associated in general to a consistent
but inequivalent model. In fact the latter has a different toric diagram. Labeling the
original toric diagram with the triple (k1, k2, k3), the new toric diagram after such a flip
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Figure 7.11 In this picture we represent the flip on the dimer that preserves the quiver.
We consider a pair of faces A and B obtained by cutting an hexagon with a NW-SE
diagonal and we flip it into a NE-SW one. By relabeling the faces one can see that the
quiver remains identical even if in general it is associated to a different toric diagram.

is given by the new triple (ki + 1, k2 — 1, k3). In general we can iterate the flip described
above and conclude that two models (k1, k2, k3) and (k7, kb, k%) have the same quiver
but different toric data if k5 = ks and k1 + k2 = k| + k% (observe that the choice k1 = k)
is trivial in this sense).

7.3.2 Orientifold projections

In this sub-section we add the orientifolds to the previous brane setups and we focus on
the relation between the orientifolds and the conformal symmetry. Typically when O-
planes are considered it is not straightforward to preserve the conformal symmetry for
stacks of NV D3- branes probing the singularity. On the field theory side suitable choices
of gauge ranks have to be considered.

As discussed in [12] there are three possible scenarios if one considers the fate of confor-
mal invariance after the projection. The first scenario corresponds to the case in which
there is a fixed point after the projection and there are O(1/N) corrections on the physi-
cal observables due to the presence of the orientifold. The second scenario corresponds
to the case in which the theory obtained after the projection does not have any confor-
mal fixed point. The third possible scenario corresponds to the case in which there is a
new fixed point in the unoriented model, but the corrections are not of order O(1/N)
anymore.

In the example of [12] it was shown that there is an interplay between the first and the
third scenario in the orientifold projections of the two inequivalent models. Here we
will extend this relation in the models parameterized by (ki, k2, k3). Namely we will
find a general assignment of gauge ranks such that some unoriented conformal theories
will belong to the first scenario and some other to the third scenario. We checked that
the central charges of these orientifold models match and that only the cases with k; =
k2 belong to the first scenario. Furthermore we claim that by applying the orientifold
and assigning such ranks to pairs of inequivalent models sharing the same quiver we
obtain unoriented theories differing only by exactly marginal deformations as in the
case studied in [12]] that we have reviewed above.

Concretely, by analyzing a large amount of models, we have indeed observed that the
conformal duality obtained in [12] can be generalized by requiring that the final mod-
els have two real gauge groups (and equivalently two two-index tensors for two of the
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unitary groups). This restricts the possibilities, implying that k; + k; = 2k with & inte-
ger, and k3 > 2k. We have explicitly seen that relaxing this condition allows for models
which are not conformally dual, but it is not clear, at least for the moment, what is the
reason behind it, both from the field theory perspective and from the string theory side.
In this way one of the possible models is always (k, k, ks > 2k), that admits a fixed-line
projection. This fixes also the possible signs of the fixed-point projections in the other
models in the same family of conformally dual theories. In order to construct a family
of fixed-point conformally dual orientifolds we proceed as follows. First we identity the
model with (0, 2k, k3) as the seed of the family. This model and the (&, k, k3) model must
be chosen in a Seiberg dual phase that allows the fixed-point or fixed-line projections to
give rise to the same final quiver. Such a phase is not unique, there can also be other
phases that give rise to the same final quiver, and there can be also other (inequivalent)
choices. As we will discuss, those inequivalent choices are no longer related by chains
of Seiberg dualities after the orientifold projection. Once this is fixed we can increase k;
using the flip in figure [/.11]by two units preserving the sum &; + k». A generic model
in this case is (2p + 1,2k — 2p — 1, k3). Depending on the parity of k the sequence of
flips terminates with (k, k, k3) or (k — 1,k + 1, k3). We will give evidence that all of the
models constructed by fixed-point orientifolds in this way are conformally dual to the
fixed-lineEr] orientifold of (k, k, k3) (i.e. that there is at least one Seiberg dual phase that
gives rise to such a conformally dual theory, once the gauge ranks are suitably chosen).
Observe that the minimal £ = 1 corresponds to the case studied in [12], where indeed
there are only two possibilities (1,1,k3 = 2) and (0,2, ks = 2). Furthermore, the case
k = 2 cannot give rise to any intermediate case either, since only (2,2,k3 = 4) and
(0,4, ks = 4) are allowed, while (1, 3, k3 = 4) does not admit any toric dual phases that
can be projected consistently with the other two cases. Hence, the first non-trivial case
with more than two models has necessarily k£ = 3.

By inspection we have also observed that there is a unique assignation of ranks that gives
rise to the generalization of the conformal duality found in the original PdPs; . case. This
choice is explained as follows. Consider the limiting case with k; = k5 and its fixed-line
orientifold projection, so that there are only two charges whose signs are 71 and 7. On
the reduced fundamental cell delimited by the fixed lines, 7; is the charge associated to
the line at the top, while 7> at the bottom, as in Fig. The vanishing of the beta
functions always requires that 71 = —7» = 7, consistently with the prototypical case of
PdP models. Consider the case in which the gauge factors projected by the top line and
the bottom lines lie on the side of the dimer, and label them with 0 and 3k, respectively.
The hexagons on the sides of the reduced cell are labelled with 3¢, £ = 0,..., k. As
a consequence, gauge factors from the central line in the reduced cell of the dimer are
labelled with 3¢ 4+ 1 and 3¢ + 2 for a pair of squares, 3¢ + 1 (or 3/ + 2 equivalently) for
hexagons. Having set up the notation for the labels, we assign rank Ny = n to the first
gauge facto and the choice of the ranks is summarized as

Ngg :n74€’7'1 s (735)
N3py1 = N3pp2a=n—2—4l7 (7.36)

UFor odd k, the (k, k, k3) case admits also a fixed-point projection. We will see in the examples below that
this choice has to be considered as well because it can give rise to new types of conformally dual models.
Observe that there are also other choices of signs if (k, k, k3) has fixed points but we will not discuss such
possibility below.

120r better, the zeroth one.
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with £ = 0,..., k, where the shifts are understood as in Fig.

If the projected gauge factors lie on the central part of the dimer instead, we only need
to shift the labels by 3, with £ — ¢ + 1, and the rank assignement remains as in Eq.
for the gauge factors on the side of the dimer, and Eq. for the gauge factors on
the central part of the dimer. Colored fields in red and green represent tensors and
conjugated tensors, while diamond nodes are real gauge groups. Finally, the general
quiver is drawn as in Fig. [7.13|and wherever there are hexagons in the central line of the
dimer, their contribution to the quiver is drawn in an example in Fig. where we
may think of it as part of the diagram has been folded.

0 —» 27 47

T

N="Th="T3=T4=17

Figure 7.12 On the LHS we summarize the general rank assignation on the dimer that we
have considered in the whole Chapter. We start by considering the same rank for each
node and then we shift the ranks by j7 where j = 0, 2,4 following the coloring of the
arrows in the figure. On the RHS we consider the choices of the charges 7 fo a generic
fixed line and fixed point projection.
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Figure 7.13 The generic quiver associated to a toric theory with (ki, k2, k3) and k3 =
ki+ky=2kand ¢=0,...,k.
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Figure 7.14 The generic quiver associated to a toric theory with (ki, k2, k3) and ks >
k1—|-k’2 :2kand€: 1,,(k+1)

7.4 Case study

In this section we apply the construction discussed above for obtaining conformally dual
models by suitable orientifold projections of multi-planarizable toric quiver gauge the-
ories. We will discuss explicitly two cases, both with k = 2, where all the properties
and possibilities discussed in Sec. show up. A larger set of examples is included in
App. In the following analysis we will keep the same conventions for the quivers
and for the projections discussed in the previous sections. We checked, by following the
same analysis discussed for the toy models and the PdPs, that each model has a fixed
point that satisfies the unitarity bound. We will then show in each case that, by applying
chains of tensor matter deconfinements, dualities and rotations, all the conformally dual
models can be transformed into models with the same superpotential up to some signs
in the interactions, making the conformal duality completely explicit.

741 (2,2,5)vs. (0,4,5)

Let us start the analysis with the dimers and the toric diagrams depicted in Fig.
There are three dimers associated to the (2,2, 5) model and one dimer associated to the
(0,4,5) model. Even if the three dimers associated to (2,2,5) are Seiberg dual before
the orientifold, we will analyze the various possibilities because the conformal duality
model emerges in different ways.

While in the (0,4, 5) case we have only a single fixed-point orientifold projection that
adapts to our goals, in the (2, 2, 5) case there are three orientifold projections that we can
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consider. Two of them are fixed-line projections while the last is one by fixed points.

Figure 7.15 The dimers representing the orientifold projection of toric diagrams (2, 2, 5),
on the left, and (0,4,5) on the right. For (2,2,5), there are both fixed lines and fixed
points projections.

The projections give rise to different superpotentials. For the first fixed-line projection of
the (2, 2,5) model we have

. 1
Wk §T33(X123 —Y3) + Vi3 X35Ys1 — X13 X34 X45X51

(2,2,5) —
+ X34 X46X63 — X35 X56X63 + X56X68X84Xu5 — XusX67 X738 X354

1~
+ X7 X79 X906 — X3 Xg9Xo6 + §T77(X58X829 - X3Zy) . (7.37)
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Figure 7.16 The quiver for the theories (2,2,5) and (0,4, 5), after the orientifold projec-
tion.

while the second fixed-line projection of the (2, 2, 5) model we have
02 1
Wiss = §T33(X123 —Yi5) + Yi3X35Vs1 — X13X34 X145 X51
+ X34 X46X63 — X35 X56X63 + X56X67 X738 X84 X145 — X6 X63X3s4
1~
+ Xe8XgoXos — Xe7Xr9Xogp + §T77(X'?9X’?8 - X&) - (7.38)

On the other hand the fixed-point projection of the (2,2, 5) model gives

ng';s) = %T33X13Y13 + Y13 X34 X5 X51 — X13X35Y51

+ X35 X56X63 — X34 Xa6X63 + Xa6XesXsa — X56X67X78X84X45

+ X7 X79X06 — Xos Xs9Xoo + Trr Xr9 X7 Xs - (7.39)
Lastly, the fixed-point projection for the (0,4, 5) model gives

Q
W(of,is) = T33X13Y13 + Y13 X34 X45 X51 — X13X35Y51
+ X35 X56X63 — X324 X46X63 + Xu6X67X78 X84 — X56X68 X4 X145
+ Xos X80 Xos — Xe7X70Xo6 + Tr7r X78 X9 X9 - (7.40)

The ranks of the gauge groups consistent with the anomaly cancellations and the exis-
tence of a conformal fixed point are

N1:n, Ngzn—2T7N4:N5:n—4T,
Ng=n—67, N; = Ng=n—8r, Ny=n— 107 . (7.41)

Let us remind the reader that the two possible choices of sign 7 = %1 give rise to two
different quivers, that in this case are inequivalent and need to be studied separately.

The two different projections indeed yield either SO(NN;) and USp(Ny) or USp(N:) and

SO(Ny). Furthermore the tensors T33 and f77 are either symmetric and conjugate anti-
symmetric or conjugate symmetric and anti-symmetric, respectively.
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We have checked that both choices of T give consistent SCFT by a-maximizing with the
ranks in formula (7.41). Furthermore we have computed the various 't Hooft anomalies
and have seen that they coincide between the models. The relation between these models
is then very similar to one between the projections of PdPs;, and PdPs..

In the following we will see that indeed, by applying the general analysis of Sec. we
can distinguish (in some Seiberg dual phase) the models only by some superpotential
signs.

Let us begin by comparing the superpotential of the two fixed-line projections of the
model (2,2,5), Egs. (7.37)-(7.38). They differ only in the last terms in the second line and
the first two terms in the last line. While the latter two can be reabsorbed by a change
of sign in Xy, the former two can not, and we proceed as follow. Observe that before
the orientifold projection the two theories represent two different Seiberg dual phases
associated with the same toric geometry. After the projection they are conformally dual,
and one might think they are actually Seiberg dual. We shall see that this is not the
case. Performing Seiberg duality on the gauge node labeled by 5, the superpotentials
becomd™|

W8‘55) =(...) + My XosXgs — X6 Xe7 X738 X354 ,
2
ng'§,5) = (...) + Mye Xo7 X738 X4 — Xa6X68 X384 , (7.42)

where we have highlighted only the unequal terms and where M, is one of the mesons

in the duality. If we consider the combinations V. g ) - X 46 £ M6 we can see that the two
superpotentials differ only in a sign, as discussed in Sec. Hence, the theories after
the orientifold projection are conformally dual but not Seiberg dual (as one could expect,
since usually the orientifold does not “commute” with Seiberg duality.le However, in
larger dimer structures there may be chains of Seiberg dualities preserved by the orien-
tifold projection, as we show in App. Observe that one can equivalently deconfine

the tensor 777 and dualize node 7, obtaining the same result.

If we compare the orientifold projection with fixed points on the model (2,2,5) to the
fixed-line ones, we see from Eqs. (7.39)-(7.37) that we need to act upon the terms with
the tensors and the same pair of terms of the previous case, hence the discussion holds
in the same way. Furthermore, Egs. (7.39)-(7.38) differ only in the terms where tensors
appear, and we are back to the case studied in Sec. [7.1.2]

These three theories obtained by projecting the (2,2,5) models can also be related to
the fixed-point projection of the (0,4, 5) case corresponding to the superpotential (7.40).
The proof is straightforward because it uses the same dualities and field redefinitions
discussed already in the (2, 2, 5) case.

The models discussed in this subsection summarize the core of the mechanism of confor-
mal duality as it is introduced in Sec. i.e. no field redefinition reabsorbs the relative

13 Also, some fields become massive in both models and are integrated out, but their F-terms do not affect
the terms we are interested in.

14This happens when one performs Seiberg duality on a gauge factor “close” to the fixed locus. On the brane
tiling, Seiberg duality corresponds to moving NS5-branes across each other. This operation does not commute
with the orientifold projection when one needs to cross the orientifold plane. On the other hand, before and
after the projection the duality is preserved when the NS5-branes do not cross the orientifold plane and the
same operation is performed on the NS5’s on the other side, preserving the Zs symmetry.
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sign between parts of a pair of superpotential and transform one into the other. It is the
flip move, introduced in Sec. [7.3|from one dimer to the other that generates the sign flips.
Some of them can be fixed by the redefinition of an horizontal edge (Xog in (7.37)-(7.38)),
but this is not enough to fix the whole superpotential. The reason is that the orientifold
theory inherits the structure of the interaction from the parent theory and the pattern of
the signs is strongly constrained by the toric condition.

742 (2,2,6)vs. (0,4,6)

We conclude this section with a second example. The two models before the projections
correspond to the toric diagrams identified by (k1, k2, k3) = (2,2,6) and (k1, ko, k3) =
(0,4, 6). We refer to the projections considered here as “first case”, because there is a sec-
ond possibility discussed in the App. [C| The models and the projections are summarized

in Fig.

0 2 1 o||o 1 2 0| |0 2 ; 0
3 3|3 3| |3 3
4 4 4
6 6|6 6| |6 6

8 8 8
o\’ 9|9 ’ 9 |9 ! 9

Figure 7.17 The dimers representing the orientifold projection of toric diagrams (2,2, 6),
on the left, and (0, 4, 6) on the right. For (2, 2, 6), there are both fixed-line and fixed-point
projections.
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Figure 7.18 The quiver for the theories (2,2,6) and (0, 4, 6), after the orientifold projec-
tion.

The projections give rise to different superpotentials. For the first fixed-line projection of
the (2, 2,6) model we have

1
W(Z“z 6) = 3122 <X02 X31X122> + Xo1X13X30 — Xo2X23X30

+ Xo3Y34 X1 X190 — X13 X34 Xu1 + X34 Xu6X63 — Y34Ya6X63
+ Yie Xo7X7s Xga — Xus X638 X4 + X63X3g9X06 — X67X79X06
1~
+ 5T (X — X3 X5 (7.43)
while the second fixed-line projection of the (2,2, 6) model we have

W(gﬂz 6) = T22 <X31X122 - ng) + X02X23 X350 — Xo1X13X30

+ X13Y34 Xy — Xo3 X34 X1 X2 + X34 X46X63 — Y34Ys6X63
+ Yie Xo7 X8 Xga — Xu6 X638 X4 + X63Xg9X06 — X67X79X06

1~
+ 5T (X$9 - X?sstg) : (7.44)
On the other hand the fixed-point projection of the (2,2, 6) model gives

Q
W(zf;@) = T2 X02X01X12 + Xo1 X13X30 — X02X23X30
+ Xo3Y34 X471 X190 — X13 X34 Xu1 + X34 Xu6X63 — Y34Ys6 X63

+ Yie Xo7X78 Xga — Xu6 X638 X514 + X63Xg9X06 — X67X79X06
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Lastly, the fixed-point orientifold projection for the (0, 4, 6) model yields

W((giﬁ) = Tr2 Xo1 X12X02 + Xo1 X13X30 — X02X23X30

+ Xo3Y34 X441 X9 — X13 X34 X1 + X34 X46X63 — Y34Ys6X63
+ Yy X68 Xga — Xus X67X78 X4 + X7 X79 X096 — X63X59X06

+ Trr X7 X8 Xzo - (7.46)

The ranks of the gauge groups consistent with the anomaly cancellations and the exis-
tence of a conformal fixed point are

NOZTL,leNg:n—QT,N3:n—4T
Ny=n—671, Ng=n—8r, N, = Ng=n—107, Ng =n — 127 . (7.47)

Again the two possible choices of sign 7 = +1 give two different quivers, that in this case
are inequivalent and need to be studied separately. The two different projections indeed
give either SO(Ny) and USp(Ny) or USp(Ny) and SO(Ng). Furthermore the tensors Tho
and T are either symmetric and conjugate anti-symmetric or conjugate symmetric and
anti-symmetric, respectively. We have checked that both choices of 7 give a consistent
SCFT by maximizing the a central charge with the ranks in formula (7.47). Furthermore
we have computed the various 't Hooft anomalies and we have seen that they coincide
among the models.

Similarly to the previous example we can study the conformal duality between these
four models by applying the discussion in Sec. Again the first three cases are toric
dual before the projections and even if such a duality is broken by the projections the
models remain conformally dual.

Let us discuss the map between each pair of superpotentials explicitly. The superpo-
tentials of the two fixed-line projections, given in formulae (7.43) and (7.44), differ by a

sigby considering the combinations V. ?Ef) = X341Y34. The superpotentials of the two
fixed-point projections, given in formula (7.45) and (7.46), differ by a sign by considering
the combinations N, iét ) — X464+ Yie. The map among one of the superpotentials obtained
by a fixed-line projection and one obtained from a fixed-point projection requires also to
apply one Seiberg duality on node SU(N;) and one on node SU (Ng).

The transformations of the two superpotentials obtained by a fixed-line projection after
this duality corresponds to

1 1
*T22(X§2 - X§1X122) - *T22(X32 - Mgz) )

2 2
1~ 1~
§T55(X$9 - X?ngg) - §T55<X$9 - M729) ) (7.48)

while those of the two superpotentials obtained by a fixed-point projection after this

15Also by a sign in the first line, but this can be reabsorbed redefining X30 and T2, similarly as in the
previous section.
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duality corresponds to

T52X01X12X02 — ToaMpaXo2
T X7 X8 Xg9 — Tr7XqoMyy . (7.49)

After applying these dualities we consider the combinations of fields X2 + My, and
X79 & Mr9. We can see explicitly that combining these operations and the field redef-
initions X46 £ Ya6 and X34 & Y34 when necessary, each superpotential obtained by a
fixed-line projection differs only in sign choices from the superpotentials obtained by a
fixed-point projection.

This concludes the analysis for this case, showing indeed that the conformal duality can
be reformulated along the lines of the discussion in Sec.

We have studied many other examples, and they all behave as the two examples studied
here. For completeness we briefly discuss these models in App.

7.5 Discussion and conclusions

In this Chapter we have generalized the result obtained in [12], where it was shown that
two quiver gauge theories describing stacks of D3-branes probing different toric CY3
singularities reside on the same conformal manifold once suitable orientifold projections
are considered. The two singularities studied in [12] are the PdPs, and PdPs. surfaces
and the orientifolds are implemented by a fixed-line and a fixed-point projection on the
dimer, respectively.

The key point allowing for a natural generalization of this conformal duality is that the
two models share the same quiver even before considering the orientifold. These quivers
have different superpotentials however, and this gives rise to different dimers and toric
diagrams. Nonetheless there exists a “flip” on the dimer (see Fig. that can be used
to transform one toric diagram into the other, by reversing the orientation of one zig-
zag path in a consistent way. We have found infinite families of dimers associated to
different toric diagrams but sharing the same quiver by the application of this flip. It is
enough to require that the flip does not spoil the quiver structure and that the zig-zag
paths intersect consistently. We have referred to quivers with this property as multi-
planarizable, i.e. the same quiver admits different planar periodic quivers associated, in
general, to different CY singularities. We have then studied the orientifold projections in
terms of fixed-line and fixed-point identifications on the dimer. By analyzing a large set
of models we have found infinite classes of models that behave as the ancestral case of
PdPs;, and PdP3.. These models are specified by the reflection symmetry property of the
toric diagram, in the phase projected by fixed lines.

We have further studied the conformal dualities among the models obtained after the
projection by iterative applications of ordinary Seiberg dualities. Our strategy consists
in considering two conformally dual phases and applying the same dualities on both.
This procedure preserves the fact that the two models have the same quivers and that
all the fields have the same global charges. We have found that a judicious application
of Seiberg dualities transforms the superpotential interactions of the two phases in a
remarkable way. There always exists a phase where two conformally dual models have
the same quiver and the same superpotential interaction. The only difference regards
the sign of the coupling: some of these may indeed have a different sign. This sign
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difference cannot be reabsorbed in a phase for the fields and thus represents a genuine
exactly marginal deformation connecting the two models.

We left open many questions and possible directions of future investigation. Here we
have found infinite families of quivers that admit different periodic planar descriptions.
It is natural to wonder if these families exhaust (up to Seiberg or toric dualities) the possi-
ble quivers with this peculiar property. If other such models exist then one should check
if there are orientifold projections giving rise to conformally dual models for suitable and
consistent choices of gauge ranks. One may also add flavor branes to the configuration
along the lines of [1], which will provide an even richer structure on the gauge theory
and more freedom for the choice of the gauge ranks, but at the same time one would lose
the description of the orientifold projection from the dimer construction.

One can also wonder whether there are quivers that coincide only after the orientifold
projection. If true, it should be possible to find other conformal dualities for these cases
as well.

In general it is worth mentioning that all the conformally dual models found in this
Part and in [12] 9} (10, [11]] share a similar property when looking at their toric diagrams,
i.e. they have the same number of internal and external points. This signals that the
gauge theories have the same number of gauge groups and of non-anomalous global
symmetries. The role of the orientifold is to further break the global symmetry, and to
identify the 't Hooft anomalies of the surviving ones. This idea can be used to generalize
the construction to more general cases. One may in principle find examples of confor-
mal dualities with different Lagrangians and quivers by studying orientifolds of models
with the same number of gauge groups and global symmetries. The final goal of this
program consists in finding a predictive stringy recipe for obtaining conformal dualities
in presence of orientifolds. One may think of such a top-down approach as complemen-
tary to the bottom-up one used in [24] to find conformal dualities. A key role in their
setup seems related to the presence of orientifolds, since most of the examples feature
real gauge groups and tensor matter fields.

One last natural question regards the holographic interpretation of the dualities found
here In particular, it is necessary to understand the role played by exactly marginal
deformations in the gravity dual. As we stressed in the discussion the marginal defor-
mation connecting the models obtained here is related to the S-deformation of SYM, be-
cause it can always be reformulated as a sign flip of some superpotential terms. Observe
that, despite the similarities among models related by such a sign flip, there are non-
trivial differences. For example they differ in the spectrum of chiral primaries operators
[190}[191]]. See also [192}[193]] for an analysis of the chiral matter superfield propagator in
the 8-deformed case. The holographic dual mechanism for the case of the S-deformed
N = 4 SYM was originally interpreted in [194] as a TsT transformation on the AdS side.
Here we are considering more complicated cases, because the sign change involves only
a subset of couplings and because we are in presence of orientifolds. A general discus-
sion on the gravitational origin of marginal deformations for toric quiver gauge theories
appeared in [187]. In absence of orientifolds, the intimate relations between the marginal
deformations and the zig-zag paths recently obtained in [195] [196] may provide a useful
guideline to address the problem from the gravity side. Generalizing such constructions
in presence of orientifolds represents a first step to investigate in this direction.

Finally it would be desirable to find the origin of the conformal dualities in terms of

16See also the recent reference [189] for related comments.
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string dualities, starting from two inequivalent CY3 singularities and considering orien-
tifolds of those which are known to give rise to conformally dual gauge theories.
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CHAPTER 8

N = 3 S-folds

In this Part of this thesis we consider superconformal theories (SCFTs) in 4d. In particular
we will be interested in SCFTs with A > 2, that is conformal theories which preserve at
least 8 supercharges (plus the 8 conformal partners of the supercharges). We will study
the 1-form symmetry groups of these theories, which are global symmetries that act
trivially on local operators but act non-trivially on line operators. Furthermore we will
develop some consistency conditions for these CFTs based on the rank, the geometry
of the space of vacua and the electromagnetic charges of local operators. We analyze a
class of N' = 3 SCFTs called S-fold SCFTs [197], that we briefly review in Section In
general, theories with /' = 3 supersymmetry have not been deeply investigated so far.
Such models have been predicted in [198]], and then found in [197]. Many generalizations
have been then studied by using various approaches [199, 200, 201} 202} 203} 204} [205|
5], we will be interested in particular in the theories called exceptional S-fold SCFTs
introduced in [200].

Our interest in studying CFTs arises from their role as fixed points of the RG flow, making
CFTs a basic building block of our understanding of quantum field theories. Alongside
CFTs obtained as IR fixed points of Lagrangian theories a large and interesting class
of interacting CFTs can be obtained from string/M-theory, either through dimensional
compactification or geometric engineering. Many of these theories lack a conventional
Lagrangian description, therefore the study of their dynamics should involve an analysis
of their stringy construction, aided by field theoretical constraints, for example those
originating by symmetries.

When, on top of the conformal symmetry, a CFT also enjoys supersymmetry then field
theoretical results can strongly constrain a theory. As an example it is widely believed
that in 4d with 16+16 conserved supercharges all the CFTs are classified by V' = 4 SYM
theories with arbitrary gauge group, possibly with the addition of topological terms in
the action. With a lower amount of supersymmetry such a complete classification is not
available, although some progress has been made in the last two decades for SCFTs with
N > 2 SUSY [206] 207, 208, 209, 210, 211} 212} 213] 214} 215, 216, 217, 218) 219} 220 221}
222, 223} 224, 225), 204, 226), 227|203} 228}, 229]. An important ingredient that renders a
classification program feasible is the existence of a Coulomb branch (CB), an r-complex-
dimensional space of vacua, with r the rank of the SCFT, where on general points the low
energy dynamics is that of a NV > 2 U(1)" gauge theory where all the charged states are
massive. On non-general singular points of the CB some charged states become massless
and give rise to non-trivial dynamics in the IR.
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The the analysis of the interesting physics of N' > 2 SCFTs boils down to what happens
at singularities of the CB, as discussed for example in the seminal paper by Seiberg and
Witten [230]. The theory arising on a codimension-n singularity is a theory with rank n <
r, making it possible to study A" > 2 SCFTs “by induction” on the rank: the properties of
arank-r theory are related to the properties of the theories supported on its singularities,
which have rank less than r. This procedure has been referred as CB stratification [204]
and in the following we will borrow this terminology.

We will adapt the general ideas of the stratification to the charge lattice I of N’ > 2 the-
ories which is the lattice of electromagnetic charges under U(1)" of the massive states in
a generic vacua of the CB, and the associated Dirac pairing J. In ' = 2 theories there
is a close connection between the charge lattice I' and the 1-form symmetry group G
[29] 231 14} 232], which allow us to study the generalized symmetries of these theories
directly from their charge lattices. Indeed the objects charged under 1-form symme-
tries, which are Wilson-"t Hooft lines [233] in a generic CB vacua, are constrained by the
spectrum of charged local states through the Dirac quantization condition. For example,
given a basis of the charge lattice, the Dirac pairing matrix .J in this basis is related to the
order of GV as follows [231]:

‘G(l)‘ = |P£ ()] 8.1)

It is possible to obtain more refined informations about the 1-form symmetries and the
spectrum of line operators from the charge lattice. The electromagnetic charges of line
operators can be obtained as a maximal set of charges that can be added to the charge
lattice I' without breaking the Dirac quantization condition. Generally there are multiple
choices for this set of line operators which correspond to multiple global structures for
the same local dynamics. A rough outline of the procedure is as follows. Given a charge
lattice I' then any line operator ¢ must have integer Dirac pairing with any charge in I'":

(t,v)ez Vy el (8.2)

in order for the line operator to be well defined with respect to the Aharonov-Bohm
effect. For the same reason, any two line operators /;, £; must satisfy:

The analysis of the solutions of and is simplified by the fact that the non-trivial
information about the line spectrum is contained in the lines with charges inside the
fundamental domain in I', therefore we can study line operators up to the equivalence
relations:

t~l+y Vyel (8.4)

In Chapter[9]we will determine the 1-form symmetries and global structures of a class of
N = 3 SCFTs called S-fold SCFTs by explicitly computing the charges of line operators,
the results are summarized in Table

2-form symmetries, on the other hand, are related to discrete gauging [28]. In 4d gauging
a discrete 0-form symmetry generates a magnetic 2-form symmetry, whose topological
operators are the Wilson lines of the discrete gauge group. On top of that, if the 0-
form symmetry acts non-trivially on the CB, gauging it generates singularities on the
CB in correspondence of the fixed points under the action of the symmetry. There are no
massless states on these new singularities, therefore there are no BPS states whose central
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charge vanishes there. This means that 2-form symmetries can be used as indicators of
discrete gauging, and the same is true for CB singularities with no massless charged
state. In Chapter [I0|we study this phenomena in S-fold SCFTs as well as in exceptional
S-fold SCFTs. We will recover the known results for S-fold SCFTs, obtained via M-theory
considerations in [199], and we will show that some exceptional S-fold SCFTs are discrete
gauging of free theories. Our results for exceptional S-fold SCFTs are summarized in

Table

Allin all, in ' > 2 SCFTs the structure of higher form symmetries can give information
about the local dynamics, namely on the charge lattice and BPS condition of charged
states, and viceversa. In this thesis we only study SCFTs with N’ = 3 supersymmetry,
but the techniques described can be applied to the case of N’ = 2 SCFTs as well.

8.1 S-fold SCFTs

Historically, S-folds represent the first examples of N' = 3 SCFTs in four spacetime di-
mensions, discovered by Garcia-Etxebarria and Regalado in [197]. A key role in the
analysis of [197] is based on the existence, in the string theory setup, of non-perturbative
extended objects that generalizes the notion of orientifolds, the S-folds (see [234] 235]
for their original definition). From the field theory side, the projection implied by such
S-folds on V' = 4 SYM has been associated to the combined action of an R-symmetry
and an S-duality twist on the model at a fixed value of the holomorphic gauge coupling,
where the global symmetry is enhanced by opportune discrete factors. Four possible Z,
have been identified, corresponding to & = 2, 3, 4 and 6. While the Z; case corresponds
to the original case of the orientifolds [163} (164, [165] [166) (167, [168], where actually the
holomorphic gauge coupling does not require to be fixed, the other values of % corre-
spond to new projections that can break supersymmetry down to ' = 3. The analysis
has been further refined in [199], where the discrete torsion, in analogy with the case
of orientifolds, has been added to this description. In this way, it has been possible to
achieve a classification of such N' = 3 S-folds SCFT in terms of the Shephard-Todd
complex reflection groups.

S-fold SCFTs can be engineered in Type IIB string theory as the low energy theory on the
worldvolume of a stack of n D3-branes that probe a terminal singularity. This singularity
is obtained by a Z;, quotient of Type IIB which involves both a spacetime orbifold and an
S-duality action, which becomes a symmetry for particular values of the axiodilaton. The
spacetime orbifold is R*! x (C3/Z,), where D3-branes are extended along R, and the
S-duality action is given by an element p;, € SL(2,Z) of the S-duality group of Type IIB.
One can think about this non-geometric spacetime as follows: looping around a cycle
in C3/Z;, every object in string theory is acted upon by the S-duality transformation py.
This Type IIB non-geometric singularity can alternatively be described by a geometric
singularity in F-theory, where the F-theory torus has a p;, monodromy around the C3/Z;,
singularity. The F-theory picture will not be relevant in this paper, and we refer the
reader to the original literature on this topic [197,[199].

The S-duality element p, must generate a Z; subgroup of SL(2,Z), which is only pos-
sible for k = 1,2, 3, 4, 6. Furthermore, the axiodilaton = must be fixed by p;, in order for
the subgroup generated by pj, to be a symmetry of the theory. The S-duality elements py,
with the corresponding values of 7 are listed in Table[9.2] In the absence of the S-fold the
stack of D3 brane preserves sixteen supercharges in 4d: Q;, i = 1,2, 3, 4ﬂ The S-duality

1Each Q is a four dimensional Dirac spinor with four components.
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transformation p, acts on the supercharges as [236]:
priQi—e®Q;  i=1,2,34 (8.5)

On the other hand the spacetime orbifold corresponds to an R-symmetry transformation
ri € SU(4)r and can be chosen such that its action on the supercharges is:

Qi—e ®Q; i=1,2,3
3

Qi — e+ Qy

rE (8.6)

Under the combined action py, - 7, the supercharges Q) 2 3 are preserved while Q4 trans-
forms as: o

Pe Tk Qa—eF Qq (8.7)
For k = 1, 2 this supercharge is preserved as well and the resulting 4d theory has N = 4
supersymmetry. The case k = 1 corresponds to no projection at all, and engineers su(NV)
N = 4 SYM, while the case k = 2 corresponds to the orientifold plane O3 and engineers
N = 4 SYM with gauge algebra 9,,, b, or ¢, depending on the discrete torsion to be
discussed briefly. The cases of interest in this paper are k = 3,4, 6 where generally only
twelve supercharges are preserved and the low energy theory on the stack of D3-branes
isan N = 3 SCFT.

It was shown in [199] that generally one has the possibility to introduce a discrete torsion
in the S-fold background, that is a non-trivial flux for the Type IIB 2-form fields B, and
Cs around a non-contractible 2-cycle of the holographic background AdS5 x (S°/Zy).
The 2-form fields transform in the two dimensional representation of the S-duality group
SL(2,Z), therefore their flux on this 2-cycle is classified by the second twisted cohomolgy
groups Ho(AdSs x (S°/Z1,);(Z ® Z),,) = H2(S°/Zy;(Z ® Z),,). These groups were
computed in [199], see also [237] for a review. One finds:

22 XZQ, k=2
z, k=3
5 . _ )
Hy (s /zk7(2@2)pk) =17 o 8.8)
1, k=6

where 1 is the trivial group. Therefore there are four choices of discrete torsion for the

orientifold (k = 2) corresponding to the O3~, O3, O3~ and 03" orientifold planes
respectively. For k = 3 there are three choices, one with trivial discrete torsion and
two with non-trivial discrete torsion. The two choices with non-zero discrete torsion are
related by charge conjugation so there are only two physically different choices: trivial or
non-trivial discrete torsion. Finally for k£ = 4 one can have trivial or non-trivial discrete
torsion and for k£ = 6 the only choice is to have trivial discrete torsion.

In summary the S-fold setup of [197], briefly reviewed above, gives rise to an infinite
family of N' = 3 SCFTs parametrized by the number r of D3-branes, the order of the
quotient k£ and, when allowed, the choice of discrete torsion. There are five variants
of N' = 3 S-folds which we denote as Sj; following the notation of [199]. Here ¢ =
1 corresponds to the absence of discrete torsion and ¢ = k corresponds to non-trivial
discrete torsion. The five variants are therefore S5 1,541, 56,1, 53,3 and Sy 4.



N = 3 S-folds 153

8.2 Exceptional S-folds

In [197] the authors presented an alternative M-theory construction of regular S-fold
theories dual to the Type IIB setup described above. This allowed them to generalize the
S-fold construction of [197] to a wider class of theories parametrize by an ADE algebra
and the order of the S-fold projection k = 3,4, 6. In this classification the regular S-folds
are associated to the A,, algebras. Let us briefly review the results of [197] in preparation
for Chapter[10} where we will analyze various properties of the S-folds associated to the
E, algebras.

The S-fold projection involves an element of the S-duality group as well as an element of
the R-symmetry SO(6) of N' = 4 SU(N) SY M, which is a rotation transverse to the D3
branes in the Type IIB setup. By compactifying two directions T3 transverse to the D3-
brane stack we generally break the R-symmetry to SO(4) x Z,, although for particular
values of the complex structure of the torus the R-symmetry enhances to SO(4) x Z,4 for
TE = i or SO(4) x Zg for 7p = ™"/, These subgroups of the original SO(6) R-symmetry
are enough to perform the S-fold projection.

Now we may T-dualize along one compact transverse direction, giving a Type IIA setup,
and then uplift to M-theory. By carefully tracking the action of the various symmetries
along these manipulations, it was shown that the regular S-fold setup is dual to M-theory
on R x (S, x S x SL x C?)/Zj, with a stack of N M5-branes along R'3 x S1, x Sk.
The radii of the various circles are related by:

1

And the Z;, quotient act as a rotation on C? and on the torus S3, x Si., as well as a non-
geometric quotient on Si, x SL x SL fixing the p parameter of this torus to be order
1:

p= C +ivdetG (8.10)

T3

We now have an S-fold construction that involves a stack of N M5-branes. Famously,
on flat spacetime, this stack engineers the (2,0) 6d theory of type Ay once the center
of mass motion is decoupled. It is natural to ask wether it is possible to generalize this
setup to the other (2,0) 6d theories, namely the type D and type E theories. In [197]
it was shown that such a construction is possible and involves a non-geometric setup,
meaning that there is no duality frame where the system is described by string theory in
a geometric background. By contrast, the regular S-fold setup is dual to F-theory on a
geometric terminal singularity.

In this thesis we will study exceptional S-fold theories as a particular projection of the
corresponding N = 4 SYM theories obtained by compactifying the (2,0) theory on a
torus. Indeed both the R-symmetry and the S-duality involved in the S-fold quotient are
present in the 4d theory, allowing us to understand some properties of the S-fold theories
directly in 4d. There are some subtleties in this approach given by the fact that quanti-
ties of interest, for example the moduli space and the charge lattice, are only defined up
to Weyl transformations of the gauge algebra, as explained in [5].This approach is ex-
panded upon in Chapter [8 while we refer the reader to the original literature [197, 238]
for the M-theory construction of exceptional S-fold theories.






CHAPTER 9

A recipe for genuine lines: 1-form symmetries in S-fold
SCFTs

The goal of this Chapter consists in classifying one-form symmetries for regular S-fold
SCFTs, constructing the lattices of line operators and identifying which models possess
non-invertible symmetries. The main motivation behind this expectation is that for the
rank-2 S-folds, in absence of discrete torsion, the SCFTs enhance to N' = 4 SYM [199]
where these properties are present. The existence of non-trivial one-form symmetries in
some exceptional N = 3 theories has also been argued in [217].

Our strategy adapts the one presented in [29] to S-fold setups. There, the spectrum of
lines is built from the knowledge of the electromagnetic charges of massive states in a
generic point of the Coulomb branch. These charges are read from the BPS quiver, under
the assumption that the BPS spectrum is a good representative of the whole spectrum
of electromagnetic charges. In the case of S-folds however such a BPS quiver descrip-
tion has not been worked out and we extract the electromagnetic charges of dynamical
particles from the knowledge of the (p, ¢)-strings configurations in the Type IIB setup
[239] 240]. The main assumption behind the analysis is that such charges are a good
representative of the electromagnetic spectrum.

We proceed as follows. First we choose an N = 3 theory constructed via an S-fold
projection of Type IIB. This consists in having N D3-branes, together with their images,
on the background of an S-fold. At a generic point of the Coulomb branch, the corre-
sponding low energy gauge dynamics corresponds to a U(1)" gauge theory where each
U(1) is associated to a D3. Then we list all (p, ¢)-strings that can be stretched between
D3-branes and their images. They have electric and magnetic charges with respect to
U(1)N. Eventually we run the procedure of [29]. This consist in finding all the lines that
are genuine, i.e. have integer Dirac pairing with the local particles, modulo screening
by the dynamical particles. This gives the lattice of possible charges, then the different
global structures correspond to maximal sub-lattices of mutually local lines.

Our results are summarized in Table In the first column, one finds the type of S-fold
projection that has been considered. Such projections are identified by the two integers k
and /in Sy, ;. The integer k corresponds to the Z;, projection while the second integer ¢ is
associated to the discrete torsion. Then, when considering an S, ¢ S-fold on a stack of N
D3-branes the complex reflection group associated to such a projection is G(k,k/¢, N).
In the second column, we provide the one-form symmetry that we found in our analy-
sis, and in the third, the number of inequivalent line lattices that we have obtained. The
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One-form # of inequivalent Non-invertible
S-fold !
symmetry lattices symmetry
S 3,1 23 2 Yes
S3.3 1 1 No
54,1 ZQ 2 Yes
Saa 1 1 No
S, 6,1 1 1 No

Table 9.1 Summary of the results of Chapter[9} 1 represents a trivial group.

last column specifies whether there exist cases that admit non-invertible symmetries. In-
deed, here we find that in some of the cases there exists a zero-form symmetry mapping
some of the different line lattices, that are therefore equivalent. Furthermore in such
cases we expect the existence of non-invertible symmetries obtained by combining the
zero-form symmetry with a suitable gauging of the one-form symmetry.

A remarkable observation strengthening our results regards the fact that our analysis
reproduces the limiting G(k, k, 2) cases, where supersymmetry enhances to A" = 4 with
s5u(3), s0(5) and g gauge groups for k = 3, 4 and 6 respectively. Another check of our re-
sult is that it matches with the cases G(3, 1, 1) and G(3, 3, 3), where an N = 1 Lagrangian
picture has been worked out in [241]. The 1-form symmetries of S-fold SCFTs where also
computed in [237] from the Type IIB setup. Whenever our results can be compared with
those of [237] we find a perfect agreement, providing a reliable and independent check
for our results.

9.1 Generalities

9.1.1 Global structures from the IR

The strategy adopted here, as already discussed in the introduction, is inspired by the
one of [29]. The main difference is that instead of using BPS quivers, not yet available
for our S-folds, we take advantage of the type IIB geometric setups and probe the charge
spectrum with (p, ¢)-strings — the bound state of p fundamental strings F1 and ¢ Dirichlet
strings D1 E]

Despite this difference, the rest of the procedure is the one of [29] which we now sum-
marize. Denote as ‘ GG ‘ .
7= (eg' ,mll); el mY) 9.1)

a basis vector of the electromagnetic lattice of dynamical state charges under the U (1)’ x
U(1)7, gauge symmetry on the Coulomb branch. The spectrum of lines can be deter-
mined by considering a general line £ with charge

(= (egl), mgl); el im0y 9.2)

This is a genuine line operator if the Dirac pairings with all dynamical states ¥ are inte-

n order to provide the IR spectrum of line operators of the SCFTs from this UV perspective, we assume the
absence of wall-crossing. While such an assumption is a priori motivated by the high degree of supersymmetry,
a posteriori it is justified by the consistency of our results with the literature.
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ger:
(U,L)ez VU. 9.3)

This can be rephrased as the condition

Zey)mg.” -mPeV ez vi. (9.4)
j=1

Furthermore, inserting a local operator with charge 7; on the worldline of a line with
charge ¢ shifts its charge by ;. Therefore if a line with charge ¢ appears in the spectrum
then a line with charges ¢ + > k;y; with k; € Z must also appear. When classifying
the spectrum of charges of the line operators of a QFT it is then useful to consider the
charges ¢ modulo these insertions of local states. This gives rise to equivalence classes of
charges with respect to the relation:

O~ oty Vi 9.5)

Borrowing the nomenclature of [29], we will refer to such identification as screening and
we will work with each equivalence class by picking one representative. The genuine
lines after screening form a lattice. In general two such lines are not mutually local and
a choice of global structure corresponds to a choice of a maximal sublattice of mutually
local lines.

9.1.2 Charged states in S}, ;-folds

We aim to determine the electromagnetic charges of the local states generated by (p, ¢)-
strings stretched between (images of) D3-branes in presence of an S-fold. The S-fold
background of Type IIB string theory consist of a spacetime R* x (R®/Z;) where the
Z;, quotient involves an S-duality twist by an element p,, € SL(2,Z) of order k, where
k =2,3,4,6. For k > 2 the value of the axio-dilaton vev is fixed by the requirement that
it must be invariant under the modular transformation associated to pj. The matrices py,
and the corresponding Valuesﬂ of 7 are given in Table

SL(2,Z) | S%=-I, (ST)~1 S (S3T7)1
k 2 3 4 6

O I N B (O B (e
G0N G ) G G

T any 7 e2im/3

Table 9.2 Elements pj, of SL(2,Z) of order k used in S-fold projections, and the corre-
sponding fixed coupling 7.

A stack of N D3-branes probing the singular point of the S-fold background engineer an

2In our convention, an SL(2, Z) transformation of the axio-dilaton 7 — (a7 +b)/(c7 4 d) relates to a matrix

d c 0 -1 1 0
pk_(b a).WealsohaveS_(l O)anclT_(1 1).
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N = 3 field theory on the worldvolume of the stack of D3-branes. It is useful to consider
the k-fold cover of spacetime, and visualize the N D3-branes together with their (k—1)N
images under the Sj;-fold projection. We are going to label the m-th image of the i-th D3-
brane with the index i,,, wherei =1,..., Nandm =1,... k.

Under the S-fold projection, the two-form gauge fields of the closed string sector B, and
(5 transform in the fundamental representation:

(g‘;’)ap%gi). (9.6)

Consistently, the (p, ¢) strings charged under these potentials are mapped to (p’, ¢') where:

Pd)=(@a ' 9.7)

We denote a state associated to a (p,q) connecting the i,,-th D3-brane and the j,, D3-
brane as:

Py @i = | =P =D ©8)
where we identity states with both opposite charges and orientation.

First, strings linking branes in the same copy of R®/Z, transform as follows:

|p7 Q>im,jm — Ck_1|p/a q/>im+17j'm,+1 ) (99)

where (p', ¢’) are related to (p, ¢) by (9.7) and ¢y, is the primitive k-th root of unity. These
states always collectively give rise to a single state in the quotient theory, with charges:

i-th J-th
A —
D3,D3; : (0,0;...5p,q5...;—p,—¢;...;0,0). (9.10)

An important ingredient we need to add to our picture is the discrete torsion for B, and
C5 [242,[199]. In presence of such a discrete torsion, a string going from the 4,,-th brane
to the j,,+1-th brane should pick up an extra phase which depends only on its (p, g)-
charge and the couple (Oxs, Orr). More precisely, one expects that the S-fold action can
be written as follows [243]E]

\p, q>i ) N Ck_leQﬂi(PeNSJﬂIeRR) |p’,q'> (9.11)
mJm+1

im+1im+2

where again (p/,q’) are related to (p,q) by (9.7). For i # j, this always leads to the
following state in the projected theory [244] 245]ﬂ

. j-th
i-th g
D3,;D3% : (0,0;...5D,¢5- 5= q) - prs---50,0). (9.12)

Note that this is the only case that might not lead to any state in the quotient theory when
i = j,i.e. when a string links a brane and its image. When the quotient state exists, it has

3We thank Shani Meynet for pointing out [243] to us.
4The action on (p, q) involves p,, ! see {©7). In writing (9.12) however, we measure the charge with respect
to the brane in the chosen fundamental domain, hence the appearance of p, instead of its inverse.
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charges
i-th
—
D3;D37 : (0,0;...;(pq) — (P q) - pr;---;0,0). (9.13)

Analogously, strings twisting around the S-fold locus n-times pick up n-times the phase
in (9.11).

A last remark is that discrete torsion allows some strings to attach to the S-fold if the
latter has the appropriate NS and/or RR charge. If this is the case, the state is mapped
as in (0.9):

|pﬂq>Skim — |p/7q/>5k1‘m+1 ) (914)
and provides the following charge in the projected theory:

i-th
SkD3; : (0,0;...;p,q5...;0,0). (9.15)

These rules are illustrated and details on discrete torsion are provided in the remaining
of this section for orientifolds and S-folds separately.

The case with k£ = 2: orientifolds

In this subsection we apply the formalism described above for orientifolds and repro-
duce the spectrum of strings known in the literature.

The matrix ps is diagonal, therefore the two p and ¢ factors can be considered inde-
pendently. In this case the field theory obtained after the projection is Lagrangian and
can be studied in perturbative string theory with unoriented strings. Discrete torsion
takes value in (Ons, Orr) € Z2 @ Z,, giving four different choices of O3-planes related by
SL(2,Z) actions [242], see Table[9.3]

O3-planes ‘ 03~ 03+ 03 03"
(Ons,Orr) | (0,0)  (1/2,0) (0,1/2) (1/2,1/2)

Table 9.3 Different discrete torsions on O3-planes.

The orientifold action is then recovered from and (9.11) with {; = —1. First, we
have

|p7 q>i1j1 — _‘ - D _q>i2j2 = —|p, q>j2i2 . (9'16)
For the strings that stretch from one fundamental domain of R®/Z, to the next, there are
four cases depending on the values of s and Ogg:

03~ |pa q>i1jz - _|p7 q_>j1i2 ’

03% : p,@)irs = —€"" D, @) iy s ©.17)

03 : |pa q>i1j2 — *eqﬂl|p’ Q>3172 ) '
)

03 : |pa 4)irj — 7€(p+q)7rz|p, q>j1i2 .
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The cases with k£ > 2: S-folds

The construction discussed above can be applied to Sj-2 in order to obtain the string
states in the quotient theory. For k > 2, the discrete torsion groups have been computed
in [199], the result being Ons = Orr € Z3 for the S3-case and Ons = Orr € Zs for the
Sy-case. The Sg-fold does not admit non-trivial discrete torsion. It was also pointed out
that, for the Ss-case, the choices s = Orr = 1/3 and Ons = Orr = 2/3 are related by
charge conjugation; therefore everything boils down to whether the discrete torsion is
trivial or not. Following the notation of [199], we denote as Sj ; the S-folds with trivial
discrete torsion and as Sy, 1, the S-folds with non-trivial discrete torsion.

As before, the only states that might not lead to any state in the quotient theory are the
strings linking different covers of R®/Z;,. These transform as follows:

53,1 : ‘pv q>i1jm+1 — eiiQﬂ—/S‘q 'z _p>i2jm+2 )

S35 1 [P Q)irjs, — €2 BP0 g —p —pyi i

54,1 : ‘p> q>i1jm+1 — e_iﬂ/2| - q’p>i2]’m+2 ) (9'18)
S4,4 : ‘p, q>i1jm+1 — 67iﬂ/26im(p+q)ﬂ| - Q7p>i2jm+2 )

56,1 : ‘p7 q>iljm+1 — e_iﬂ/3|p - Q7p>i2jm+2 .

This shows that no state is projected out for Ss ; and S3 3. Analogously to the orientifold
cases, we project out some strings linking mirror branes: |p, q) in S4,1 and S4 4, and
Dy @)i,.i,.5 iN Se,1 Tespectively.

intnt2

Finally, we get extra strings linking the S-fold to D-branes for the cases with discrete
torsion. Following the discussion in [245], we know that these S-folds admit all kinds of
p and ¢ numbers:

S3,3 : |p7 q>5'3,3in7 S4,4 : |pa Q>S4,47ln . (9.19)

9.1.3 Dirac pairing from (p, ¢)-strings

Having determined the states associated to (p, ¢)-strings that survive the S-fold projec-
tion we now analyze the electromagnetic charges of these states. It is useful to consider
the system of a stack of D3-branes and an Sj, ¢-fold on a generic point of the Coulomb
branch. This corresponds to moving away the D3-branes from the S-plane. On a generic
point of the Coulomb branch, the low energy theory on the D3-branes is a U (1)) gauge
symmetry, where each U (1); factor is associated to the i-th D3-brane. The theory includes
massive charged states generated by the (p, ¢)-strings studied in the previous section. A
(p, q)-string stretched between the i-th and j-th D3-brane has electric charge p and mag-
netic charge ¢ under U(1); as well as electric charge —p and magnetic charge —q under
U(1);, and is neutral with respect to other branes. We organize the charges under the
various U(1)s in a vector:

(e1,m1;€9,M2;...5eN,MN) (9.20)

where e; and m; are the electric and magnetic charge under U (1), respectively. In this
notation the charge of a string stretched between the i-th and j-th D3-brane in the same
cover of R%/Z, has charge:

i—th J—th
N —
D3,D3;:(0,0;...;0,¢50,0;...;=p,—q;...), (9.21)
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where the dots stand for null entries. We will keep using this notation in the rest of the
Chapter. A (p, ¢)-string stretched between the i-th D3-brane and the I-th image of the
j-th D3-brane imparts electromagnetic charges (p, ¢) under U(1); and charges —(p, ¢)p},
under U(1);. In formulas:

. j—th
i—th
L N
D3;D3; :(0,0;...57,4530,0;...5—(pq) o). (9.22)

The last ingredient for our analysis is given by the Dirac pairing between two states.
Consider a state ¥ with charges e;, m; under U(1); and a state ¥ with charges e}, m
under U(1);. The pairing between F1 and D1-strings in Type IIB dictates that the Dirac
pairing between these states is given by:

N
(U, 0') = Z(eim; —mjel) . (9.23)

i=1

By using this construction we can reproduce the usual Dirac pairing of N' = 4 SYM
with ABCD gauge algebras. As an example we now reproduce the Dirac pairing of Dy,
engineered as a stack of N D3-branes probing an O3~ -plane. In this case the allowed
(p, q)-strings have the following charges:

i—th Jj—th
D3,D3;:(0,0;...;p,¢50,0;...;—p,—¢q;...)

. _ (9.24)

i—th j—th

N

D3;D3% :(0,0;...:p,450,0;...;D, 45 - ..

The states associated to (1, 0)-strings correspond to the W bosons while the states asso-
ciated to (0, 1)-strings correspond to magnetic monopoles M. For each root W; of Dy
let M, be the corresponding coroot. More precisely if W; is associated to a (1, 0)-string
connecting two D3-branes, then the coroot M, corresponds to the string (0, 1) stretched
between the same pair of D3-branes. The only non-vanishing Dirac pairing is the one
between a W; boson and an M; monopole. This pairing between the simple (co)roots
W; and M is given by the intersection between W; and W;, explicitly:

Wi, M) = (Aby )i » (9.25)

where Ap,, is the Cartan matrix of the Dy algebra, corresponding to an so(2N) gauge
theory. Indeed the intersection between F1 strings in the background of an O3~ repro-
duces the intersection of the roots of Dy. The Dirac pairing (9.25) reproduces the Dirac

pairing of s0(2N) A" = 4 SYM. Similar constructions for 03*, 03, and 03" lead to the
B and C cases (while branes in absence of orientifold would give A). The corresponding
gauge algebras are summarized in Table

9.1.4 Lines in O3-planes

Before moving to new results, we illustrate our method with well understood O3-planes.
Specifically, we consider placing N = 2 D3-branes in the background of an O3*-plane.

In this specific example, the F1-strings corresponding to elementary dynamical states in
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O3-planes | Fl-string ~ Dl-string  F1-D1 bound state

03~ 50(2N) 50(2N) 50(2N)
03" usp(2N) 50(2N +1) usp(2N)
03 s0(2N +1) usp(2N)  usp(2N)
03" usp(2N) usp(2N) s50(2N +1)

Table 9.4 F1-string, D1-string, and the F1-D1 bound state providing respectively the elec-
tric, magnetic, and dyonic charges of the projected V' = 4 gauge theory.

03"

10)
D3,

D3P
D31 (1,0

Figure 9.1 A pictorial representation of two D3-branes probing the O3 orientifold on
a generic point of the Coulomb branch. The light blue shaded area is a possible choice
of fundamental domain under the spacetime identification induced by the orientifold.
Black (gray) dots represent (images of) D3-branes. Black lines correspond to (p, ¢)-strings
stretched between D3-branes. In particular, we drew (p, ¢)-strings generating the W-
bosons corresponding to simple roots N = 4 usp(4) SYM.

the quotient theory can be chosen to be |1,0);,1, and |1,0)1,2,. The first links the i = 1
brane to its mirror (D3] D3;) and the second links the i = 1 to the i = 2 brane (D3, D35).
A pictorial representation of this setup is shown in Figure In the notation of the
previous section, they lead to W;-bosons in the gauge theory with the following charge
basis:

D3/1)D31 LWy = (2,0, O, 0) 5 D31D32 LWy = (—1, 07 1,0) . (926)

These generate the algebra usp(4) of electric charges. The elementary magnetic monopoles
M, come from the D1-strings |0, 1) 93+1, and |0, 1)1,2,, and provide the following charges:

03+D31 L my = (0, 1;070), D31D32 Mo = (0, —1;0, 1) . (927)

This generates the algebra so(5) of magnetic charges. Finally, the elementary (1,1)-
strings leading to states in the quotient theory can be chosen to be |1, 1)1,1, and |1,1)1,2,,
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i.e. D3]/ D3; and D3, D3, respectively. They provide dyons D;:
D3§)D31 : d1 = (2, 2; 0,0) 5 D31D32 : dg = (—1, —1; 17 1) 5 (928)

which reproduces an usp(4) algebra. We will limit ourselves to considering the W-
bosons and magnetic monopoles M. Indeed, they generate the full lattice of electro-
magnetic charges admissible in the orientifold theory. See that

di =w; +2m;  dy = wa +mo. (929)

Clearly, all other allowed (p, ¢)-charges can be reconstructed in this way. The Dirac pair-
ing between these elementary electromagnetic charges reads

W1, W) = (M1, M2) =0,
(M, Wo) =1, (9.30)
(Wi, My) = (Mo, W1) = (Wa, My) = 2.

Now, introduce a line operator £ with charge vector ¢. It is convenient to express it in
the basis of dynamical charges:

{ = ajwy + agws + fimy + fama, (9.31)
where «; and f; to be determined. Screening with respect to W; and W, imposes
ar~ar+1, ay~ax+1, (9.32)
respectively, while screening with respect to M; and M3y imposes
Bi~B1+1, [o~pB2+1. (9.33)
Mutual locality with respect to the dynamical charges requires the quantities

(L, IWh) = =261 + 282, (L W) = 1 — 2B,

(L, M1) =201 — s, (L, Mz) = =201 + 20, (0.34)
to be integers. All these constraints set
Oélzg OZQZO, 51:0, 52:% modl, (935)

with e,m = 0, 1. Linearity of the Dirac pairing then guarantees mutual locality with re-
spect to the full dynamical spectrum. Thus, the charge of the most general line (modulo
screening) must read:

1
lem = 5(26, —m;0,m) . (9.36)

A choice of global structure consists in finding a set of mutually local lines. The mutual
locality condition between two lines £ and £’ with charges ¢, ,,, and ¢/, is given by:

(L, L = %(fem' +e'm)eZ. (9.37)
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Equivalently:
ey em’ —me’ =0 mod 2. (9.38)

We find three such sets, each composed of a single line with non-trivial charge: ¢; o,
£o.1, or ¢ 1. In agreement with [20], we find that the line with charge /; o transforms as a
vector of usp(4) and the theory is USp(4). The line with charge ¢, ; transforms as a spinor
of so(5) and corresponds to the global structure (USp(4)/Z2)o. The line with charge
{1, transforms both as a vector and a spinor, and the gauge group is (USp(4)/Z2);.
Motivated by the match between our results (obtained through the procedure described
above) and the global structures of Lagrangian theories [20], in the next sections we use
our method to analyze the line spectra of S-fold theories.

9.2 Lines in S-folds with NV = 4 enhancement

We now derive the spectrum of mutually local lines for the gauge theories obtained
with N = 2 D3-branes in the background of an Sj ; plane, in each case k¥ = 3, 4 and
6. More precisely, exploiting the strategy spelled out in Section we first compute
the electromagnetic charge lattice of local states generated by (p, ¢)-strings. From this
we extract the possible spectra of lines and compare them with the ones obtained in an
N = 4 Lagrangian formalism [20], since these theories have been claimed to enhance
to N = 4 SYM [49]. Matching the spectra provides an explicit dictionary between the
various lattices and corroborates the validity of our procedure. In section[9.3|we will then
generalize the analysis to the pure N' = 3 S}, ¢ projections for any rank, thus providing
the full classification for the one-form symmetries in all such cases.

9.2.1 Lines in su(3) from Ss 1
Dynamical states and their charges

Two D3-branes probing the singular point of the S3 ;-fold are claimed to engineer su(3)
N = 4 SYM. The charges of states generated by (p, ¢)-strings stretching between D3,
and D3 or its first copy (see Figure[9.2) are

2
D3,1D3y : (p,g;—p,—q), D31D35 : (p,giq,q—p), D31D35 : (p,gip—q,p). (9.39)
One may also consider copies of the strings listed in Equation such as:
D3{D3% : (—¢,p— ;4.9 — D), (9.40)
as well as the strings going from one D3-brane to its own copies, for instanceﬂ

D3,D3} : (2p—q,p+q;0,0). (9.41)

The charges of a generic string D31D3§2 in (9.39) can be expressed in terms of D3, D3,

5In the absence of discrete torsion, these states have not been considered previously in the literature [246]
245], and we do here for the sake of consistency with the analysis of section Note however that since
their charge (which is the only feature that matters in order to derive line spectra) can be expressed as linear
combinations of the charges of more conventional states, our results are independent of whether we consider
them or not.
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D3,

A;

Figure 9.2 A pictorial representation of two D3-branes probing the S3 ;-fold. The trans-
verse directions to the S-fold are shown. The light blue dot represents the position of the
S3,1-fold. The light blue shaded area is a possible choice of fundamental domain under
the spacetime identification induced by the S5 ;-fold. Black (gray) dots represent (im-
ages of) D3-branes. Black lines correspond to (p, ¢)-strings stretched between D3-branes.
In particular, we drew (p, q)-strings corresponding to WW-bosons of N = 4 su(3) SYM.

and D3; D3} charges:

2
D31D3§ : (pa%P*q,P) = q(l,O,—l,O)+(qu)(0,1,0,71) (942)

where the first two vectors on the RHS come from D3, D3, withp=1,¢=0and p = 0,
q = 1respectively, and the last two come from D3, D35 withp =1,g=0andp=0,¢=1
respectively. Acting with ps, one can express all D37 D3/ and D3f2 DS’Q’2 charges in terms
of D31 D3, charges. The charges D3;D3? can also be expressed as linear combinations of
D3,D3% and D35 D3} charges. All in all, we find that the charges of the strings D3 D3,
and D34 D3} form a basis of the lattice of dynamical charges.

The states corresponding to the V-bosons generate the su(3) algebra. One can take the
strings D3, D3, withp = 1 and ¢ = 0 and D3; D35 with p = 0 and ¢ = 1 as representing
a choice of positive simple roots. Their electromagnetic charge w reads:

wy = (1,0;-1,0), ws=1(0,1;1,1). (9.43)

Furthermore, one can choose the strings D3, D3, with p = 0 and ¢ = 1 and D3, D35 with
p = —1and ¢ = —1 as generating the charge lattice of magnetic monopoles M of N = 4
SYM with gauge algebra su(3):

my = (0,1;0,—1), mg=(-1,—-1;-1,0). (9.44)

The qualification of electric charges VW and magnetic monopoles M of the N = 4 theory
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makes sense since the Dirac pairing reads:

Wi, Wa) = (M1, Ma) = 0,
Wi,My) = Wo,Ma) = 2, (9.45)
Wi, M) = Wy, My) = —1.

In [246, [245], it has been shown that these states correspond indeed to BPS states, and
this is a strong check of the claim of the supersymmetry enhancement in this case.

Line lattices

Having identified the electromagnetic lattice of charges of (p, ¢)-strings we can now con-
struct the spectrum of line operators and the corresponding one-form symmetries. It is
useful to consider the charge ¢ = (e1,m1; e2,m2) of a general line £ to be parameterized
as follows:

= oayw +agwy + Bimy + Bamg (9.46)
= (o1 —Bo, 0+ B — Poy—a1 + g — P, 0 — ) '

Screening with respect to w; and m; translates as the identifications:
o ~o;+1, Bi~Bi+1. (947)

The Dirac pairing between the generic line £ with charge ¢ given in (9.46) and the states
W and M must be an integer, i.e.:

(L) = 281 — P2, (LWs) = —f1+202,

(L,My) = =201 +as, (LMy) = g — 20 €Z. (9.48)

Mutual locality with respect to the other states then follows by linearity as soon as (9.48)
holds. Combining (9.47) and (9.48) we have

m

e
ap = —Qg = g; and /81 = 762 = gv (949)

fore,m = 0, 1,2. Then, the charge of the most general line compatible with the spectrum

of local operators modulo screening reads

1
—(2e —m, e+m; —e—m, e—2m). (9.50)
3

ge,m =

These charges form a finite 3 x 3 square lattice. The Dirac pairing between two lines £
and £’ with charges (. ,, and ./, is

(£, L'y = %(em' —e'm). (9.51)

Two lines £ and £’ are mutually local if their Dirac pairing is properly quantized. In our
conventions this corresponds to the requirement that (£, £’) is an integer:

e€m—em’ =0 mod 3. (9.52)

The lattice of lines together with the mutual locality condition obtained in (9.52) fully
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specifies the global structure of the S5 ; SCFT of rank-2.

Our result is equivalent to the one obtained in [20] from the Lagrangian description of
su(3) N = 4 SYM theory. Let us first write the charges in (9.50) as:

ge,m = ewl gw2 + mml ng . (953)

Note that (w1 —ws)/3 (respectively, (m; —ms)/3) is a weight of the electric (respectively,
magnetic) algebra su(3) with charge 1 under the center Z3 of the simply-connected group
SU(3). Therefore, the line £, ,, corresponds to a Wilson-"t Hooft line of charge (e, m)
under Z3 x Zs.

As shown in [20], there are four possible lattices of mutually local Wilson-"t Hooft lines
specified by two integers i = 0,1,2 and p = 1, 3. The corresponding gauge theories are
denoted (SU(3)/Z,); and relate to the line spectra we have obtained as follows:

SU(S) <~ {£070561707£270} 3
(SUB3)/Z3)o + {o0,%.1,%,2}, (9.54)
(SU3)/Z3)1 < {loo,l11.422}, '
)

(SU@3)/Z3)2 < {lo0,02,1,01,2} -

It follows from linearity and screening that each lattice in the S-fold picture is deter-
mined by a single non-trivial representative, that can itself be identified by two integers
(e,m). For example, a possible choice is

(e,m) = (1,0), (0,1), (1,1), (2,1). (9.55)

9.2.2 Lines in so(5) from Sy 1
Dynamical states and their charges

Two D3-branes probing the singular point of the Ss ;-fold are claimed to engineer so(5)
N = 4 SYM. Following a reasoning similar to one of the S5 ;-fold case, we can write all
string charges as linear combinations of two kinds of strings, say

D3,D3; : (p,q;—p,—q), D31D35 : (p,q;—q,p) . (9.56)

States corresponding to the W-bosons of N' = 4 SYM are generated by D3, D3, with
p=1and q =0, and D3, D3) with p = —1 and ¢ = —1. Their charges are

wy = (1,0;-1,0), wy=(-1,-1;1,-1). (9.57)

These states generate the algebra so(5) with short and long positive simple roots w;
and ws, respectively. A possible choice of states corresponding to elementary magnetic
monopoles M is D3; D3, withp = —1and ¢ = 1, and D3; D35 with p = 1 and ¢ = 0. The
charges of these strings are:

my; =(-1,1;1,-1), me = (1,0;0,1), (9.58)
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with m; the long and my the short positive simple roots of the Langland dual algebra
usp(4). The Dirac pairings between W and M are as expected:

Wi, Wa) = (M, M) = 0,
Wi, M1) = W, Ms) = (M, Ws) =2, (9.59)
(Mo, W) = 1.

Line lattices

We begin by parametrizing the charge ¢ of a general line £ as:

= ajwi + cowa + Brmy + Pamo

(9.60)
= (a1 —ag — P14+ P2, i —ao; —a1 +as+ f1, —as — B1 + ).
Screening with respect to the local states W and M translates as:
a;~a;+1, B;i~pi+1. (9.61)

Mutual locality with respect to the dynamical states generated by (p, ¢)-strings reads:

EE’W1§ = 2ﬂ1 — ﬂQ

LWs) = =261 +28

<£,M21> = —20411+2a22 €Z. (9.62)
<‘C=M2> = Oé1—20z2

This imposes a; = 2 = 0and g, f; € %Z, and therefore the charge of the most general
line compatible with the spectrum of local states can be written as:

1
lem = gwg + %ml = i(fefm7 —e+m;e+m,—e—m). (9.63)

The Dirac pairing between two lines £ and £’ with charges ¢ ,,, and £ - is:
1
(L, LY = §(e’m —em'). (9.64)
Two such lines are mutually local if their Dirac pairing if (£, £’) is an integer, i.e.:

(€m—em’)=0 mod 2. (9.65)

Therefore, the allowed lines form a finite 2 x 2 square lattice parametrized by e, m = 0, 1,
where the mutual locality condition is given by (9.65). This reproduces the expected
global structures of ' = 4 s0(5) SYM. There are three possible choices of maximal lattices
of mutually local lines which correspond to the three possible global structures of so(5).
The explicit mapping can be obtained by comparing the electromagnetic charges of the
lines with the charges of the W bosons and monopoles M, along the lines of the analysis
of above in the su(3) case. We obtain the following global structures:

Spin(5) < {loo,l10},
SO(B)y « {lo0,%.1}, (9.66)
SO(5)1 < {lo.lia}.



A recipe for genuine lines: 1-form symmetries in S-fold SCFTs 169

9.2.3 Trivial line in g from Sg ;
Dynamical states and their charges

Two D3-branes probing the singular point of the Sg 1-fold are claimed to engineer g,
N = 4 SYM. The charges of states generated by (p, ¢)-strings are:

D31D322 : (g5 —p,—q), D31D32”3 s (g —q,p—q),

D31D3’54 : (pap—a.p), D31D3§5 © (paipiq), 9.67)
D3,D35 : (p,¢;q,—p+q), D3:D35 : (p,¢;—p+q,—p),

etc.

As shown in [199] and as before, one can choose a set of strings representing dynamical
particles and generating the algebra g,.

Line lattice

The analysis of the charge spectrum in the case of the S¢ 1-fold can be carried out along
the lines of the previous sections. One can show that the only line that is mutually local
with respect to the local states generated by (p, ¢)-strings modulo screening is the trivial
line with charges ¢ = (0, 0;0,0). This is consistent with the enhancement to A" = 4 with
gauge algebra g» because the center of the simply-connected G5 is trivial, which implies
the absence of non-trivial lines [20]. There is only one possible global structure, and the
one-form symmetry is trivial.

9.3 Linesin N = 3 S-folds

In this section, we generalize the procedure spelled out in the previous sections to S-
folds theories of arbitrary rank, and later to the cases with non-trivial discrete torsion
for the By and C-, fields. This allows us to classify the line spectrum for every N’ = 3
S-fold theory, and identify the one-form symmetry group as well as the allowed global
structures for a given theory.

The basic ingredients needed in the analysis are the lattice of electromagnetic charges of
local states and the Dirac pairing, both of which can be inferred from the Type IIB setup
along the lines of the rank-2 cases studied in Section As already emphasized, we
work under the assumption that the states generated by (p, ¢)-string form a good set of
representatives of the electromagnetic charge lattice of the full spectrum.

Note that it does not strictly make sense to talk about (p, ¢)-strings on the R* x R%/Z,, S-
fold background because the S-fold projection involves an SL(2, Z) action which mixes
F1 and D1 strings. This is analogous to the fact that in the orientifold cases it only makes
sense to consider unoriented strings, since the orientifold action reverses the worldsheet
parity (equivalently, it involves the element —I; € SL(2,Z)). Nevertheless it makes
sense to consider oriented strings (together with their images) on the double cover of
the spacetime; this allows the computation of the electromagnetic charge lattice of local
states and the Dirac pairing, as reviewed in Section[9.1} Similarly when dealing with Sj.-
folds we consider (p, ¢)-strings on the k-cover of the spacetime, and extract from this the
charges of local states and the Dirac pairing. The spectrum of lines can then be obtained
using the procedure of [29] reviewed in Section[9.1]
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9.3.1 Linesin S5 ;-fold

Let us first determine the lattice of electromagnetic charges of dynamical states. The
charges generated by (p, ¢)-strings on the background of an S5 ; fold are given by

. j—th
i—th — A —
D303 (0,0:.. ;P i—(p @) - phi. .5 0,0 9.68
(3 7 (a ey Dyq Gy (p q) p37"'7 ) ) ( )

This expression is obtained from a (p, g)-string stretched between the i-th D3-brane and
the I-th image of the j-th D3-brane. Recall that p3 generates a Z3 subgroup of SL(2,Z).
A possible basis for the lattice of charges generated by (p, g)-strings is given by:

wy = (1,0;-1,0;...),
wWo (0,1;1,1;...),
m; = (0,1;0,—1;...),
my = (—1,-1;-1,0;...),
( i—th) (969)
P’L = (1707050;' ) 170;03(); )a
i—th
~
Q; = (0,1;0,0;...;0,—1;0,0;...),

where w; and m; are the charges of the corresponding states in the rank-2 case, with all
other entries set to 0. Let P; and Q; be the states with charges P; and @); respectively,
for i+ = 3,...,N. Note that when the rank is N > 2, it does not make sense to talk
about W-bosons and magnetic monopoles M since the pure N = 3 theories are inher-
ently strongly coupled and do not admit a Lagrangian description. Nevertheless, we
will denote W; and M; the states with charges w; and m; respectively, by analogy with
the above.

The charge ¢ of a general line £ can be written as the linear combination:

N
{ = oqwy + asws + fima + foma + Z(5ipi +7:Q:) - (9.70)
i=3
Besides, screening translates into the identifications:
a~oi+l, Bi~fBi+l, bi~di+1l, v~y (9.71)

Let us now analyze the constraints imposed on this line given by mutual locality with
respect to the dynamical states generated by (p, ¢)-strings. Our results are summarized

in Table[0.5
Consider the mutual locality conditions:

(L,Pi=Pj)=6;—0,€Z = 6=0;=0 i,j=3,...,N, (9.72)
and

(£,9i—Qj)=v—-nm€Z = vy=vn=7 i,j=3,...,N. (9.73)
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Rank Line charge
3n E,,.s:Cw1+§w2—zm1—§m2+r+s(P—Q)
T3 3 3 3 3
3n+1 szgwl—i—r;swg—i—%ml—i-gmg—i—%ﬂ(P—Q)
3n+2 frls:gwl—gwg—l—%ml—gmg—r—;s(P—Q)

Table 9.5 The charges of allowed lines in the S5 ;-fold theories. The charges w;, m;, P and
Q are given in (9.69), and r, s = 0, 1, 2. The mutual locality condition for two lines with
charges ¢, ; and ¢, s is rs’ — s/ = 0 mod 3.

Furthermore, there are dynamical states with charges:

i—th i—th i—th
~ = — ——
0,051, =L ) =(py 5372 =G ) pm0 T (PG SPGB ) om0
i—th i—th i—th
0,052, 15 ) =(0r G557 =G5 ) oo H (PG PGP )
q= q=
(9.74)
Mutual locality with respect to these implies:
1
y=-9, S §Z. (9.75)
Therefore, the charge of a general line can be rewritten as:
{ = aqwy + agwa + fimy + fame +6(P — Q) , (9.76)
where
N
P=> pi=(N-20;0,0;—1,0;-1,0;...;—1,0) ,
’ (9.77)

=3
N

Q=2 ¢ =(0,N=20,00,-10-1...50,-1).
=3

In (9.77), we have modified our notation slightly since the dots ... now represent a se-
quence of pairs (—1,0) and (0, —1) for P and @ respectively. Mutual locality between the
line £ and the generators of the charge lattice of dynamical states imposes the following
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constraints:
(L,Pi) = (N-1)6 —az —B1+ P2,
(£,Qi)) = (N-1)§+as—pa,
(L) = (N —=2)6—2B1+ B,
(CWa) = (N —2)5—28,+pr. €z ©.78)
<£,M1> = (N72 64’204170&27
<£,M2> = —2( — 2)(5 — o1 + 209
One can compute the following:
(LW +2Ws) = 3(N —2)d — 30 €eZ = [re Z
(L, My +2M2> = —3m €Z = a1 € f (9.79)
(LWL =Wa) = 3(B2— 1) €Z = B¢ %Z '
<£, My — M2> = 3(N — 2)§+ 3(0[1 — ag) €Z = g€ Z

In brief, we have found that «;, 3;,0 € %Z. It is now useful to treat separately three
cases, depending on the value of N mod 3. In all these cases we find that the lines
modulo screening can be arranged in a finite 3 x 3 lattice, the one-form symmetry group
is Z3 and there are four choices of global structure.

Case N = 3n

The mutual locality conditions in (9.78) can be written as:

(L,P;) = —d0—ar— P14+ P2,
(£,Q:) = —d+a1— P2,
<‘C7Wl> = 6_261 +ﬂ27
Z. 9.80
(L,Wa) = 6—2B2+pB1, € (0-80)
<£,M1> = (54’20&170&2,
<£,M2> = §— a1+ 2a9
One computes that:
(L, Q:+Wh) = a1+ b1 = 5 = —ai,
(L, Pi+Ws) = —ao— [P = B = —ay, (9.81)
(L, Q) = —0+a;+a = 0 = a1+ a,
and this implies:
_|_
oq:—ﬁlzg, agz—ﬁgzg, 5:’"38, rs=0,1,2. (9.82)

Therefore the lines form a finite 3 x 3 lattice parametrized by r and s. Mutual locality
between two general lines £ and £’ with charges ¢, ; and ¢, o reads:

(£, L'y = ;(sr’ —rs')eZ, (9.83)

or equivalently:
sr’ —rs’ =0mod 3. (9.84)

There are four possible choices of maximal lattices of mutually local lines. As in the rank-
2 case discussed in section 9.2} each lattice is uniquely identified by one of its element,
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or equivalently by the pair (7, s) of one of its non-trivial elements:

) < {€o,0,01,0,2,0}
) <> {€0,0, 00,1, 0,2}
) < {loo, 011,20}
) < {o,0, 012,021}

(9.85)

Case N =3n +1
In this case the mutual locality constraints (9.78) are:

B

o

SR
!

) = —ae— P+ B
) — B2

=0 — 21 + B2
=0 =202+
—0 + 201 — Qg
> = 2(570[14’20[2

€”Z. (9.86)

BB
<<
|

DN

o~~~ o~~~

One computes that:

a = o —fr,
a + B, (9.87)
ap = f.

(o9
I

Therefore the most general «a;, 8; and § satisfy:

r—s r+s
5:
3 7 3 7

041:52257 5122, Qg = r,s=20,1,2. (9.88)

The lines again form a finite 3 x 3 lattice parametrized by r and s. Mutual locality be-
tween two general lines £ and £’ with charges ¢, s and ¢, . reads:

1
(£, L'y = 3(7“—7‘8)627 (9.89)
or equivalently:
s’ —rs’=0 mod 3. (9.90)
Similarly to the case N = 3n there are four possible choices of maximal lattices of

mutually local lines that can be indexed by one of their element, or equivalently by

(r,s) = (1,0), (0,1), (1,1), (1,2).

Case N =3n+2
In this case, the mutual locality constraints (9.78) are

(L,Pi) = 6—az— P+ B

<‘C QZ> = 6 + a1 — 52

(LWr) = =281+ P2 =P1 +f

<137W;> = —25; 1 5? T ez, (9.91)
<‘C7M1> = 20(1 — Qg = —Q1] — (9

<£7M2> = -1+ 20[2
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One can compute that the solution is given by

ﬂ? = _ﬂl )
Qg = —Q7, (992)
b = —ar—pr.

Therefore the most general «a;, 8; and § satisfy:

0412—042:%, ﬁlz—ﬁgzg, §=— 5 7“782071,2. (993)

Dirac pairing between two general lines £ and L' with charges ¢, ; and ¢, . reads:
2
(£, L'y = g(srl —-rs')eZ. (9.94)
Two such lines are mutually local if they satisfy the constraint:

s’ —rs’ =0mod 3. (9.95)

As before, there are four possible choices of maximal lattices of mutually local lines that
can be indexed by one of their element, or equivalently by

(r,s) =(1,0), (0,1), (1,1), (1,2). (9.96)

9.3.2 Linesin S, ;-fold

We now study the spectrum of lines in theories engineered by a stack of D3-branes prob-
ing the Sy 1-fold. The charges of states generated by a (p, ¢)-string on the background of
an Sy 1-fold read

_ j—th
i—th ——
L
D3;D3% : (0,0;...57,q5 -1 —(p @) phi--50,0) (9.97)

for a (p, g)-strings stretched between the i-th D3-brane and the I-th image of the j-th
D3-brane. One possible basis for the lattice of charges generated by (p, ¢)-strings is:

wy = (1,0;—1,0;0,0;...),
wy = (-1,-1;1,-1;0,0;...),
my = (_171117_170707 . )a
me = (1,0;0,1;0,0;...),
’ ( z‘—tzz (9.98)
P, = (1,0;0,0;...;—-1,0;0,0;...),
i—th
—~ =
Q; = (0,1;0,0;...;0,—1;0,0;...),

where w; and m; are the charges of the corresponding states in the rank-2 case, with all
other entries set to 0. We denote W;, M;, P; and Q; the states with charges w;, m;, P; and
Q, respectively.
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The charge ¢ of a general line £ can be written as the linear combination:

N
{ = oqwy + agwa + fima + fama + Z(@‘Pi + Qi) - (9.99)
i=3
Screening translates into the identifications:
o~ +1, B~ B+l di~6i+1, v~y 1 (9.100)

In the remainder of this section we compute the constraints imposed by mutual locality
between the general line £ and dynamical states. Our results are summarized in Table
9.6

Rank Line charge
r S r+s
2 rs — = — P_
n lrs = w2+ 5m1 + — (P-Q)
r s s r r
2n+1 €T7S:5U/1+5U}2+§m1+§m2+5(P7Q)

Table 9.6 The charges of allowed lines in the S, ;-fold theories. The charges w;, m;, P and
Q are given in (9.98), (9.77), and r, s = 0, 1. The mutual locality condition for two lines
with charges ¢, s and ¢, o is rs’ — s’ = 0 mod 2.

Consider first the mutual locality conditions:
(L,P;—Pj)=8—-06;€Z = 06;,=06=90, (9.101)

(£,9;— Q)= —v€EZ = v=v%=7. (9.102)

Furthermore, there are dynamical states with charges:

i—th i—th i—th
(0,051, =L) = (PrGiee i =P =G ) poo T PG50 P ) poo
i—th i—th o i—th o
(0,0;...51,1;...) = (p,q;...;—p,—q;...)‘ = —|—(p,q;...;—q,p;...)‘ o1
(9.103)
and mutual locality with respect to these states implies:
1
v =—0, de §Z . (9.104)
Therefore, the charge of a general line can be rewritten as:
{ = a1wi + aowa + Bima + Pama + 6(P — Q) , (9.105)

where P and @ are defined in (9.77). Mutual locality between the line £ and the genera-
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tors of the charge lattice of dynamical states implies:

<‘Capz> = (N - 1)5 + ag — ﬁl )
(£,Qi)) = (N—-1)0+a1—ag—B1+ B2,
(LWr) = (N =2)6-2B1+f,
(LWa) = 2(N —2)6 — 282+ 251, €z (-106)
<£,M1> = 20[1 — 20[2
<£,M2> = (N — 2)(5 — a1 + 2a0
One computes the following;:
<£,W1+W2*M1*M2> =—0fy—ay1 €Z éﬁg = 1—041,
<‘C7Q7,+Pz>:_26162 :>ﬁ1€727
<£, Q; — P1> = 2ap€”Z = Qg € %Z R (9107)
<£,M1>:2041€Z :>OZ1,52€%Z.
We have thus shown that «;, 8;,0 € %Z and oy = —f2. Itis now useful to treat separately

the cases of odd and even N. In both cases we find that the lines form a 2 x 2 lattice, the
one-form symmetry is Z; and there are three choices of global structure.

Case N = 2n

Mutual locality conditions (9.106)) read:

(L,P)y = —-0—-F1+as

<£» Qi> = —0—o —51

éﬁ%i _ 52 €z, (9.108)
(L,My) = 0

<£7M2> = —

and each solution can be written as:

Qg = 61257 061:62:0, 6: T7S:O71- (9109)

r
2 )

Therefore the lines form a 2 x 2 lattice parametrized by r, s. Mutual locality between two
lines £ and £’ with charges ¢, ; and ¢,  respectively translates into:

1
(£, L'y = 5(7“/8 —rs')eZ, (9.110)

or equivalently:
r's—rs’=0 mod?2. (9.111)

The one-form symmetry group is thus Z, and there are three different choices of maximal
lattices of mutually local lines parametrized by (r, s) = (1,0), (0,1), (1,1).
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Case N =2n +1
The Dirac pairings (9.106) read:

<‘C7 7)1> = Q2 — 61 )
(£,Q:) = —az—p,
LW1) = 0+ pa,
éﬁ W:i — 0 f2 €z, (9.112)
<‘CaM1> = 0,
<[,,M2> = 5 — 1
and the general solution can be written as:
r s
a1=52=5=§7 042=ﬂ1=§, r,s=0,1. (9.113)

Mutual locality between two lines £ and £’ with charges ¢, s and ¢, o respectively trans-
lates into:

1
(£, L'y = 5(7”/8 —rs')eZ, (9.114)
or equivalently:

s —rs’ =0 mod 2. (9.115)

As in the previous case, the one-form symmetry group is therefore Z; and there are three
different choices of maximal lattices of mutually local lines that can be parametrized by:

(7”,8) - (170)a (Oa 1)7 (1v 1) . (9.116)

9.3.3 Trivial line in S; ;-fold

The analysis of the spectrum of lines in the case of the Sg 1-fold can be carried out along
the lines of the previous subsections. One finds that the integer lattice of charges asso-
ciated to (p, g)-strings is fully occupied. To see this notice that there are two states with
the following charges:

(1,0;0,0;0,0;...) = (p7q;p—q,p;070;---)|p:o1 —(p7q;—q,p,0,0;~-~)|p:é ,
q=— q=
(0,1,070,0,0,) = (170;070;030;“')_(paq;_p_q;OaO;"')|p

0
1

—(p,q;—q,p;070;---)‘ »

0

1

(9.117)
By combining these states with P; and Q; we can obtain states with electric or magnetic
charge 1 with respect to the i-th brane, and all other charges set to zero. Let us now
consider a general line £ with charge ¢ = (e1, mi;ea,mo,...). Mutual locality with
respect to the local states we have just discussed implies:

ei,m; € Z Vi, (9.118)
and the insertion of the same local states along the lines translates to the identification:

e;~e;+1, m; ~m; +1. (9.119)
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Therefore, the only allowed line modulo screening is the trivial line, with charge ¢ =
(0,0;0,0;...). This implies that the one form symmetry group is trivial, and accordingly
there is only one possible choice of global form.

9.3.4 Trivial line in the discrete torsion cases

We generalize the analysis discussed in the previous sections to the cases with non-trivial
discrete torsion in the S5 3-fold and Sy 4-fold.

As we argued in Section 9.1|all the strings states that are present when the discrete tor-
sion is trivial are also allowed when the discrete torsion is non-zero. Furthermore, there
are strings ending on the S-fold itself, as discussed in Section Thus, the lattice of
charges of local states in the case of the S3 3-fold and Sy 4-fold are generated by strings
stretched between (images of) D3-branes — as in the cases with trivial discrete torsion
— together with those additional strings. One can show that the integer lattice of elec-
tromagnetic charges of dynamical states is then fully occupied. Therefore, by a similar
argument to the one used in the case of the Ss ;-fold in Section the only line that
is allowed is the trivial one, and the one-form symmetry group is 1 for the S5 3-fold and
S4,4-fold with non-zero discrete torsion.

9.4 Non-invertible symmetries

We now discuss the possible presence of non-invertible symmetries in S-fold theories.
In the case of N = 4 theories, the presence of S-duality orbits can imply the existence of
non-invertible duality defects which are built by combining the action of some element
of SL(2,Z) and the gauging of a discrete one-form symmetry [247, 248 249 250, 251]
252, 253|254, 1255, 256, 257, 258].

Similar structures can be inferred from the S-fold construction. Consider moving one of
the D3-brane along the non-contractible one-cycle of S°/Z; until it reaches its original
position. The brane configurations before and after this are identical, and therefore the
S-fold theories are invariant under this action. Going around the non-contractible one-
cycle of S®/Z;, in the case an Sy, ;-fold involves an SL(2, Z)-transformation on the electric
and magnetic charges e;, m; associated to the D3-brane that has been moved. Let Z};
denote the process of moving the i-th D3-brane along the non-contractible cycle of an
Sy..i-fold. The action of 3¢ on the charges is:

ooy e () e
z;:( € )% ! . (9.120)

m;

The charge lattice of dynamical states is invariant under X, while the set of line lattices
can be shuffled. Consider for example the S3 ;-case with rank N = 2. One can compute
explicitly the following orbits:

0

(1,0) < (0,1) «— (1,1) (1,2) , (9.121)

where the pairs (e, m) parametrize the maximal sub-lattice of mutually local lines as dis-
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cussed in section (9.2.1). Two line lattices connected by an arrow in (9.121) are mapped
to each other under proper combinations of 3%.

This theory enhances to su(3) N' = 4 SYM. Using the mapping between the line
lattices parametrized by (e,m) and the global structures of su(3), the formula
reproduces the N’ = 4 orbits under the element ST € SL(2,Z). As shown in the liter-
ature [247, 250, 251}, 248], this transformation can be combined with a proper gauging
of the one-form symmetry to construct the non-invertible self-duality defects of su(3) at
7 = ¢?™/3_ Therefore in our notation we expect the existence of non-invertible symme-
tries involving X! for the lattices labeled by (e, m) = (1,0), (0,1), (1,1), and none in the
(e,m) = (1,2) case.

Similarly, one can consider the orbits in the case of S4,; with N =2, where the SCFT
enhances to s0(5) N/ = 4 SYM. By using the transformations X as above we find the
following orbits

Q

0,1) «— (1,0) (1,1 , (9.122)

where the pairs (e, m) parametrize the maximal sub-lattices of mutually local lines as
discussed in section (9.2.2).

These reproduce the N = 4 orbits under the element S € SL(2,Z). Again this transfor-
mation can be combined with a proper gauging of the one-form symmetry to construct
the non-invertible self-duality defects of so(5) at 7 = 4.

Motivated by this match, one can expect that in the case of general rank, non-invertible
symmetries will be present when multiple choices of maximal sub-lattices of mutually
local lines are related by the transformations 33}, as above. The orbits are:

Siic (1,0)¢— (0,1) +— (1,1)  (1,2) D | (9.123)

(0,1) ¢ (1,0)  (1,1) .D N=0 mod?2
Syt , (9.124)
(1,0) «— (1,1)  (0,1) .D N=1 mod?2

where the pairs (r, s) parametrize the maximal sub-lattices of mutually local lines as in
section[9.3l

In the Sg 1, S3,3 and Sy 4-cases, there is only one possible global structure that is mapped
to itself by the 3} transformations.

By analogy with the cases where there is N’ = 4 enhancement, we expect the existence of
non-invertible symmetries when the transformations %j map different line lattices, built
by combining this ¥ -action with a suitable gauging of the one-form symmetry.

9.5 Conclusions

In this Chapter, we have exploited the recipe of [29] for arranging the charge lattice of
genuine lines modulo screening by dynamical particles. We have adapted such strategy;,
originally designed for BPS quivers, to the case of (p, ¢)-strings, in order to access to the
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electromagnetic charges of non-Lagrangian N = 3 S-fold SCFTs. This procedure has al-
lowed us to provide a full classification of the one-form symmetries of every S-fold SCFT.
We singled out two cases with a non-trivial one-form symmetry, corresponding to the Z3
and the Z, S-folds in absence of discrete torsion, denoted here as S5 ; and Sy ; respec-
tively. Our results are consistent with the supersymmetry enhancement that takes place
when two D3-branes are considered. Lastly, we discuss the possibility of non-invertible
duality defects, by recovering the expected results for the cases with supersymmetry en-
hancement and proposing a generalization at any rank. A natural generalization of the
analysis performed in this Chapter is to consider the exceptional N = 3 theories [200, 5].
In Chapter [10] and [11] we will study exceptional S-folds of type E, with an approach
similar to the one discussed in this Chapter.

We left many open questions that deserve further investigations. It would for exam-
ple be interesting to study in more details the projection of the states generated by the
(p, q)-configurations in an S-fold background. In the present thesis, the only relevant
information was the electromagnetic charges carried by these states, but a deeper anal-
ysis of the dynamics of these S-fold theories requires more work. This would in turn
improve our understanding of their mass spectrum. For instance, a comparison of the
BPS spectrum could be made exploiting the Lagrangian descriptions of [241]]. This could
also help finding the origin of the mapping between the multiple lattices found in the
S3.1 and Sy 1-cases. Further investigations in this direction would deepen our geometric
understanding of the non-invertible symmetries expected in this class of theories, along
the lines of the brane analysis of [259) 260, 261].

It would also be of interest to generalize the analysis to the cases of S-folds with N/ = 2
supersymmetry [262), 263] (see [264] 265] for similar analysis in class S theories). In the
absence of BPS quivers, one needs to adapt the UV analysis of [29]. In general, one would
like to find a stringy description that avoids wall crossing and allows reading the charge
lattices and the one-form symmetries for such theories.
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Exceptional S-folds and discrete gauging

In this Chapter, building upon the analysis and results of Chapter [0} we study a class of
4d SCFTs with A/ = 3 SUSY called exceptional S-fold theories, first constructed in [200].
We analyze the structure pf higher-form symmetries in conjunction with the charge lat-
tice and the possibility of discrete gauging.

Not much is known about these theories aside from their geometric construction, a no-
table exception being the CB geometry computed in [5] by Kaidi, Gabi and Martone.
Our analysis relies heavily on their approach as well as on the CB geometry itself. As
discussed in Section[8.2) A = 3 S-fold SCFTs are labelled by an integer k = 3,4, 6, called
the order of the S-fold, and a simply-laced Lie algebra g, and we will denote them as
“S-folds of type g” or more concisely as gSj-fold. The A, Sj-folds, denoted here as “reg-
ular” S-folds, engineer the theories of [197], and are equivalent to non-geometric Type
IIB setups. The D,.Si-folds and E, Sj;-folds are called “exceptional” S-fold theories. In
this thesis we only discuss the g = E, case, but our procedures can be straightforwardly
applied to the D, Si-folds as well.

We thus consider a total of nine theories, the E,.S.-folds, which are believed to be non-
trivial interacting SCFTs with rank varying from 2 to 4. We show that all but one of these
theories, the EgS4-fold, are discrete gauging of free theories. This is essentially due to
the fact that they do not admit a consistent charge lattice. Exceptional S-folds can be
considered sporadic even when compared to the “regular” A, Sj-folds, nevertheless the
obstruction to having a consistent charge lattice that they exhibit generalizes nicely to
arbitrary ranks, as we will discuss in Chapter

For the sake of readability, let us outline the general strategy adopted in this Chapter
and state the results. A summary of our results can be found in Table

General strategy

Our approach to the study of charge lattices of S-fold theories reduces to two main ideas.
The first idea is based on the results of [5], where it was shown that the moduli space
of an S-fold SCFT of type g can be obtained as a slice of the moduli space of a “parent”
N = 4 SYM theory with gauge algebra g. In analogy with this result, we compute the
charge lattice of an S-fold theory as a sublattice of the charge lattice of the parent N’ = 4
SYM.
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The second ingredient is the consistency of the structures of N' = 2 SCFTs along the
Coulomb branch stratification. In our case this boils down to the fact that the charges
that become massless at some codimension-n singularity on the Coulomb branch must
generate the charge lattice of some rank-n theory supported on the singularity. If this
is not the case, then the singularity can not support an interacting theory and must be
empty. The singularity itself then supports a discrete gauging of a free theory, and the
SCFT can be considered as a discrete gauging of a parent theory. In most exceptional
S-fold theories we find that none of the codimension-1 singularity can support an inter-
acting theory, signaling that the exceptional S-fold theory itself is a discrete gauging of a
free N = 4 theory.

This procedure is particularly powerful when considering the codimension-1 singulari-
ties of a maximally strongly coupled theory. If the singularity is non-empty then it must
support a rank-1 V' = 2 SCFT. We have a full classification of these theories and their
charge lattices are characterized by the absolute value of the Pfaffian of the Dirac pairing
J:

IPF ()| = {2 (discrete gauging of) N’ = 2*SU(2)SYM (10.1)

1 otherwise

For any other values of |Pf(J)| on a codimension-1 singularity, the corresponding states
can not be BPS and the singularity must be empty.

Given an exceptional S-fold theory our analysis roughly follows these steps:
* Determine the Coulomb branch geometry as was computed in [5]
* Compute the charge lattice and Dirac pairing from the parent N = 4 theory.

* Compute the sublattice of charges that should become massless on all codimension-
1 singularities

o If these lattices are compatible with one of the options in (10.1) there is a SCFT
supported there, otherwise the singularity is empty.

* Also impose the constraints on the central charges, namely the farmulae of [218].

At the end of these steps if there are some singularities which support an interacting
SCFT we claim that the S-fold SCFT is non-trivial. Instead if all the singularities are
empty we claim that the S-fold theory is a discrete gauging of a free theory.

Results

We find that all but one of the exceptional S-fold SCFTs of type E, are discrete gauging
of free theories, the exception being the S-fold of type Es with k = 4, also called the
G3 theory. In particular, the S-fold theories of type Es and g with k& = 3,6 do not
have consistent charge lattices. In these theories, on any codimension-1 singularity the
charges that should become massless span a rank-2 sublattice where the Dirac pairing is

such that |Pf (J (1)) = 3, and comparing with eq. (10.1) there is no rank-1 SCFT that can

be supported there. Therefore all codimension-1 singularities are empty, and the S-fold
theories themselves are discrete gauging of free theories. All S-fold theories of type E-
and the S-fold theory of type Eg with k¥ = 4 admit a consistent charge lattice, but this
lattice is incompatible with the constraints coming from the central charge formulae of
[218].
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NG Ey Er By
3 C =C3/Gas C =C?/G C =C"/Gs,
d.g. of UL} N =4 d.g of U1} N =4 d.g. of UL)* N =4
C=C/G3
C:Cz/GS CZCQ/Gg :
4 2 ar 2 A Interacting SCFT
d.g. of U(1)* N =4 d.g . of U(1)* N =4 G — 1 19¢ — 372
6 C=C?/Gs C =C3/Ga C =C*/G3,
d.g of U1’ N =4 dg of U1} N =4 dg of U1)* N =4

Table 10.1 Properties of exceptional S-folds of type g = E,,. For each theory the Coulomb
branch C is reproduced from [5] and we specify wether the theory is a discrete gauging
(d.g) of a free theory. Red cells are theories whose Coulomb branch do not admit any
consistent charge lattice, orange cells are theories where the charge lattice is incompatible
with the constraints on the central charges. For the only interacting SCFT the 1-form
symmetry group G(!) is written and the central charge is reproduce from [5].

The only S-fold theory of type E,, that has a well defined charge lattice compatible with
the formulae of [218] is the G3; theory. We claim that this is an interacting SCFT. The
theory has rank equal to 4 and the Coulomb branch and central charges are those com-
puted in [5], see Table[I0.1} Furthermore we find that the 1-form symmetry group of this
theory is trivial.

10.1 Another look at S-folds SCFTs

In this Section we outline our procedure for analyzing various properties of N' = 3 S-fold
theories. We do so by studying explicit examples of S-folds SCFTs engineered in Type
IIB, which we denote as “regular” S-folds, providing various prescriptions that will ap-
ply to the general cases of exceptional S-folds [200] engineered in M-theory discussed in
Section All the results contained in this Section have already appeared in the liter-
ature and most of the techniques are well known, with the exception of the discussion
given in Subsection There we leverage the stratification of the Coulomb branch
and the classification of N' = 2 rank 1 SCFTs to constrain the BPS spectrum and ulti-
mately understand the 2-form symmetries of these theories. This argument, to the best
of our knowledge, is original.

10.1.1 Moduli space

The S-fold theories have a moduli space of vacua parametrized by the motion of the
N D3-branes on the transverse space C?/Z;, which is given by (C*)¥ /G (k, 1, N) [199],
where G(k,1,N) is a crystallographic complex reflection group (CCRG). By choosing
an N/ = 2 subalgebra of the N' = 3 superalgebra the R-symmetry group is broken to
(SU(2) x U(1))r and the moduli space splits into a N-dimensional Coulomb branch,
an 2N-dimensional Higgs branch and a mixed branch with respect to the choice of sub-
algebra. Of particular interest in this paper is the Coulomb branch, where the U(1) R-
symmetry is broken and the SU(2) R-symmetry is preserved. In the brane picture the
Coulomb branch can be identified with the space parametrized by the positions z; of the
N D3-branes on a 1-complex-dimensional slice C/Z;, of the transverse space. Here z; is
a complex number that parametrize the position of the i-th D3-brane on this slice. The
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Coulomb branch is then CV/G(k, 1, N), where G(k, 1, N) is generated by the transfor-
mations:

BN A 1N (10.2)
Zi £ Zj

The ring of polynomials in the z; that are invariant under G(k, 1, N) is freely generated,
meaning that there are no non-trivial relations between the generators. There are N
generators whose degrees are:

A= (k, 2k, 3k,..., Nk) (10.3)

The analysis of moduli space given so far has relied upon the brane picture for regu-
lar S-fold. Such a picture will not be available when we consider the generalization to
exceptional S-fold, so an alternative approach is desirable. Kaidi, Martone and Zafrir
presented a possible approach in [5], where they studied the moduli spaces of excep-
tional S-fold theories. Here we briefly review their results, more details can be found in
the original paper. The idea is to start with a stack of Nk D3-branes in flat space. The low
energy theory is then N = 4 SYM with gauge algebra su(Nk) and CB (C)N* /W (su(Nk))
parametrized by the scalars ®. Here W(g) is the Weyl group of the Lie algebra g. Intro-
ducing an Sj-fold imposes the identification:

w-®=0,® (10.4)

Here Oy, is the action of the S-fold on the scalars, which is given by the R-symmetry
transformation: O = €2™/*. w is the Weyl element corresponding to the permutation of
branes that maps each D3-brane to its first image under the S-fold and it is equal to the
N-th power of the Coxeter element c:

_.N
v (10.5)
C=51"82 """ SNk—1
where s; is the reflection along the i-th simple root. Then (10.4) becomes:
N B =R (10.6)

Notice that only requires to know the moduli space of the low energy field theory
in the absence of the S-fold, which in this case is N' = 4 SU(Nk) SYM, and does not
rely on a brane picture. This allowed the authors of [5] to generalize this procedure to
exceptional S-fold where the “parent” N' = 4 theory has gauge algebra ¢, or d,,. This
generalization requires a choice of an element w of the Weyl group, we will see that this
choice is unique under a technical but reasonable assumption.

Mathematically ® is a point in a space acted upon by a real reflection group (the Weyl
group), and identifies the eigenspace of the element w of the Weyl group (in this
case cV) with eigenvalue e?™/*. The action of the Weyl group on this eigenspace is
called a reflection subquotient, and has been studied in generality in the mathematical
literature, see [266] and reference therein for a comprehensive review of this topic. Here
we report some results on reflection subquotient that are relevant for the study of moduli
spaces of S-fold theories. Proofs and discussions regarding these mathematical results
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can be found in [266], see Theorem 11.24, Corollary 11.25, Theorem 11.28 and Theorem
11.38 in that reference.

 The rank r of an Sy-fold N' = 3 theory is given by the number of degrees of CB
invariants of the “parent” ' = 4 SYM that are divisible by k.

¢ The Coulomb branch of an Sy-fold A/ = 3 theory is C" /C with C a complex crystal-
lographic reflection group.

* The degrees of the generators of the S;-fold Coulomb branch invariants are the
degrees of C, and are given by the degrees of invariants of the “parent” N' = 4
theory that are divisible by k.

* The codimension-1 singularities in the Coulomb branch of the Sy-fold N = 3 the-
ory are given by the intersection of the codimension-1 singularities of the “parent”
N = 4 theory with the N' = 3 Coulomb branch.

In the case of regular S-folds the “parent” theory is SU(Nk) N' = 4 SYM, and the degrees
of the generators of Coulomb branch invariants are:

2,3,...,Nk (10.7)
There are N degrees that are divisible by k:
k,2k,...,Nk (10.8)

that correspond to the degrees of the complex crystallographic reflection group G(k, 1, N).
This is consistent with the brane picture analysis, where the Coulomb branch was found
tobe CV/G(k,1, N).

When a brane picture is not available one needs to specify the element w of the Weyl
of the “parent” N/ = 4 theory that is involved in the S-fold projection (10.4). Modulo a
technical assumptiorﬂ such an element is unique up to conjugation and is characterized
by having an r-dimensional eigenspace with eigenvalue e2™*/%. Therefore the analysis of
the Coulomb branch of exceptional S-fold theories boils down to finding an element w
of the Weyl group that has an r-dimensional eigenspace with eigenvalue e>7/*.

Charge lattices of S-fold theories

In this Section we briefly recall the computation of the charge lattice of regular S-fold
SCFTs performed in Chapter [9 and we give a field theoretic prescription to generalize
the analysis to exceptional S-folds. Consider a stack of N D3-branes probing an S;-fold
without discrete torsion together with the (k — 1) N image D3-branes. The local states of
the SCFT are associated to finite length (p, ¢)-strings stretched between the D3-branes,
plus their images under the Si-fold. Denote as |(p, ¢));,; a state associated to a (p, g)-
string between the i-th and j-th D3-brane. The first image of this string is a (p’, ¢')-string
stretched between the 7(7)-th and 7 (j)-th D3-brane. Here (p’, ¢') are related to (p, ¢) by
the S-duality transformation involved in the S-fold:

(', d') = pr-(p,q) (10.9)

Here, following [B], we assume that the rank of the A’ = 3 theory is the highest possible.
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And the 7(¢)-th D3-brane is the first image of the i-th D3-brane. Let us number the D3-
branes such that 7(i) =i+ N, and ¢ ~ i + kN. The following states are invariant under
the S-fold action:

(p.q))i = WZ“}k Py @)) e iyt () (10.10)

The electromagnetic charges of the state |(p, ¢));,; can be written as a 2N k-dimensional
vector:

Q [\(n q)>i,g} = %(617 €Nk, MU, .., MNE) (10.11)

where e; and m; are the electric and magnetic charges under the i-th D3-brane, respec-
tively. The Dirac pairing between two states ¢ and v with charges e;, m; and e}, m; is

then:
Nk

(6, 9) = i;(ezmi ) (10.12)
One can show that despite being represented by 2Nk-dimensional vectors the set of
states invariant under the S-fold action (10.10) only span a 2N-dimensional lattice, which
is the charge lattice of the rank-N S-fold SCFT.

In order to generalize this analysis to the exceptional S-fold case, let us express the vari-
ous quantities of the S-fold theory (10.10),(10.11) and (10.12) in terms of field theoretical
data of the “parent” N’ = 4 SU(kN) SYM theory, namely the roots «; ; of SU(kN) and
the Cartan matrix Agy (k). This can be done as follows. The string state |(p, ¢)):,; cor-
respond to a dyonic state with electric charge p and magnetic charge ¢ with respect to a
root o j of SU(kN):

(P @))ij — levi g, (p,q)) (10.13)

The S-fold acts with a matrix pj, on the electric and magnetic charges (p, ¢) and acts as
a permutation on the indices i, j. As discussed in the previous Section the permutation
corresponds the the action of the Coxeter element c to the N-th power on the root «; ;.
Suppresseing the indices 4, j the S-fold action can be written as:

Skt |as (p.q)) — )cN ~o; pr - (P, q)> (10.14)

The states invariant under the S-fold (10.10) can be written in the following form in terms
of the states of the “parent” N = 4 theory:

P kZ e " p.a)) (10.15)

The charge lattice of the S-fold theory is spanned by these states for all choices of root
o € A [SU(Nk)] and for any p,q € Z.

The electromagnetic charge of a state |«; (p, ¢)) is given by;

k—1
Q [0 )] = <= > p)' - Q [Jos ()] (10.16)
t=0
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where Q [|o; (p, q))] is the electromagnetic charge of the corresponding state of SU(Nk)
N = 4 SYM. Finally, the Dirac pairing defined on the charge lattice of the S-foldss theory
is obtained as a restriction of the Dirac pairing of SU(Nk) N = 4 SYM. Explicitly the
Dirac pairing between two states of the S-fold theories with charges ¢; and g; is given
by:

{(ai,aj) = @i - Jsuvw) - 4, (10.17)
where:
T
Tsuvk) = 0 (Asvwn) (10.18)
—Asu(vk) 0

is the Dirac pairing of the parent SU(Nk) N = 4 gauge theory [231]. Then the charge
lattice I' v i, of the Sy-fold theory is:

row={@[ais] Ipaez, ig=1...vt} (10.19)

and the associated Dirac pairing is given by (10.17) and (10.18).

In this Chapter we are interested in the quantity | Pf(.J)|. As already discussed in Chap-
ter [J] the value of | Pf(.J)| is an invariant of any A" = 2 SCFT that equals the order of
the 1-form symmetry group. One can intuitively think of this invariant as a measure of
“how spread out” the charge lattice is. Indeed the number of electromagnetic charges
that can be added to the charge lattice I' without breaking the Dirac quantization condi-
tion is given by | Pf(J)| — 1. In this sense, the charge lattice I" can not be arbitrarily dense,
because | Pf(J)| is at least 1. Crucially, in the rank-1 case there is also an upper bound
for | Pf(.J)|, given that we have a full classification of rank-1 N' = 2 SCFTs. The pfaffian
of the Dirac pairing of a rank-1 SCFT is at most 2, therefore the 1-form symmetry group
of a rank-1 SCFT is either Z; or the trivial group.

Intuitively the upper bound for “how spread out” the charge lattice is in rank-1 SCFTs,
together with the idea of stratification of the Coulomb branch, should impose an upper
bound for higher rank theories as well. In Section[10.2] we will see that this is the case by
studying explicit examples, namely exceptional S-fold SCFTs, while in Chapter [11] with
discuss this idea in more generality.

Discrete torsion

Some S-fold backgrounds can admit a non-zero flux for the Type IIB 2-form fields around
cycles of the transverse space. This is possible for k = 2, giving rise to the orientifold

03%, 03+ and O3, and for k = 3,4 giving rise to fluxful S-folds denoted as S3 3 and
S4,4. When the discrete torsion is non-zero the S-fold is magnetically charged under the
corresponding 2-form field, and strings can end on the S-fold itself. Strings stretched
between the S-fold and a D3-brane generate additional states in the SCFT with respect to
the fluxless case, and the charge lattice is more dense. The states corresponding to strings
stretched between the S-fold and a D3-brane can not be written in the form (10.15). In
order to include them we are led to consider states of the general form:

k—1 1

|ov, (p, Q)>{pw} = % Z > pij

i=0 j=0

N as (k) - (p, q)> (10.20)
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where p; ; are integers such that the state are invariant under the S-fold action
(T0.14). The sum over i runs from 0 to k—1 because c” satisfies its characteristic equation,
which is an order k polynomial equation, and similarly the sum over j runs from 0 to 1
because py, satisfies an order 2 polynomial equation.

One can show that such states correctly reproduce the strings stretched between a D3-
brane and the S-fold itself. We can therefore see that the presence of a non-trivial discrete
torsion can be accounted for by considering the charge lattice spanned by the states

(10.20) rather than (less general) states (10.15).

In the context of exceptional S-folds the states (10.20) will only play a minor role, there-
fore we will not discuss them further.

10.1.2 Discrete gauging and 2-form symmetries

The S-fold theories obtained from the Type IIB setup can sometimes have a non-trivial
2-form symmetry and can be seen as a discrete gauging of a “parent” theory [199]. Gaug-
ing a discrete 0-form symmetry of the parent theory gives rise to a magnetic 2-form
symmetry, and viceversa. One can go from the parent theory to the daughter theory by
gauging the relative discrete symmetry. This operation is therefore reversible, and one
may choose to study either of the two theories without loosing information. When this
is the case it is convenient to study the parent theory itself, for example the Shapere-
Tachikawa formula for the central charges is believed to hold only in the absence of
2-form symmetries.

In this Section we show how to detect 2-form symmetries that arise from the discrete
gauging of a 0-form symmetry that acts on the Coulomb branch. We also give a con-
sistency constraint for the BPS spectrum of N' = 2 SCFTs based on the classification of
rank-1 theories. We elaborate this analysis in the cases of the O3~ and the flux-less S3-
fold. In Section [I0.2) similar considerations will lead us to claim that some exceptional
S-fold theories are discrete gaugings of free theories.

Strings across the flux-less orientifold

As a familiar example, consider the O3~ plane, which corresponds to the S-fold with
k = 2 and trivial discrete torsion. The low energy theory on a stack of N D3 branes on
top of the O3~ is N/ = 4 SYM with gauge algebra so(2N), and is believed to be a Z
discrete gauging of the N’ = 4 theory with gauge group Spin(2N). Indeed the space

parametrized by the transverse motion of the D3-branes is C/ (W [s0(2N)] 22),

which is compatible with the moduli space of N' = 4 Spin(2N) with an additional Z;
identification given by gauging charge conjugation. In this example the “parent” theory
has trivial 2-form symmetry and has a Z; 0-form symmetry, namely charge conjugation.
The theory on the stack of D3-branes is obtained by gauging this Z, 0-form symmetry,
and therefore has a Z, 2-form symmetry.

The 2-form symmetry can be detected by looking at the moduli space CV / (W [s0(2N)] Zg> .

In particular the singularities on moduli space given by the additional Z, identifications
correspond to configurations where one D3-brane is on top of the orientifold. There are
no massless BPS charged states associated to this singularities because the ground state
of strings connecting the D3-brane and its image, which have zero length, are projected
out by the orientifold [267]. This is consistent with the fact that the Z; identification on
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moduli space is due to a discrete gauging of a Z; 0-form symmetry. In general a discrete
gauging of a 0-form symmetry that acts non-trivially on the Coulomb branch produces
singularities where no BPS state becomes massless. Suppose that an S-fold theory 7 has
a Coulomb branch:

c=C"/(Gxg) (10.21)

and charge lattice I'. Suppose that on the fixed loci of G some state v € I has zero central
charge Z, and therefore becomes massless, while on the fixed points of G’ all the states in
the charge lattice are massive. Then 7 has a non-trivial 2-form symmetry G(?) = G’ and
can be regarded as a G’ discrete gauging of a “parent” theory 7" with Coulomb branch:

' =cV/(G) (10.22)

and with the same charge lattice I'. The “parent” theory 7’ has a O-form symmetry
which contains G’ as a discrete subgroup. Therefore we are able to detect the presence of
a non-trivial discrete 2-form symmetry G(?) from the knowledge of the Coulomb branch
and charge lattice if G(?) arises from a discrete gauging of a 0-form symmetry that acts
non-trivially on the Coulomb branch.

In the example of the O3~ given above the absence of charged massless states on the
fixed points of the Z, identification can be explained from string theoretical considera-
tions, but one would like a field theoretical argument as well. Consider a point p in CV
that is fixed under Z, and is generic otherwise. The prescription given in Section to
compute the charge lattice I' predicts massless states on this singularity corresponding
to (p, g)-strings stretched between a D3-brane and its image. Denote as T'(!) the sublat-
tice of T spanned by these states. ') should be the charge lattice of a rank-1 QFT 7%
whose Coulomb branch is given by the slice transverse to the singular locus in a neigh-
bor of p, namely C/Z,. A basis of I') is given by the states associated to an F1 and a D1
string which we denote as 1 and ¢ respectively. The Dirac pairing between these states
is Pf(J(V)) = (¥, ¢) = 4, therefore they are not mutually local and 7(*) must be an in-
teracting CFT. We have denoted as J(!) the matrix representing the Dirac pairing of the
rank-1 theory in this basis. Furthermore by the argument given in [29] (see Section[10.)
7™ should have a non-trivial 1-form symmetry group of order 4. A full classification
of rank-1 ' = 2 SCFTs is available [207, 209, 206, 208]], and a theory such as TM does
not exist. In particular the maximum order for the 1-form symmetry group of a rank-1
SCFT is 2 [231], saturated for example by N' = 4 SU(2) SYM. We conclude that the states
in T can not be BPS, therefore on the fixed locus of the Z, identification there are no
massless states, consistently with the string theory prediction.

Strings across the flux-less S3-fold

We have shown that the analysis of the charges of states becoming massless on a singu-
larity of the Coulomb branch imposes non-trivial constraints on the BPS spectrum of a
theory. This is especially interesting to study in non-lagrangian theories, where discrete
gaugings and 2-form symmetries are not readily apparent. As an example, we now show
that in the flux-less S-folds with k& = 3 the strings stretched between one D3-brane and
its image are not BPS. Consequently, these theories are discrete gaugings of other N' = 3
“parent” theories, as originally discussed in [199]. A similar analysis in Section [10.2]
will show that some exceptional S-fold theories, for example the G5 theory discussed in
Section are discrete gauging of free theories.
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The Coulomb branch of the regular S;-fold SCFT at rank r theories has two types of
codimension 1 singularities on the Coulomb branch: singularities where two D3-branes
coincide and singularities where one D3-brane is on top of the S-fold. When two D3-
branes coincide the associated rank-1 theory is always SU(2) N' = 4 SYM, which is a
consistent rank-1 SCFT, therefore we will focus on the other singularities. When one
D3-brane is on top of the S-fold the corresponding rank-1 theory is the rank-1 version of
the S-fold theory under consideration. In the case of flux-less S-folds the rank-1 theories
are believed to be discrete gaugings of U(1) N' = 4, with no massless states charged
under the U(1). Let us show that this must indeed be the case for the £ = 3 S-fold.
In the absence of discrete torsion the charge sublattice T} is spanned by (p, q)-strings
stretched between the D3-brane and its image. A possible basis for this lattice is given
by the states associated to an F1 and a D1 string, let us denote them as |f1) and |d1)
respectively. The Dirac pairing matrix in this basis is:

 _ 0 (£1,d1)
JV = ( —(f1,d1) 0 (10.23)
The order of the 1-form symmetry group is give by the Pfaffian of the Dirac pairing:
3 k=3
G0 = ‘Pf (J<1>) ‘ —(fl,dl)={ 2 k=4 (10.24)
1 k=6

The Coulomb branch of these rank-1 theories is C/Z;. For k = 3 the putative theory on
this singularity is inconsistent because, as discussed above, the maximum order for the
1-form symmetry group of a rank-1 ' = 2 SCFT is 2. Therefore the states associated to
strings stretched between a D3-brane and its images can not be BPS.

The Coulomb branch can thus be written as:
C=CN/(G(3,1,r)) =CN/(G(3,3,1) x Z3) (10.25)

where there are massless charged states on the fixed points of G(3,3,r) and there are
no massless charged states on the fixed points of Z3. This Coulomb branch is consistent
with the Coulomb branch of a Z3 discrete gauging “parent” theory with Coulomb branch
C' = CN/G(3,3,r) and 2-form symmetry group Z3, reproducing the M-theory results of
[199]. Furthermore we have shown that in a flux-less S-fold background with k¥ = 3
the states associated to strings stretched between a D3-brane and its image are not BPS,
because otherwise the Coulomb branch stratification would be inconsistent. This further
strengthens the analysis of the BPS spectrum of the rank-2 S-fold theories performed
in [246] 245]. One could perform a similar analysis in the case of flux-full S-folds. The
resulting rank-1 theories on the codimension-1 singularities are all consistent in this case,
therefore the Coulomb branch of these theories is C" / (G(k, 1,7)) and there are massless
charged states on all singularities.

Strings across the flux-less S,-fold

As a final example of our techniques before delving into the topic of exceptional S-folds
we consider the fluxless S-fold with k = 4. Similarly to the case of the S3-fold we will
show that the strings stretched between a D3-brane and its images do not produce BPS
states. In addition to the analysis of the charge lattice we will also consider constraints on
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the central charges of the theories supported on codimension-1 singularities. These two
computations give incompatible results unless the strings across the S4-fold are not BPS
and in return the Sy-fold SCFTs must be discrete gaugings, reproducing the M-theory
results of [199]. A similar phenomena happens in exceptional S-fold theories, for exam-
ple the Gg theory discussed in Section [10.2.3]turns out to be a discrete gauging of a free
theory.

Consider the rank-r fluxless S;-fold SCFT. The Coulomb branch of the rank-1 SCFT on
the singularity that arises when a D3-brane coincides with the S4-fold is parametrized
by the motion of the D3-brane on a 1-complex-dimensional slice of the transverse space,
and is therefore C/Z4. The order of the 1-form symmetry group of the rank-1 SCFT on
this singularity was computed in (10.24):

‘G(l)‘ - ’Pf (J(1)>‘ —2 (10.26)

The only candidate for the rank-1 theory supported on this singularity is the N' = 3
preserving Z, gauging of SU(2) N' =4 SYM.

We may now consider the central charge of the S4-fold SCFTs. Assuming that the rank-1
theories on all the singularities are not empty and the S;-fold SCFTs are not discrete
gaugings the central charges can be computed with the Shapere-Tachikawa formula
[268]:

: T 3
2(2a —¢) = Z:Aj — 5= 2r? + 5 (10.27)
J=
where {A;} = {4,8,...4r} are the degrees of invariants of G(4, 1, r). The central charges
may also be computed using the formulae of [218, 210] that relate data of the rank-1
theories supported on the codimension-1 singularities to the central charge of the rank-r
theory:
12¢ = 2r + hpcp + »_ AF"8D; (10.28)
i€T
where b; is a quantity associated with the rank-1 theory supported on the i-th codimension-
1 singularity as follows:
b e 12@ — hi -2
i Ai

In our theory the extended Coulomb branch dimension is hgcg = r and the set Z con-

(10.29)

sists of the two codimension-1 singularities. The scaling dimensions A" of these sin-
gularities can be found for example in [5], Appendix B. It turns out that the singularity

associated to the collision of two D3-branes has scaling dimension A" = 4r(r — 1) and
parameter b; = bgy(2) = 3. The other singularity has scaling dimension AJ™ = 4r,

therefore (10.28) reduces to:
12¢ = 3r + 12r(r — 1) + bodr (10.30)

Comparing with (10.27) with a = ¢ and solving for b, one finds:

b= (10.31)



192 10.2 Exceptional S-folds

2 -1 0 0 0 0
-1 2 -1 0 0 0
0 -1 2 -1 0 -1
Az 0o 0 -1 2 -1 0 |’
0O 0 0 -1 2 0
0O 0 -1 0 0 2
2 -1 0 0 0 0 0
-1 2 -1 0 0 0 0
0 -1 2 -1 0 0 0
Ag,=| 0 0 -1 2 -1 0 -1 |,
0 0 0 -1 2 -1 0
0 0 0 0 -1 2 0
0 0 0 -1 0 0 2
2 -1 0 0 0O 0 0 0
-1 2 -1 0 0 0 0 0
0 -1 2 -1 0 0 0 0
Ao | 0O 0 -1 2 -1 0 0 0
Bs = 0O 0 0 -1 2 -1 0 -1
0O 0 0 0 -1 2 -1 0
0O 0 0 0 0 -1 2 0
0o 0 0 0 -1 0 0 2

Figure 10.1 Cartan matrices of the exceptional algebras E,, r = 6,7, 8.

Which is compatible with having a rank-1 fluxfull S4-fold SCFT on the singularity corre-
sponding to a D3-brane on top of the S4-fold. This is incompatible with the charge lattice
computed above, indeed the only possible SCFT on this singularity compatible with the
charge lattice is a discrete gauging of V' = 4 SU(2) SYM, which would require b, = 3.

We conclude that the states associated to string stretched between a D3-brane and its
images do not produce BPS states. Then the rank-1 theory arising when one D3-brane
approaches the fluxless S, fold is not an interacting SCFT, but rather a discrete gauging
of free N' = 4 Maxwell theory. The S4-fold SCFTs can then be thought as a Z4 discrete
gauging of a parent theory with moduli space C3" /G (4,4, r), reproducing the results of
[199].

10.2 Exceptional S-folds

In this Section we study exceptional S-fold N' = 3 SCFTs [200]. We apply the tech-
niques spelled out in the previous Sections to compute the charge lattice of these theo-
ries, the order of the 1-form symmetry group and we determine when such SCFTs can
be built as discrete gauging of a parent theory. The exceptional S-fold setup of [200],
briefly reviewed below, engineers a set of SCFTs labelled by an algebra of type D,, or E,,
r = 6,7,8, and the order of the S-fold k¥ = 3,4, 6. The analysis can be generalized by in-
cluding a suitable outer automorphism [5]]. For simplicity in this paper we focus on the
exceptional algebras Eg 7 g with k = 3,4, 6 and without outer automorphism twists. Ex-
tending our methods to the full set of exceptional S-fold SCFTs should not present any
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major technical or conceptual difficulty, but we leave this task to future work. We are
thus interested in 9 theories labelled by k = 3, 4,6 and by the exceptional algebra E,.. We
find compelling arguments that suggest that all but one of these theories do not admit
a well defined charge lattice and are discrete gauging of free theories. In particular the
only theory that, given our current understanding, is a proper interacting N' = 3 SCFTs
is the G3; theory that can be engineered as the EgSs-fold. Our results are summarized

in Table

10.2.1 S-folds from the (2,0) E; theory

The six-dimensional (2,0) theory of type Eg on torus 72 x R* engineers N' = 4 SYM
with gauge algebra Fg in the 4d limit. When this compactification is complemented
with the S-fold projection spelled out above one obtains the exceptional S-fold theories
of interest. The strategy we adopt, introduced in full generality in Section is to
compute the effect of the S-fold projection directly on the four-dimensional charge lattice.
This approach allows us to compute the charge lattice of the N = 3 S-fold theories from
the charge lattice of the N' = 4 SYM with gauge algebra Es. The analysis parallels the
one in [5], where the moduli space of exceptional S-fold theories was computed as a
subquotient of the moduli space of the ' = 4 SYM parent theory.

The charge lattice of N' = 4 Es SYM is spanned by the W-bosons, which are valued
in the root lattice A of Eg and by the magnetic monopoles, which are valued in coroot
lattice AY. Choose a basis for the root and coroot lattices given by a set of simple roots
and the corresponding coroots respectively. In this basis the metric on the root lattice
is given by the Cartan matrix Ag, of Fs, see Figure and the roots are represented
by integer vectors with length v/2. The simple roots are represented by vectors with
one entry equals to 1 and the other entries equal to 0. A charge Q in the charge lattice
I' = A ® AV is represented by an integer twelve-dimensional vectors, where the first six
entries are electric charges and the last six entries are magnetic charges:

Q:(61,62,...,66,m1,m2,...,mﬁ) (1032)

The Dirac pairing between two charge @ and P is given by Q - Jg, - P” where the Dirac
pairing Jg, is given by [231]:

(0 (Ag)”
Jg, = ( s, '8 ) (10.33)

In the following it will be more convenient to write the charges in a basis where we
alternate electric charges and magnetic charge, namely:
Q: (617m17627m27"'7667m6) (1034)

We will distinguish the charges in the two basis by using tildes for vectors in the first
basis (10.32) and symbols without tildes in the second basis (10.34).

The Weyl group of Es is generated by the reflections along the simple roots, we denote
the reflection along the i-th simple root as s;. A useful element of the Weyl group is the
Coxeter element c,, defined as:

CEs =S51°52-53-54-55"S6 (10.35)
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g degrees codegrees
Eg 2,5,6,89,12 0,3/4,6,7,10
Er 2,6,8,10,12,14,18 0,4,6,8,10,12,16
Eg | 2,8,12,14,18,20,24,30 | 0,6,10,12,16,18,22,28

Table 10.2 Degrees and codegrees of the exceptional algebras E;..

Eg
k w r | ECCRG A;
3 (ee)* | 3] Gas {6,9,12}
4| (cg)’ | 2 Gs {8,12}
6| (ce)’ | 2 G {6,12}

Table 10.3 Elements w € W [E;] that characterize the S-fold actions for the S-fold theories
of type Eg through and (10.39). Here cg, is the Coxeter element of Eg, r is the
rank of the S-fold theory and in the fourth and fifth columns the exceptional complex
crystallographic reflection group (ECCRG) associated to the S-fold theories and its de-
grees A; are reproduced.

which has order equal to the Coxeter number hg, = 12:
(cg)? =1d (10.36)

The eigenvalues of the Coxeter element are \; = ¢2™/(m:=1) where m;, i = 1...,6 are
the degrees of the invariants of Eg, tabulated in In the basis given by the simple
roots the Coxeter element is represented by the matrix:

o 0 1 0 -1 -1
1 0 1 0 -1 -1
0 1 1 0 -1 -1

= 0 0 1 0 -1 0 (10.37)
0 0 0 1 -1 0
o 0 1 0 0 -1

Consider now the exceptional S-fold setup that engineers an N' = 3 SCFT in four di-
mensions. In Section we studied the S-fold projection along the lines of [5] and
discussed how the rank, Coulomb branch, charge lattice and associated Dirac pairing
can be computed directly from the N' = 4 parent theory, in this case N' = 4 Eg SYM.
Here we summarize the main results for ease of readibility. The Coulomb branch of the
N = 3 S-fold theory is given by the solutions to:

w-de = > * e (10.38)

where ¢¢ are elements of the Coulomb branch of Eg N' = 4 SYM. The element w € W [Eg)
encodes the projection induced by the S-fold on the Coulomb branch and on the charge
lattice of the Eg N = 4 theory. The rank r of the A/ = 3 theory is given by the complex
dimension of the eigenspace associated to the eigenvalue ¢2™/* of w and we choose w
such that the ' = 3 has maximum rank, following [5]. The degrees of basic Coulomb
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branch invariants is then given by the degrees of invariants of Eg that are divisible by k
and the A/ = 3 Coulomb branch itself is C" /G with G the complex reflection group with
the correct degrees, see Table

The charged states |a; (p, q)) of the N' = 3 theory are given by:

o (p.0)) Z\w o (o) - (p.a) ) (10:39)

where |3; (p, q)) is a (p, ¢)-dyonic states of Eg N/ = 4 SYM associated to the root /3 of Fj.
The electromagnetic charge of a state |o; (p, ¢)) is given by;

k—1
Q [fosea]] = 5= S w® )"+ [Jos ()] (10.40)
t=0

where Q [|a; (p, ¢))] is the electromagnetic charge of the corresponding state of Eg N = 4
SYM, expressed as in (10.34). As an example the W-boson associated to the first root a;
of Eg has charge Q [|a1; (1,0))] = (1,0;0,0;. . .) while the magnetic monopole associated
to the first coroot has charge Q [|a1; (0,1))] = (0,1;0,0;...).

One can consider more general states that are invariant under the S-fold action, see for
example (10.20). In the case of regular S-folds some of these states appear in the presence
of discrete torsion and correspond to strings stretched between the S-fold and a D3 brane.
In the case of exceptional S-folds the states can never be included consistently,
therefore in the remainder of this paper we will only mention them briefly.

Finally, the Dirac pairing defined on the charge lattice of the ' = 3 theory is obtained as
a restriction of the Dirac pairing of Es N’ = 4 SYM (10.33). Explicitly the Dirac pairing
between two states of the S-fold theories with charges ¢; and ¢; is given by:

(qi:a5) =i JBs - 4] (10.41)

Notice that it is not guaranteed that (¢;, ;) gives an integer result and one should check
case by case that the Dirac pairing between any two charges of the S-fold theories is
integer. In the following we do not consider any charge lattice where the Dirac pairing
can take fractional values.

10.2.2 The k = 6 S-fold: G5

The first exceptional S-fold theory that we consider is obtained as a Zs S-fold compacti-
fication of the (2, 0) six-dimensional Eg theory to four dimension. The compactification
preserves N = 3 supersymmetry in four dimension and involves an S-duality transfor-
mation pg € SL(2,Z) and an R-symmetry twist. The Coulomb branch is given by the
solutions to with k£ = 6, namely:

w-ge =™ 3pe (10.42)

There are 2 invariants of I/ whose degrees are divisible by 6, namely the invariants with
degrees 6 and 12, and therefore we expect that the N' = 3 theory has rank » = 2. We
choose an element w € W [Eg| which has a two-dimensional eigenspace associated to
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the eigenvalue e™/%:
w = (cg,)? (10.43)

which is the basis given by the simple roots is represented by the matrix:

0 1 0 -1 0 0
0o 1 1 -1 -1 -1
11 1 -1 -1 -1

““lo 11 -1 0 -1 (1044)
0 0 1 -1 0 0
0 1 0 0 -1 0

Then the Coulomb branch of the N = 3 theory, given by the solutions to (10.42), is C* /G5
where G5 is the CCRG with degrees 6 and 12. Similarly the charge lattice of the N’ = 3
theory can be obtained from the charge lattice of the N' = 4 Es SYM. Given a state of
N =4 Eg SYM associated to the root a with electric and magnetic charges (p, ¢) one can

build a state |, (p, ¢)) that is invariant under the S-fold action:
15
a, (p,q)) = — w' - a; (ps)' - (p, 10.45
o, (0, 4) Vét;) (h6)" - (P @) (10.45)

Consider the six states |a;, (1,0)) obtained with this projection from the W-bosons asso-
ciated to the simple roots «;, i = 1,...,6 of Es. The electromagnetic charges ¢; of these
states can be computed using (10.40):

Q= \%6 (2,-1,1, -2,2, —4,0, -3, 1, =2, 0, 0)
Q2 = ? (1,-2,3,-3,2, -4, 1, —=2-1,—1, 2, —4)
qs = $ (1,1, 2,-1,4,-2,3,-3,2, -1,0, 0) (1046)
= ? (-2,1,-1,2,-2,4, 0, 3,-1,2, 0, 0)
a5 = ? (-1,2, 3,3, -2,4, -1,2, 1, 1, -2, 4)
“w= (0, 0, =2, 4, 2,4, —2,4, 0, 0, 2, 2)
Notice that ¢y = —¢4 and g2 = —gs, therefore these charges span a four-dimensional
lattice I':
I' = Span, {q1,42,93, 96} (10.47)

The charges of states obtained from W-bosons associated to other roots of Es are in-
cluded in T" because the other roots are linear integer combinations of the simple roots

and is linear in the charges. One can also check that the charges of states |, (0,1))
obtained from monopoles of Fg are included in I' as well, therefore by linearity I" in-
cludes the charges of all the states (10.45). One may also consider the more general states
(10.20). We checked explicitly that including some or all of these states either leaves T’
unchanged or produces fractional Dirac pairing between the states, which is inconsis-
tent. Then is the candidate for the charge lattice I' of the N' = 3 G5 exceptional
S-fold theory. In the remainder of this section we will show that I' is actually incom-
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patible with a consistent Coulomb branch stratification, and we will argue that the low
energy field theory is given by a discrete gauging of free U(1)? N’ = 4 gauge theory.

Having computed a candidate I" for the charge lattice of the G5 theory we now study the
Dirac pairing defined on this lattice and the sublattices of states that become massless on
some Coulomb branch singularity. The Dirac pairing between two states with charges ¢;
and g; is given by:

(i a5) =i - Jgs - q) (10.48)
where Jg, is the Dirac pairing of the N’ = 4 theory (10.33). In the basis of I" given by
¢1, g2, g3 and gg the Dirac pairing Jg, of the N = 3 theory is represented by the matrix:

(10.49)

If T is the charge lattice of the G5 theory then the order of the 1-form symmetry group is
given by the absolute value of the Pfaffian of Jg,:

\Ggg\ = [Pf(Jg,)| =6 (10.50)

Let us consider the states becoming massless on some codimension-1 singularity on the
Coulomb branch. We can parametrize the Coulomb branch of the N' = 4 Es SYM with
six complex scalars ¢;, i = 1,...,6, with identifications given by the Weyl group of Es.
The Coulomb branch Cg, of the N' = 3 G5 theory is given by the eigenspace of w with
eigenvalue ™/ and can be parametrized as follows as en embedding in Cg,:

Cas = <¢3 — ba, € Bhs + e By, b3, da, €273 (b4 — b3), V3™ O3 + 264”/3¢4>
(10.51)
The codimension-1 singularities of C¢, correspond to fixed points under the reflection of
G's acting on this slice. As discussed in Section[10.1.T|can be obtained as the intersections
of the codimension-1 singularities of the Es N” = 4 SYM with the slice (I0.5I). As an
example consider the singularity %% of Cg, corresponding to the fixed locus under s,
the reflection along the first simple root of Eg, which is the 5-dimensional hyperplane:

HEe = {(¢1, 201, ¢3, P4, ¥5, ¥6), i € C} (10.52)

The intersection of 7% with the slice C;, gives a codimension-1 singularity HS'> of the
Coulomb branch of the G5 theory:

HE =HEo N (g,

= (1,2, % (5 - z\/§> ,% (3 _ Z\/§> 7_(_1)2/3’% <3 B Z\/g)) " (10.53)

The states that can become massless on HS® are those whose central charge Z vanish
identically on %&5. On a generic point ¢ of the Coulomb branch of Eg N = 4 SYM the
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central charge Z of a state with charge ¢ is given by:

6
Zlq) =Y i (Ag,),; (e +Tmy) (10.54)

,j=1

The central charges Z[¢;] and Z[gs] of |a1,(1,0)) and |as, (1,0)) identically vanish on
the singularity HSs, therefore the corresponding BPS states become massless on this

singularity. One can also check that the sublattice M of charges of states that become

massless on this singularity HSs is generated by ¢; and ¢3. The lattice I should
correspond to the charge lattice of the rank-1 CFT supported on the singularity HS5.

The Dirac pairing restricted to the sublattice T, which we denote as J77 , has Pfaffin
given by:

‘Pf (JH?f)‘ = g1, q3)] =3 (10.55)

Which should be equal to the order of the 1-form symmetry group of the rank-1 theory
supported on the singularity 5. Then the theory on this singularity would be a rank-1
N > 2 SCFT with a 1-form symmetry group of order 3. All the rank-1 theories with
N = 2 or higher supersymmetry have been classified, and such a theory does not exist.
In particular the maximum order of the 1-form symmetry group for a rank-1 N = 2
SCFT is 2. We conclude that the theory living on this singularity of Coulomb branch is
not a CFT, but rather a discrete gauging of free U(1) N' = 4 Maxwell theory, which is
the only other possibilityﬂ In particular this implies that there are no states becoming

massless on the singularity, therefore the states with charges lying on the sublattice rHey
are not BPS.

As another example, consider the singularity corresponding to the reflection sg along
the sixth root of E. The locus of the singularity #$? can be parametrized as:

HG> = (1:), (9 - Z\/ﬁ) , (2 - 3%) : (1 _ j%) L (—1)2/3, (1 - JZ??)> és  (10.56)

and the sublattice of charges becoming massless on this singularity is spanned by g and
(g2 + g3 — ¢1). The Dirac pairing restricted to this sublattice has Pfaffian equal to:

‘Pf (J”?f)‘ = |{g6: 42 + a5 — a1}| = 6 (10.57)

Then the rank-1 CFT on this singularity should have a 1-form symmetry group of order
6. As was the case for the previous singularity, such a CFT does not exist, and the theory
on this singularity must be a discrete gauging of free U(1) N' = 4 Maxwell theory. We
conclude that there are no states becoming massless on this singularity.

One can perform similar computations on all the singularities of the Coulomb branch of
the G5 N = 3 theory. It turns out that all the codimension-1 singularities are equivalent,
up to G5 transformations, either to ’Hﬁ“ or to ’Hi It follows that the rank-1 theories
supported on every codimension-1 singularities of the Coulomb branch Cg, are discrete

2Remember that the exceptional S-fold theory are maximally strongly coupled, therefore the theories living
on the singularities of the moduli space can not be IR-free theories.
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gaugings of free U(1) N' = 4 Maxwell theory. Then there are no charged states be-
coming massless an any codimension-1 singularity, and the G5 theory itself must be a
discrete gauging of a free theory, namely free U(1)? N = 4 gauge theory. Indeed, if any
charged state with charge ¢ become massless at the origin of the Coulomb branch, which
is a codimension-2 singularity, then it satisfies the BPS bound and is massless when-
ever its central charge vanishes, namely on the codimension-1 hypersurface identified
by Z[g] = 0. As we just discussed there are no charged states that become massless on
any codimension-1 singularities, therefore there are no massless charged states on any
point of the Coulomb branch, including the origin. In Chapter [11| we give additional
evidence for this claim and show that it is in fact impossible to define a consistent charge
lattice on a Coulomb branch with geometry C?/Gs.

10.2.3 The k = 4 S-fold: Gy

In this Section we consider the exceptional S-fold SCFT obtained as a k = 4 S-fold of
the Eg (2,0) six-dimensional theory, called the Gs SCFT. We find that the charge lattice
is not consistent with the stratification proposed in [5]. In more detail, our analysis sug-
gests that the theory supported on condimension-1 singularities in the Coulomb branch
is the N = 3 preserving Z, gauging of SU(2) N' = 4 SYM, while the constraints from the
central charge formulae are compatible with this theory being the rank-1 S, 4-fold SCFT.
Therefore we claim that the G theory is a discrete gauging of free U(1)? N = 4 gauge
theory.

The Coulomb branch of the Gg theory is given by the solutions of with w an
element of the Weyl group of Fg:

w=(cg,)’ (10.58)
which satisfies w* = Id and has a two-dimensional eigenspace with eigenvalue e™/2.
The N = 3 theory then has rank » = 2 and the degrees of invariants on the Coulomb
branch are given by the degrees of Eg that are divisible by 4, namely A; = 8,12. The
Coulomb branch is given by C?/Ggs where Gy is the exceptional complex reflection group
with the correct degrees of invariants.

The states that are invariant under the S-fold action can be computed using (10.39),
(10.40). In particular the states obtained from the W-bosons corresponding to the simple
roots of Eg have charges:

ql:\%5 (1,—-1,0, 2,0, —2,—1,-1, 0, 0, 0, —2)
qQ:? (0, 0, 1, 1,0, 2,0, —=2,—1,—1, 0, 0)
Q3 = ﬁ (1,-1,1,-1,2, -2, 1, =1, 1, -1, 0, —2) 1059)
q4:\{§(—1,1, 0,2 0,2 1,1, 0, 0, 0, 2)
q5:? (0,0,-1,1, 0, 2, 0, 2, 1, 1, 0, 0)
%= 75 (0,2, 0,2 0, 4,0, 2 0,2 2, 2)

Notice that ¢4 = —¢; and g5 = —¢2, therefore these charges span a four-dimensional



200 10.2 Exceptional S-folds

lattice. By computing the charges of the states obtained from the magnetic monopoles
of the Eg N' = 4 theory and by linearity argument one shows that the candidate I" for
charge lattice I of the Gy theory is:

I' = Span, {1, ¢2, g3, 46} (10.60)

The charge lattice in the basis {q1, g2, g3, ¢} is represented by the matrix Jg,:
Jas = (10.61)

And the order of the 1-form symmetry group is given by:
’Gg>’ = |Pf (Jay)| = 2 (10.62)

Next we can study the sublattices of charges of states becoming massless at codimension-
1 singularities. All the codimension-1 singularities are related by G transformations and
the slices transverse to these singularities are locally C/Z4. Furthermore through similar
computations to the ones spelled out in the previous section one finds that the charge
lattice of the rank-1 theory supported on these singularities is generated by two charges
Q1 and Q2 with [{Q1, Q2)| = 2. Then the rank-1 theory supported on the codimension-1
singularities is a N/ > 2 SCFTs with Coulomb branch C/Z, and a non-trivial Z, 1-form
symmetry. The only candidate is the N’ = 3 preserving Z, descrete gauging of N = 4
SU(2) SYM [269]. This is in contradiction with the analysis of the central charge of
the G theory performed in [217, (5], where the theory supported on the codimension-1

singularities was found to be the rank-1 Sy 4-fold SCFT, denoted also as S(gl,)él. Let us
briefly review this analysis.

Assuming that the Gy theory is not a discrete gauging, the central charges a = c can be
computed with the Shapere-Tachikawa formula [268]:

220 —c) =Y A; - g (10.63)
j=1

where A; are the degrees of the fundamental invariants on the Coulomb branch. In the
case of the G theory we have {A, Az} = {8,12}. On the other hand the formulae of
[218] 210] allow us to relate the central charges of the G theory with the data of the
rank-1 theories supported on the codimension-1 singularities:

12¢ = 2r + hpcp + »_ AT (10.64)
€T

where b; is a quantity associated with the rank-1 theory supported on the codimension-1
singularities as follows:

126i - hi -2
= A,
In our theory we have hgcg = r = 2 and the set Z of strata consist of only one singularity
with scaling dimension A& = l.c.m.(8,12) = 24 and parameter b. Then, remembering

b : (10.65)
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that a = ¢ for any N = 3 theory, one may solve for b and finds:

b= B (10.66)
which is compatible with the rank-1 fluxfull S,-fold SCFT. In contrast, if the theory sup-
ported on the codimension-1 singularities was a discrete gauging of SU(2) N' = 4 SYM,
we would have bgy(2) = 3.

We found that the charge lattice is incompatible with analysis of the central
charges performed via the stratification of the Coulomb brancl’ﬂ Therefore we claim
that charged states can not become massless on the singularities of the Coulomb branch.
Similar to the case of the G5 theory, studied in Section [10.2.2} we thus conclude that the
Gs theory is not an interacting SCFT but rather a discrete gauging of free U(1)? N = 4
gauge theory. In Chapter 11| we will give additional evidence for this claim by showing
that any well defined charge lattice on the Coulomb branch C?/Gys is only compatible
with having (a discrete gauging of) SU(2) N’ = 4 SYM supported on the codimension-1
singularities.

10.2.4 The k = 3 S-fold: G25

In this section we study the theory obtained with a k¥ = 3 exceptional S-fold from the Fs
(2,0) six-dimensional theory, denoted as the G'25 theory. By similar argument to the ones
spelled out in the previous cases we find that this theory is a discrete gauging of U(1)?
N = 4 gauge theory. In particular the charge is incompatible with any choice of rank-1
SCFTs on the codimension-1 singularities of the Coulomb branch.

The Coulomb branch and charge lattice can be found respectively with (10.38) and (10.40)
with:

w=(cg,)’ (10.67)

which satisfies w® = Id and has a three-dimensional eigenspace with eigenvalue ¢>7*/3.

The N = 3 theory then has rank » = 3 and the degrees of invariants on the Coulomb
branch are given by the degrees of Eg that are divisible by 3, namely A; = 6,9, 12. The
Coulomb branch is given by C?/Ga5 where Gojs is the exceptional complex reflection
group with the correct degrees of invariants.

The lattice of electromagnetic charges associated to the rank-1 theory supported on the
codimension-1 singularities can be computed with the techniques spelled out in the pre-
vious Sections. The result is that these lattices are generated by two charges Q; and Q>
with (Q1, Q2) = 3, indicating that the rank-1 theory on these singularity should have a
1-form symmetry group of order 3. This is not possible and we conclude that the theory
on the codimension-1 singularity is a discrete gauging of /' = 4 Maxwell theory. There-
fore the G5 theory itself must be a discrete gauging of free U(1)* N’ = 4 gauge theory,
because charged states can not become massless anywhere on the Coulomb branch. In
Chapter [11) we give additional evidence for this claim and show that it is impossible to
define a consistent charge lattice on a Coulomb branch C?/Gos.

3 Another possibility is that the Shapere-Tachikawa formula does not hold for the G's theory. In that case
the Gg theory could be an interacting SCFT with 12¢ = 78. We do not consider this possibility further in this
paper and trust the Shapere-Tachikawa formula for any theory that is not a discrete gauging.
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B
k w r | ECCRG A;
30 ()’ 3] Gau | {6,12,18}
4| (cg)’ | 2 Gs (8,12}
6| (ce,)’ | 3] Ga | {6,12,18}

Table 10.4 Elements w € W [E7| that characterize the S-fold actions for the S-fold theories
of type E; through and (10.39). Here cg, and cg, are the Coxeter element of E;
and the Eg subalgebra, respectively, r is the rank of the S-fold theory and in the fourth
and fifth columns the exceptional complex crystallographic reflection group (ECCRG)
associated to the S-fold theories and its degrees A; are reproduced.

10.2.5 S-folds from the (2,0) E7 theory

In this section we consider the exceptional S-fold theories obtained from the (2,0) six
dimensional theory of type E7. All the techniques that we use were spelled out in de-
tails in Section and were applied to the Eg case in Section Therefore in this
section we will only provide the informations that define the S-fold projection, namely
the element w € W [Ex], and the final results. The main result is that all the exceptional
S-folds SCFTs obtained from the E; theories are discrete gauging of free U(1)" N = 4
gauge theory, where 7 is the rank of the theory, see Table

We work in a basis of the algebra E; given by simple roots a; such that the Cartan matrix
is the one in Figure The reflections along the simple roots are denoted as s; and the
corresponding Coxeter element of E7 is:

o 0 0 1 0 -1 -1

1 0 0 1 0 -1 -1

7 o 1 0 1 0 -1 -1
cg,=[][ssi= 0 0 1 1 0 -1 -1 (10.68)

-1 o 0 0 1 0 -1 0

o 0 0 0 1 -1 0

o 0 0 1 0 0 -1

which satisfies:

(cp)® =1 (10.69)

In defining the elements w involved in the S-fold projections we will also use the Coxeter
element of the Ejs subalgebra:

1 0 0 0 0 0 0
1 0 0 1 0 -1 -1
7 o 1 0 1 0 -1 -1
cgo=[[ssi=| 0 0o 1 1 0 -1 -1 (10.70)
=2 o 0 0 1 0 -1 0
o 0 0 0 1 -1 0
o 0 0 1 0 0 -1

which satisfies:
(cp)? =1 (10.71)
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The degrees and codegrees of E; are tabulated in Table Let us now consider the
exceptional S-fold theories parametrized with k = 3,4, 6.

® Case k = 3, Gag: The Coulomb branch and charge lattice can be computed with
(10.38) and (10.39) respectively with:

w = (cg,)° (10.72)

The theory is a rank 3 SCFT with Coulomb branch C3/Gas where Gag is the EC-
CRG with degrees 6,12 and 18. There are two independent codimension-1 singu-
larities that correspond to two rank-2 Coulomb branches with geometry C?/G5
and C%/G(3,1,2), respectively. The slice transverse to the G5 singularity is C/Z
while the slice transverse to the G/(3,1,2) singularity is C/Z3. One can compute
the order of the 1-form symmetry groups of the rank-1 theories supported on these
singularities from the charge lattice, and we find:

Z, singularity: GV = Z, Z3 singularity: GV = Z3 (10.73)

There is no rank-1 V' = 2 SCFT with a Z3 1-form symmetry, therefore we conclude
that the Z3 singularity is empty and supports a discrete gauging of free U (1) N' = 4
Maxwell theory. Comparing with the analysis of the central charges performed in
[5] the only option is that the Z, singularity is empty as well and therefore the G
theory is itself a discrete gauging of free U(1)3 N = 4 gauge theory.

* Case k =4, Gg: The Coulomb branch and charge lattice can be computed with
(10.38) and (10.39) respectively with:

w = (cg,)" (10.74)

The theory is a rank 2 SCFT with Coulomb branch C3/Gg where Gy is the EC-
CRG with degrees 8 and 12. This theory is believed to be the same theory as the
exceptional S-fold SCFT of type Eg with k = 4 studied in Section[10.2.3} The rank-
1 theory supported on the codimension-1 singularity has a Z, 1-form symmetry.
Then following the same arguments as in Section we find that this theory
must be a discrete gauging of free U(1)? V' = 4 gauge theory.

* Case k = 6, G2g: The Coulomb branch and charge lattice can be computed with
(10.38) and (10.39) respectively with:

w = (cg,) (10.75)

The theory is a rank 3 SCFT with Coulomb branch C3/Ga where Gag is the ECCRG
with degrees 6,12 and 18. Performing the same computations as in the k¥ = 3 case
we find that this theory must be a discrete gauging of free U(1)* N' = 4 gauge
theory as well.

We argued that all the exceptional S-fold theories of type E7 are not interacting SCFTs but
rather discrete gauging of free theories. In Chapter [1T|we will give additional evidence
for this claim by showing that it is not possible to define a consistent charge lattice on
the Coulomb branches of these theories.
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Eg
% w + [ ECCRG A,
3 (ce)" 4| G | {12,18,24,30}
4 | (cp(s788) " 'cnycns (5758)71)6 4 G31 {8,12, 18,24}
6 (cz)’ 4| Gs | {12,18,24,30}

Table 10.5 Elements w € W [Ejs] that characterize the S-fold actions for the S-fold theories
of type Es through and (10.39). Here c, is the Coxeter element of Fj, s; are the
reflection along the i-th simple root, r is the rank of the S-fold theory and in the fourth
and fifth columns the exceptional complex crystallographic reflection group (ECCRG)
associated to the S-fold theories and its degrees A; are reproduced.

10.2.6 S-folds from the (2,0) Eg theory

In this section we consider the exceptional S-fold theories obtained from the (2,0) six
dimensional theory of type Eg. Our main result is that the exceptional S-folds SCFTs
obtained from the Eg theories with k& = 3,6 are discrete gauging of free U(1)" N = 4
gauge theory, where r is the rank of the theory, see Table On the other hand, the
exceptional S-fold SCFT of type Eg with k = 4, also known as the G3; theory, passes all
consistency checks, therefore we expect it to be a non-trivial interacting N' = 3 SCFT.
Considering also our results for the exceptional S-fold theories of type Es and E7; the
G theory is the only exceptional S-fold SCFT of type E which is a proper interacting
theory. We also compute the 1-form symmetry group of the G3; theory and find it to be
trivial.

We work in a basis of the algebra Eg given by simple roots «; such that the Cartan matrix
is the one in Figure The reflections along the simple roots are denoted as s; and the
corresponding Coxeter element of Ej is:

O 0 0 0 1 0 -1 -1

1 0 0 0 1 0 -1 -1

} o 1 0 0 1 0 -1 -1

O 0 1 0 1 0 -1 -1
e =[5 = o 0o 0 1 1 0 -1 -1 (10.76)

=t 0 0 0 0 1 0 -1 0

0O 0 0 0 0 1 -1 0

O 0 0 0 1 0 0 -1

which satisfies:

(cpy)™ =1 (10.77)

® Case k =3 or 6, G32: The exceptional S-folds of type Eg with k = 3and k = 6
give rise to the same field theory. The Coulomb branch and charge lattice can be
computed with (10.38) and (10.39) respectively with:

_ (CEs)lo ) k=3
w = { (CEg)E) ’ k=G (10.78)

The Coulomb branch is C*/G32 with G32 the ECCRG with degrees 12,18,24 and 30.
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There is only one codimension-1 singularity up to G'3; transformation. The trans-
verse slice to this singularity is C/Z3 and the 1-form symmetry group of the theory
supported on this singularity is Z3. There is no rank-1 A" = 2 theory compatible
with a C/Z3 Coulomb branch and with a Z3 1-form symmetry group, therefore this
singularity must be empty. Then the Gz theory itself must be a discrete gauging
of free U(1)* N = 4 gauge theory.

* Case k =4, G31: The Coulomb branch of the S-fold theory of type Eg with k = 4
can be computed with (10.38) where:

-1 -1\¢
w= (CES (s788)" CEsCEs (S758) ) (10.79)

The Coulomb branch is C*/G3; where G3; is the ECCRG with degrees 8,12,20 and
24. Notice that in order for the S-fold theory to be rank 4, w must have a four
eigenvalues i. w is real, therefore it must also have four eigenvalues —i, and thus

w? = —1. Then one can consider the states:
- 1 &
@ P D avon = 75 2[00 ()" (o) (1080
hort \/i tz:% >

where « is a root of Eg. The states are invariant under the S-fold action for
any « and (p, q), therefore we consider the charge lattice I spanned by the charges
of the states (10.80). A basis for this lattice is given by the charges g; of the states
|, (1,0)) gope Obtained from the W-bosons associated with the simple roots «; of
Egwithi=1,...,8:

qlz\% (1,0, 0, 0,0, 0, 0,0 0, 1, 0, 1, 0, 0, 0, 0)
0 = 7 (0,—1,1, -2, 0, —3,0, —4, 0, =5, 0, —4, 0 ,~20, —2)
q;;:? 0,1, 0,2 1,3 0, 4 0, 4, 0, 3, 0, 1, 0, 2)
@ =— (0,0, 0,-1,0,-2,1,-2,0,-2,0,-1,0, 0, 0, -1)
V2 (10.81)
QS:? (0,—1,0, —1,0, 1,0, =2, 1, =3, 0, =2, 0, -1, 0, —2)
qﬁfﬁ 0,0, 0, 1,0 1,0, 2 0,3 1,2 0, 1, 0, 2)
q7:? 0,1, 0, 1, 0,1, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0)
ds= 75 (0.1,0,1,0,20,3 0,40 201 1,2
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The Dirac pairing Jgz,, in this basis can be computed with (10.41):

o 0 o0 1 -1 -1 1 1
o 0 0 o0 0 1 0 -1
O 0 0 -1 1 -1 1 0
-1 0 1 0 0 0 -1 0

JGs = 1 0 -1 0 0 0 0 1 (10.82)
1 -1 1 0 0 0 0 -1
-1 0 -1 1 0 0 0 0
11 0 0 -1 1 0 0

The order of the 1-form symmetry group of the G'3; is given by the absolute value
of the Pfaffian of Jg,,:

‘G(”‘ = |Pf(Jg,,)| = 1 (10.83)
Therefore the G3; theory has trivial 1-form symmetry.

Let us now consider the stratification of the Coulomb branch C*/G3;. There is
one codimension-1 singularity up to Gs; transformations and the sublattice of T’
corresponding to the states becoming massless on this singularity is compatible
with SU(2) N' = 4 SYM. The transverse slice to this singularity is C/Z, which
is compatible with the Coulomb branch of SU(2) N' = 4. This stratification is
consistent with the central charge formulae of [218], as already checked in [5]. We
briefly review the relevant computations here for ease of readibility. The Shapere-
Tachikawa formula with a = ¢ allow us to compute the central charges:

QC:ZAjfg:8+12+2O+24—2:62 (10.84)

j=1

While the formulae of [218] relate the central charges with data of the theory sup-
ported on the codimension-1 singularity. For the G3; theory this formula reads:

12¢ = 3r + AS8p = 12 + 120b (10.85)

where A®"8 = lem(A;) is the scaling dimension of the codimension-1 singularity
and b is associated to the data of the rank-1 theory supported on this singularity by

(10.65). Solving for b we find:
b=3 (10.86)

which is consistent with having SU(2) ' = 4 SYM as the theory supported on the
codimension-1 singularities.

To summarize, we have found that the exceptional S-fold theories of type Eg with k =
3,6 are discrete gauging of free theories. The exceptional S-fold theory of type Eg with
k = 4, denoted as the G3; theory, passes all the consistency checks that we have at our
disposal. We are then lead to claim that the G3; theory is the only exceptional S-fold
theory of type E that is a proper interacting SCFT. We have also found that the 1-form
symmetry group of the G3; theory is trivial.



CHAPTER 11

Charge lattices in NV = 2 SCFTs with s # {1,2}

One of the main features of S-fold SCFTs it that they are maximally strongly coupled the-
ories. This means that whenever a charged state become massless then another charged
state which is mutually non local with respect to the first one becomes massless as well.
Then at any non-generic point of the Coulomb branch the low energy theory is strongly
coupled and does not admit a conventional lagrangian description. On the one hand
this fact renders the study of S-fold SCFTs challenging, because the only vacua where
perturbative techniques are viable are the most generic points of the Coulomb branch,
where the low energy theory is simply U(1)” with no massless charged states. On the
other hand, as was shown in [217], maximally strongly coupled theories have to satisfy
a series of non-trivial constraints, and are quite restricted as a result. Motivated by the
results of [217] in this Section we study the charge lattices of a large class of N’ = 2 SCFTs
that are maximally strongly coupled, namely N = 2 SCFTs with characteristic dimension
»x # {1,2}. All the regular and exceptional S-fold SCFTs belong to this class of theories
except for the known cases where SUSY enhances to A/ = 4 [199].

For the rest of this Chapter we only consider interacting rank-r SCFTs with s # {1,2}.
Our main results are:

Claim A: The order of the 1-form symmetry group G of an ' = 2 rank-2 SCFT with
» # {1,2} satisfies 1 < ‘G(l)‘ < 4. The upper bound can only be saturated by
stacks of lower rank theories.

Claim B: An N = 2 SCFT with s # {1,2} and rank r > 2 that is not a stack of lower rank

theories must have at least one codimension-1 singularity that supports (a discrete
gauging of) V' = 2* SU(2) SYM.

We also apply the techniques that we develop to the exceptional S-fold theories, which
provides an independent argument for claiming that most of these theories are not in-
teracting SCFTs.

Let us review the definitions and results of [217] that will be useful in this Section. The
characteristic dimension of an V' = 2 SCFT is defined as follows. Write the degrees of
Coulomb branch invariants A; as:

(Al,...7AN):)\(dl,...,dg), d;, € Z, gdC(dl,...,dN):l (111)

207
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Then the characteristic dimension is defined as:
1
{7y

where {z} is defined as the unique real number such that {z} = 2 mod 1 and 0 < {z} <
1. The characteristic dimension can only take eight values > € {1,6/5,4/3,3/2,2,3,4,6}.
An SCFT with s # {1,2} is maximally strongly coupled and for any state with charge
g, central charge Z[g] # 0 there is another state with charge p and central charge Z[p] =
¢Z]q] where:

x

(11.2)

e2mi/3 x=3,3/2
(=i x=14,4/3 (11.3)
e2mi/6 % =16,6/5

therefore the charge lattice I' is mapped to a lattice Z[(]" by the central charge Z. The
Dirac pairing between two charges p and ¢ can be written as:

1
@)= (H(q,p) — H(p.q)) (11.4)
here and in the remainder of this Section, with an abuse of notation, we denote with
the same symbol the electromagnetic charges in I" and the corresponding element in the
lattice Z[¢]". Here H is a positive definite Hermitian form:

H:Z[C]" x Z[¢]" — Z[¢] (11.5)

An important implication of having s # {1,2} is that when a state with charge ¢ be-
comes massless then also a state with charge p = (g becomes massless. Then we can
always choose a basis of the lattice of charges becoming massless at a codimension-1
singularity that is of the form {g, (¢}.

11.1 1-form symmetries of rank-2 N = 2 SCFTs with » # {1, 2}

Consider a rank-2 N’ = 2 SCFTs with s # {1,2}. We choose a basis of the charge lattice
I' of the form {q1, (g1, g2, Cga}:

I' = Span,{q1,¢q1, 42, (a2} (11.6)

Were ¢; and (g; become massless at some codimension-1 singularity #; and g2 and (¢
become massless at some other codimension-1 singularity Hs. ¢; and g must be linearly
independent for I' to have dimension 4.

An interesting quantity to consider is the absolute value of the Pfaffian of the Dirac
pairing .J, which is an invariant of the charge lattice and intuitively tells us how sparse
the charge lattice is. More precisely in [231] it was shown that this quantity is equal
to the order of the 1-form symmetry group, which in turn is related to how much the
charge lattice can be refined without breaking the Dirac quantization condition. The
number of charges that can be added in the fundamental domain of the charge lattice
while preserving the Dirac quantization condition is given by |Pf ()| minus 1.

Consider the rank-1 theory 7; supported on the codimension-1 singularity H;. Its charge
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lattice is spanned by {¢;, {¢;} and the Dirac pairing Jy, is such that:

4, Cas) 0

Pf( L 0 (gi,Cai) )‘ = ¢, ¢ai)| = H(qi q:) (11.7)

where in the last equality we used (11.3). 7; is an N’ = 2 rank-1 SCFT, therefore the 1-
form symmetry is either Z,, if this theory is (a discrete gauging of) N' = 2* SU(2) SYM,
or trivial in any other case. Therefore we found:

2 7, 1is (a discrete gauging of) N' = 2* SU(2) SYM

11.8
1 otherwise ( )

H(gi,q:) = {

Now let us compute the Pfaffian of the Dirac pairing J(?) of the rank-2 theory itself. We
find:

0 (@1, ¢q1)  (q1.q2)  (a1,Cqe)
’Pf ( J@))’: pr| (Cona) 0 () <<qu;,’qu22>>
(Caz, q2) 0 (11.9)

= g1, Cqn) (g2 Ca2) — (a1, a2) (Can, Caz) + (Cans a2) (a1, Cao))|
—H(q1,91)H (g, 42) — | H(a1,00)|?

where we dropped the absolute value in the last line because the Cauchy-Shwarz in-
equality ensures that the last expression is positive. We are now able to determine upper
and lower bounds for this quantity:

1< Pt (7)< o) ) < (1110

The first inequality holds because the Dirac pairing is integer and non-degenerate, while
the last inequality follows from the analysis of the rank-1 theories supported on the
codimension-1 singularities (I11.8). The inequality:

’Pf (J@))’ < Higr,00)H (g2, 02) (11.11)

is saturated only if H (g1, ¢2) vanishes. Then in order to have a rank-2 SCFT with s #
{1,2} with ‘Pf (J (2)) ’ = 4 itis necessary that for every choice of codimension-1 singular-

ities H1, H the theories supported on the singularities is (a discrete gauging of ) N = 2*
SYM and that H(q1,¢2) = 0. This means that, for every choice of H1, 2, the charges
becoming massless on #; are mutually local with respect to the charges becoming mass-
less on Hy. The rank-2 theory then must be a stack of the rank-1 theories supported on
H,;. We are not interested in theories that are stacks of lower rank theories, therefore we
can drop the equal sign in (11.11)), and (11.10) reduces to:

1< ‘Pf (J@))‘ <3 (11.12)
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As already discussed the absolute value of the Pfaffian of the Dirac pairing is equal to
the order of the 1-form symmetry group, therefore we find our first claim:

Claim A: The order of the 1-form symmetry group GM of an N = 2 rank-2 SCFT with
» # {1,2} satisfies 1 < ‘G(l)‘ < 4. The upper bound can only be saturated by
stacks of lower rank theories.

Consider now a theory where H(g;, q;) = 1 for every choice of H;. As we just discussed
equation (11.11) is only saturated for rank-2 theories that are stacks of rank-1 theories.
Then for a A" = 2 rank-2 SCFT with s # {1, 2} that is not a stack of lower rank theories
we have:

1< ‘Pf (J(Q))’ <1 (11.13)

This is a contradiction and signals that on such a Coulomb branch it is not possible to
define a consistent charge lattice. We can then formulate our second claim in the case of
rank-2:

Claim B”: A rank-2 N' = 2 SCFT with s # {1,2} that is not a stack of lower rank theories
must have at least one codimension-1 singularity that supports (a discrete gauging
of) N' = 2* SU(2) SYM.

As we will see in the next Section this second claim generalizes to arbitrary rank.

In the context of N/ = 3 exceptional S-fold SCFT the second claim already rules out
some of the Coulomb branch geometries. The most straightforward to study are the G5
theory that we studied in Section [10.2.2)as well as the G4 theory that can be constructed
from the D, (2,0) six-dimensional theory with an S-fold procedure in the presence of an
outer automorphism twist. Both these theories are maximally strongly coupled and only
have codimension-1 singularities with a transverse slice C/Z3, which can not support a
discrete gauging of ' = 2* SU(2) SYM.

The Gy theory, studied in Section is more subtle. There is one codimension-1
singularity with transverse slice C/Z,. Our second claim then imposes that the theory
supported on this singularity is a Z, gauging of N’ = 4 SU(2) SYM. On the other hand
the analysis of the central charges with the formulae of [218] is not consistent with this
choice, as already computed in [5] and as we discussed in Section[10.2.3] To summarize,
we find that the exceptional S-fold theories G4, G5 and Gg can not be interacting SCFTs
because it is not possible to define a consistent charge lattice on their Coulomb branches.
Therefore these theories must be discrete gaugings of free U(1)" N' = 4 gauge theories,
which is the only other possibility.

11.2 A constraint for the stratification of N’ = 2 SCFTs

Consider a rank-r N/ = 2 SCFT with s # {1,2} such that the rank-1 theories supported
on all codimension-1 singularities are SCFTs with trivial 1-form symmetries. We can
choose a basis of the charge lattice I' such that:

I' = Span,{q1,¢q1, .-, qr, Caqr} (11.14)
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where ¢; and (g; become massless at some codimension-1 singularity H; and generate
the charge lattice of the rank-1 theory supported there. Then we have:

because H(g;, ¢;) is equal to the order of the 1-form symmetry group of the theory sup-
ported on H;, which is trivial by hypotesis. The Chaucy-Schwarz inequality together
with the fact that all the g; are linearly independent imposes:

|H(gi,0,)|” < H(@i,a)H(gj,q;) =1 Vi#j (11.16)

On the other hand |H (g;, ;) ’2 must be an integer because it can be written as an integer
linear combination of Dirac pairings:

\H (g, 0)|” = (@i, 0;) (Cai> Ca) — (Caiva3) (air Caj) (11.17)

Then ‘H (giq5) ‘2 must vanish and H(g;, ¢;) vanishes as well as a consequence. The re-
sulting Dirac pairing matrix is block diagonal with only 2 x 2 blocks:

J("):diag{(ol (1))7(01 é),,..,(ol é)} (11.18)

This is the case for every choice of codimension-1 singularities #;, therefore the states
becoming massless at any singularity #; are mutually local with respect to the states
becoming massless at any other singularity. Then the rank-r theory must be a stack of
r rank-1 theories. Therefore in order to have a rank-r SCFT that is not a stack of lower
rank theories, one must allow for codimension-1 singularities #; that support either (a
discrete gauging of) V' = 2* SU(2) SYM, which would imply that H(g;,¢;) = 2, or an
IR-free theory. This is our second claim:

Claim B: An N = 2 SCFT with s # {1,2} and rank r > 2 that is not a stack of lower rank
theories must have at least one codimension-1 singularity that supports (a discrete
gauging of) V' = 2* SU(2) SYM.

The second claim provides additional evidence for the results that we obtained in Chap-
ter[10} summarized in Table There we showed that the charge lattice of most of the
exceptional S-fold SCFTs of type E, are not consistent, and therefore those theories must
be discrete gaugings of free theories. Now we show that the same conclusions can be
derived by applying claim B to the CB stratification of exceptional S-folds, computed in
[5]. This argument will actually provide a stronger result regarding exceptional S-fold
SCFTs: not only the charge lattices computed in Chapter [10| are inconsistent, but it is
not possible to define any consistent charge lattice on the CB geometries of exceptional
S-fold SCFTs of type E,, with the exception of the G'3; theory.

Claim B directly rules out the exceptional S-fold theories G5 and G35 as possible inter-
acting SCFTs. Indeed in both cases all codimension-1 singularity have transverse slice
C/Z3 which can not support a discrete gauging of N' = 2* SU(2) SYM, and both theo-
ries are maximally strongly coupled and can not have IR-free theories supported on any
singularity. In the case of the Gy theory, studied in Section [10.2.5} there is only one sin-
gularity with transverse slice C/Z; which could support N' = 2* SU(2) SYM, while the
other singularity has transverse slice C/Z3. However, as computed in [5] and discussed
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above, this choice is inconsistent with central charge formulae of [218]. To summarize,
we find that the G35, G2 and G3, theories can not be interacting SCFTs because it is not
possible to define a consistent charge lattice on their Coulomb branches. Therefore these
theories must be discrete gaugings of free theories, which is the only other possibility.

The only exceptional S-fold SCFT obtained from the (2,0) E,, six-dimensional theories
that satisfies our constraint is the G3; theory. This is the SCFT obtained from the Eg
(2,0) theory with an exceptional S-fold of order k£ = 4. The Coulomb branch is C*/G3;
and has one codimension-1 singularity with transverse slice C/Z5. Our constraint then
imposes that the rank-1 theory supported on this singularity is SU(2) V' = 4 SYM, which
is consistent with the analysis of the central charges performed in [5]. We claim that this
theory is a proper interacting rank-4 SCFT, but it must be noted that the possibility of
having a discrete gauging of U(1)* N = 4 gauge theory is also consistent with all the
constraints that are available. To solve this ambiguity it would be desirable to analyze
the spectrum of charged operators directly from the M-theory setup of [200], but we
leave this problem to future work.

11.2.1 Other exceptional S-folds

In this thesis we have analyzed the exceptional S-fold theories obtained from the (2,0)
E,, six-dimensional theories, but it is also possible to define similar M-theory setups
involving the (2,0) D,, theories, with or without outer automorphism twists, and gener-
alizations to non-simply laced algebras have also been considered. We leave the detailed
analysis of the charge lattices of the resulting theories to future work, but we can easily
check if the Coulomb branches of such theories, computed in [5], satisfy our consistency
conditions.

The Coulomb branches of the S-fold SCFTs obtained from the (2,0) D,, theories are
C"/G(k,m,r) for k = 4,6 and m a divisor of k. In all these cases there is at least one
codimension-1 singularity with transverse slice C/Z; which can support SU(2) N' = 4
SYM, therefore these theories satisfy our consistency condition.

The case of non-simply laced algebra generates one Coulomb branch geometry that does
not appear in the exceptional S-fold theories of type E,, and D,,, namely C2 /G12. Here
G129 is the exceptional complex reflection group with degrees 6 and 8. In this geometry
there are codimension-1 singularity with transverse slice C/Z, that can support SU(2)
N = 4 SYM, therefore this theory satisfies our consistency checks.

As already discussed in [5] there are four possible geometries associated to ECCRGs
that do not appear in any known construction but are consistent Coulomb branches for
putative N = 3 SCFTs. These geometries are C?/Gay, C*/Gag, C? /G35 and C8/G34 where
G; are ECCRGs. In all cases there are codimension-1 singularities that have transverse
slice C/Z; and could support SU(2) N' = 4 SYM, therefore all these Coulomb branches
satisfy our consistency condition.

11.3 Discussion and conclusions

In this and in the previous Chapters we studied the exceptional S-fold SCFTs discovered
in [200] and their associated charge lattices. In Chapter [I0| we analyzed explicitly all
the exceptional S-folds of type E,, computing their charge lattices by generalizing the
techniques of [5]. Furthermore we considered the sublattices of charges that become
massless at codimension-1 singularities of the Coulomb branch. By comparing these
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charges with the charge lattices of rank-1 ' = 2 SCFTs we showed that some of the
exceptional S-fold SCFTs can not be interacting theories because their charge lattice in
not consistent. For exceptional S-folds of type E, the only theory that admits a consistent
charge lattice is the S-fold of type Es with k = 4, called the G3; theory. Thus we claimed
that the G3; theory is an interacting SCFT, while all the other S-folds of type E, are
discrete gauging of free theories.

In this Chapter we provided additional evidence for this claim by studying the charge
lattice of N' = 2 SCFTs with characteristic dimension s # {1,2}. By exploiting the re-
sults and the formalism developed in [217] we computed an upper bound for the 1-form
symmetries of rank-2 theories with V' = 2, denoted as Claim A throughout this Chapter,
and we found a consistency constraints for the Coulomb branch stratification for such
SCFTs at any rank, denoted as Claim B throughout this Chapter. When applied to the
case of exceptional S-fold SCFTs this constraint, in combination with other constraints
from [218]], shows that all the S-folds of type E, do not admit a consistent charge lattice
except for the G3; theory.

There are multiple directions our work can be extended towards. As we already com-
mented in main body of Chapter[10|the G, theory passes all our consistency checks, but
this does not guarantee that this theory is indeed an interacting SCFT and it may be a
discrete gauging of a free theory. A possible way to determine whether this is the case
would be to compute the 2-form symmetries of this theory directly from the M-theory
construction along the lines of [237]. Indeed if the 2-form symmetry group is not trivial
and can be gauged then the (i3 theory should be a discrete gauging of some “parent”
theory. A similar approach was adopted in [199] to understand the presence of discrete
gauging in regular S-folds.

Our results on N = 2 SCFTs with s # {1,2} could be expanded upon in different direc-
tions. It would be nice to generalize Claim A to arbitrary ranks, and understand wether
a bound for the 1-form symmetry group exists also at higher ranks. Another interesting
perspective would be to relax the condition on the characteristic dimension, and study
theories with sz equal to 1 or 2. This would require a different set of tools than the ones
we used in this Chapter, for example considering the monodromies around Coulomb
branch singularities along the lines of [209] 206}, 223]. Recently a new relation between
1-form symmetries of N' = 2 SCFTs and Seiberg-Witten curves has been investigated
[232], and it would be interesting to understand what are the connections (if any) with
our results.






Future directions

In this Chapter we summarize and expand on the possible future directions the work
presented in this thesis can be expanded towards. Some of the possible future directions
suggested here are currently being explored by the author and collaborators.

3d dualities and integral identities: The analysis of 3d dualities spelled out in Chap-
ters B|and [4| can be generalized by considering different matter content, superpoten-
tial and gauge groups. Furthermore, there is a close relationship between the study
of 3d N = 2 QFTs and the integral identities between their partition functions on the
squashed three-sphere. This allowed us to exploit the duplication formula to study and
predict new IR dualities in Chapter[d On the other hand, it would be nice to under-
stand wether the duplication formula has a general physical interpretation. The dupli-
cation formula can be applied to obtain identities involving SO(N) gauge groups start-
ing from USp(2N) gauge groups, and it would be interesting to understand wether
this is only a mathematical trick or if it reflects some physical phenomena.

Webs of 3d dualities: IR dualities can often be related by RG flows and/or dimen-
sional compactification, as we explored in details in Chapter [3|for a class of theories
with D-type superpotential. Then a natural question is to understand which dualities
are related in this way and which are independent. We can think of the independent
dualities as fundamental dualities, while all the other dualities can be considered as a
consequence of the fundamental ones. It is not establish which dualities are indepen-
dent, nor it is known whether all IR dualities can be related by RG flows. It would
be useful to develop a more comprehensive view on this topic, as IR dualities are a
powerful tool in the study of the strongly coupled regime of QFTs.

Conformal dualities and Calabi-Yaus: The phenomena of conformal duality be-
tween toric theories in the presence of orientifolds has been addressed in Chapters|5|
through[7]from a field theoretical point of view. It is an open question to understand
the notion of conformal duality for these theories from their Type IIB construction
as stacks of D3-branes probing a toric CY cone on top of an orientifold. We were
able to find a number of families of conformally dual theories, but a general mech-
anism underlying this phenomena is not understood, and a general prescription for
generating new cases of conformally dual theories in this setup is not available. An

215



holographic analysis of this phenomenon from the Type IIB perspective could shed
some light on these open questions and complement our field theoretical analysis.

Classification of SCFTs: A very ambitious goal in the study of QFTs is the classifica-
tion of CFTs, which are fixed points of the RG flow. The classification with maximal
supersymmetry in 4d is believed to be complete, composed of all V' = 4 SYM theo-
ries. With a lower amount of supersymmetry such a classification is not yet available,
although promising results have been obtained for ' = 2 SCFTs at low rank. The
analysis of consistency conditions for SCFTs, such as those developed in Chapter
provide a useful tool in the classification effort. Thus it would be nice to elabo-
rate on the consistency condition called Claim B throughout this thesis, for example
by refining it using informations on the Coulomb branch geometry. Another pos-
sible generalization would be to apply the ideas developed in Chapters [10] and
to N/ = 2 SCFTs which are not maximally strongly coupled. This would probably
require a more in-depth analysis of the charge lattice for those theories.

1-form symmetries in ' = 2 SCFTs: The upper bound for the 1-form symmetry
group of rank-2 V' = 2 SCFTs with » # {1,2} that we analyzed in Chapter [11] does
not have a generalization to higher ranks up to now. It would be nice to understand
wether such a bound exists at arbitrary ranks, at least for theories with » # {1,2}.
SCFTs with s # {1,2} are maximally strongly coupled and do not admit a con-
ventional lagrangian description, therefore understanding properties of their global
symmetries would be a useful tool for studying such theories. Furthermore it would
be interesting to study the implications of the existence of this bound on the dual
gravity theory.
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APPENDIX A

Dualities with adjoint and without Wionopole ON Zg3

Here we follow the sequential deconfinement procedure performed in Section 5.1, 5.2
and 5.3 of [2] on the partition function. These chains of confining/deconfining dualities
allows to prove the dualities for symplectic (orthogonal) gauge group with two fun-
damentals (one vector), one adjoint without monopole superpotential. The identities
needed are

gNgj=2n Hi; U () Hg 1 Hr ol (/‘T + x] H dr.
SOCHD =w1wy 270! Jon Tli<jcpan Tn (2 £ 2) Ty Th (£24) et J
(A1)
2n 2n
=Ty {w=>_u | J[ Tnl+p)[[Tnw—pm)
r=1 1<r<s<2n r=1
ZNf:2n+2 _ 1 Ha 1 H2n+2 Fh (,ur =+ ya H dy
USp(2n) V—wiwz 270! Jon [licacbn Tn (FYa £ ub) 1 Th (£2ya)
2n+2
=Ty | 2w — Z Hr H Iy (,ur + ,Us)
r=1 1<r<s<2n+2
(A2)
n 2n— 1F + n
ZNj=2m-1 _ 1 I I 20 Tn (e £ ;) H
50(2n) \/ —Wiws "on—1p| cn H1<]<k<n Iy (:l:l?] + .Z’k =1
(A3)
2n—1 2n—1
=In W_Z/ir H Fh(/ir"‘/iS)HFh(W_/iT)
=1 1<r<s<2n-1 r=1

which correspond to limiting cases of Aharony duality.
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Case I: USp(2n)

The partition function of theory 7; of [2] is:

Th(r n(£ye + m)T (:I:ya +w— 7)
Zy =— dyq
T (—wiwe)2 Q”n' / H T (+2y,)
(A4)

Fh(iya i Yp+T)

< I
1<a<b<n Fh(iya + yb)

This is equivalent to a two-node quiver with gauge groups SO(2n + 1) x USp(2n), de-

noted 7y with partition function:

n(EYa + M)y (£y, + 3) ﬁdwi Ty (tya i+ 3)

Lp(7)"Th(w + nr /
Zr, = dya
Tv (—wiwg)"22nn)2 H Th(+£2y,) bl NN E=)
1

1
S S e B U Gl ey

1<a<b<n Th(£ya £ ) 1<i<j<n
(A.5)

These two expressions can be shown to coincide by using (A.I) to confine the orthogonal

node. Then we dualize the symplectic node using (A.2):

:I:a:t—i-m—&— )Fh(m—i—%)

P :F;L(T)"Fh(w +nm)Th (2w —m— /H de,
& (—wiws) 220! Tp (1)
H Iy, (:tIi:txj+T)Fh(:t:17i+T)
X
1<i<j<n Fh(:l:xy; + .Z‘j)
(A.6)

The mass parameters for the symplectic gauge group satisfy

T

2w — (2n+1)= +Z<:|:xz > +5 =2

We then deconfine the adjoint using the confining duality with linear monopole super-

potential (B.I):

(A7)
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USp(2n) SO2n+1) USp(2n)

Deconfinement

SO@2n +1)

(OO4

USp(2n - 2)

[—ODs

~ Duality

Figure A.1 Schematic representation of one step of the deconfinement procedure of [2]
for the U Sp(2n) model with adjoint. The partition functions of the model are:

T | 7 | & | ] T
Ze | BD | &Y | B8 | B3I | B

7 L (7)"Th(w + nT)Ty, (2w m— 5 —nt /H Fh :I:x1—|—m—|— )Fh (m—l—%)
Tor — (e
’ (—wiwz) ™ 2n(n=Dpl(n — 1)! L (£z;)
I e
1<i<j<n n(Fr o h(£2Ya)
1 n—1 n T T
. Ty (+2i + 9o+ = ) T [ 2ya + =
« Mty T (F0 e 5) o (20 7)
1<a<b<n—1 a=11i=1
(A.8)

The last step consists in dualising the orthogonal node with (A.1):

P Lp(r)"Th (w -m—3Z—(2n— 1)7’) Tn2m + 7)'h(2n7)Ty, (w -m — %)
T = n—
: (—wiwa) T 271 (n — 1)
/de iya+m+ )Fh(iya‘kw*%) H Fh(iya:l:yb+T)
¢ Fh(ian) Fh(iya + yb)

(A.9)

1<a<b<n

This is equivalent to the theory 7; with a lower rank and additional singlets. The new
mass for the fundamental ¢ is m = m + 7. The whole step is shown schematically in
Figure By iterating these steps n times one gets to a confining theory with singlets

described by (#.11).
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Case II: SO(2n)

Now we consider a SO(2n) theory with one fundamental and one adjoint with W = 0.
The partition function is:

/ delrh (xai+m) ] Un (2 & 25+ 7) (A.10)

(—wiws) "z 270! iR Lp(£z; £ ;)

we deconfine the adjoint with (A.2) and get to a quiver with gauge groups USp(2n —
2) x SO(2n):

Fh( )”Fh ’n,T / 1
I -
(Cwnwo) 1270 Dpl(n — 1)! H ziln (2 +m) ]] Th(xa; £ 1)

1<i<j<n
. (A.11)
:I:gcZ Ty, + % 1
X dya T
H L'h(£2ya) 1§a<1;[§n_1 Uh(dya £ ys)
Next we dualise the orthogonal node:
Th(r)"Th(nT)Th(w — (n — 1)1 — m)Th(2m)Th(w — m)
(—wlwg)%Q"—l(n — 1)'

(A.12)

X/’i—fdy Dn(patw -0 (tm+ )  pp Dalogatn )
Ln(£2ya) \<acien_1  LTn(Eve Eu)
This is the U Sp theory with adjoint considered in the previous case with additional sin-

glets. We use the result from the previous case to confine the gauge theory and recover
(4.13).

Case III: SO(2n + 1)

The case of orthogonal gauge group with odd rank is already covered in the computa-
tion for symplectic gauge group. This theory corresponds to the third step in the USp
computation, namely (A.6), modulo the presence of some singlets. One can follow the
confinement/deconfinement steps going from to (A.9), then confine the U Sp gauge
theory using the result from the previous case.



APPENDIX B

3d SO(N) with N + 1 flavors and linear monopole
superpotential

In this appendix we review the duality for SO(N) gauge theories with N + 1 vectors
Q; and W = Y, proposed by [2]. We further discuss the related identity between the
partition functions. This is useful for the proofs of the dualities in the body of Chapter[4]
because we use such dualities to deconfine the adjoint of symplectic gauge groups.

In this case the claim is that the model is dual to a WZ model, where the fields are
the baryons ¢ = ex(Q") and the symmetric meson S with superpotential W = ¢Sq +
det S. In order to obtain the partition function for such a duality we start from U Sp(2n)
with linear monopole superpotential W = Yys, and 2n + 4 fundamentals. The linear
monopole imposes the constraint y11 + - - - + piopn+4 = 2w on the mass parameters p, of
the fundamental fields in the partition function. The integral identity is [56]

[0 Ty £ )
dx.
(—wiws) 22"n'/n H I‘h(:i:x + ag) H Iy (£2z5) i

1<j<k<n

= H Fh(.u'r + /Js) (B'l)

1<r<s<2n+4

If we then assign the mass parameters as p; = %' and pp = %+, and we use the duplica-
tion formula on both sides of (B.I), we arrive at the identity

2n+2 Fh ,ur / H H H2”+2 Iy (,UT + Jij) dr.
( wlwg 22"”' " 1<ji<h<n r (iac ﬂ:l‘k Fh(il‘j) J
2n+2
= H Do(pr + ps) H Ip(w = ) (B.2)
1<r<s<2n+42 r=1

with the constraint fo{z iy = w. This corresponds to the case of SO(2n+1) with 2n+2

fundamentals. The arguments of the singlets on the dual side correspond to the mesons
and to the baryons of the electric theory.

The even case is obtained by considering also ;3 = 0. In this case, by using the duplica-
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tion formula on both sides of (B.1) we end up with

1 1 n 2n+1
= - Ty(pr £zj)dz;
(_wle)§2nfln! /C H Fh(ia:j + xk) b Tll h(/~L $j) X 5

" 1<j<k<n
2n+1

= H Lp(pr + 1) H Lp(w = pr) (B.3)
1<r<s<2n+1 r=1

with the constraint ZEZ{l tr = w. This corresponds to the case of SO(2n) with 2n + 1

fundamentals. The arguments of the singlets on the dual side correspond to the mesons
and to the baryons of the electric theory.

As a consistency check we can perform a real mass flow by giving large masses of op-
posite sign to two vectors and retrieve the limiting case of Aharony duality. In (B.2) we
fix:

Hont1 = s+ v, H2ni2 = =S+ V (B4)

and take the limit s — oo. The constraint reads w — >, u, = 2v and the divergent
phases cancel between the RHS and the LHS. We obtain:

Hzi1 L (pr) / 1 N Hill Lh(pr £ 25) da -
(—wiws)227n! Jeom 1<j<h<n Tp(£z; + xx) i INY G I
2n 2n
= Fh w— Z Moy H Fh (M, + Mé) H Fh (w - //['7) (BS)
r=1 1<pr<ps<2n r=1

which corresponds to the limiting case of Aharony duality for SO(N) = SO(2n+1) and
2n vectors, with W = 0 [43].

Similarly in (B.3)) we fix:
Hon = s+ U, H2nt1 = —S+V (B.6)

and obtain:

n 2n—1
1 1
m - Ty (. &+ x;)dz;
(wle)Qinn!/c H Fh(ixjil‘k)jzl 71;[1 h(pr £ z5)dz;

"1<j<k<n
2n—1 2n—1
=Ty |w-— Z Hor H Fh(MT + MS) H Fh(w - Mr) (B7)
r=1 1<p,r<ps<2n-—1 r=1

which corresponds to the limiting case of Aharony duality for SO(N) = SO(2n) and
2n — 1 vectors, with W = 0 [43].



APPENDIX C

Further examples of multiplanarizable quivers

In this Appendix we give additional examples of multiplaarizable quivers studied in
Chapter[/] In table|[C.1]is the list of cases that we have analyzed in detail. Two examples

ng — n (i, ko, k3) Comments

6—4 (1,1,2)-(0,2,2) Original PdPs3,,. case, see [12]
8—5 (1,1,3)-(0,2,3) See App. [C.0.1]

10—6 (1,1,4)-(0,2,4) Two cases, see A .

12 -7 (1,1,5) - (0,2,5) See App. ’(_ZRORS‘

12 =7 (2,2,4)-(0,4,4) Also Qg for (2,24), see App.|C.0.4]
14— 8 (2,2,5)-(0,4,5) See Sec.|7.4.1

16 —9 (2,2,6)-(0,4,6) Two cases, Sec. [ﬁz and App. Im
18— 10 (3,3,6)-(2,4,6)-(0,6,6) Intermediate case, see App. w

Table C.1 List of cases (ordered by increasing number n$ of gauge groups after the pro-
jection) analyzed in detail in the Chapter|[7]

have been studied in the core of Chapter [/} Here for completeness we briefly survey
the other cases. We will give the brane tilings, the orientifold projections, specifying the
choices of fixed lines or fixed points.

For each case we will also provide the choice of ranks (consistent with the general one
discussed in Fig. [7.12) that allows to find the conformally dual models together with the
projected superpotentials.

C.01 (1,1,3)-(0,2,3)

The dimers and the toric diagrams are given in Fig. The (k1, k2, k3) = (1,1, 3) model
is projected with fixed lines while the (k1, k2, k3) = (0, 2, 3) model is projected with fixed
points. We assign the charges to the fixed points and lines as discussed in the body of
Chapter|/] Again we do not distinguish between 71 = 1 and 7, = —1 and consider the
two possibilities in a uniform language. The superpotential for the (1, 1,3) model after
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Figure C.1 Fixed-line and fixed-point projections for the (1, 1, 3) and the (0, 2, 3) models.
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the fixed lines projection is

1
W(??‘i,?.) = §T22(X32 — X5 X1) + X30X01 X153 — X30X02X23
1~
+ X X12X03Y34 — X41 X 13 X34 + §T33 <X§4 - Y324) . (C.1)

The superpotential for the (0,2, 3) model after the fixed points projection is

WQf.p.

023 = To2Xo1X12X02 + X30X01X13 — X30X02X23

+ X4 X19X23Ya4 — X1 X13 X34 + T3 X34Ya4 (C2)

where, as in the body of Chapter[7] the gauge contractions are taken opportunely. The
choice of gauge ranks that gives rise to the conformal duality is

N():TL,Nl:N2:n72’7',N3:n74T,N4:71767'. (C3)

The conformal duality can be associated to a pair of superpotentials with different signs
by first applying Seiberg duality on node SU(N;). Then we can consider the combi-
nations of the fields X34 with Y3, and Xoo with Mps, where My, in the dual phase is
the meson X1 X9, that is considered as elementary field after the duality on SU (V).
After these operations, the two superpotentials and become identical up to
some signs. The conformal duality between the two models becomes then manifest and
explicit, fitting with the discussion of Sec.

C.02 (1,1,4)-(0,2,4)

The next case corresponds to the fixed line projection of (k1, k2, k3) = (1,1,4) and to the
fixed point projection of (k1, k2, k3) = (0,2,4). In this case there are two possible pro-
jections for each models. These projections give different quivers and they are studied
separately.

First case

The first possibility is represented in Fig. The superpotential for the (1, 1,4) model
after the fixed-line projection is

1
W(?f,'lm) = §T22 (X§2 - X§1X122) + X30X01X13 — X30X02X23

+ X1 X192 X933y — X1 X3 X34 + X3 X34 X6 — X63Y34Ya6
1

5T (Xg6 - Y4’%) . (C.4)
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Figure C.2 Fixed lines and fixed points projections for (1,1,4) and (0,2,4). This is the
first conformal duality obtained projecting these models.

The superpotential for the (0, 2, 4) model after the fixed points projection is

Q 1
W(Ofg'A) = §T22X01X12X02 + X30X02X23 — X30X01X13
+ X X13Y34 — Xy1 X120 X023 X34 + X3 X34 X6 — X63Y34Ys6
1~
+ §T44X46Y216 . (C.5)

The choice of gauge ranks that gives rise to the conformal duality is
No=n,Ny=No=n—-27, Ny=n—4r, Ny=n— 67, Ng =n — 87 . (C.6)

We can use the usual tools, i.e. Seiberg duality on SU(N;) and suitable field redefini-
tions, such that (C.4) and (C.5) become identical up to some signs. The conformal duality
between the two models becomes again explicit as in the general discussion of Sec.
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Second case

The first possibility is represented in Fig.

Figure C.3 Fixed-line and fixed-point projections for (1,1,4) and (0,2,4). This is the
second conformal duality obtained projecting these models.

The superpotential for the (1, 1,4) model after the fixed lines projection is

1

W(?f,'liA) = §T33 <X123 - Y123) + Y13 X35 X51 — X13 X34 X145 X551

+ X34 X6 X63 — X35 X56X63 + Xs6YerX74Xas — XusXe7X74

1
+ 5158 (X627 - Y627) . (C.7)
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The superpotential for the (0,2, 4) model after the fixed points projection is

W(?f'lm) = T33X13Y13 + Y13 X35 X51 — X13 X34 X45 X51
+ X34 X46X63 — X35 X56 X63 + X56Yor X74Xa5 — Xa6X67X74
+ T33X67Y67 - (C.8)
The choice of gauge ranks that gives rise to the conformal duality is

Ni=n,N3=n—217, Ny=Ns=n—41, Ng=n— 67, N, =n — 87 . (C.9)

In this case, it can be shown that the two superpotentials in Egs. (C.7)-(C.8) to be identical
without any further duality. Indeed by substituting the combinations X;3 £+ Yi3 and
X7 £ Ye7, the superpotentials and become identical up to some signs, making
the conformal duality explicit.

C.03 (1,1,5)-(0,2,5)

The next case corresponds to the fixed line projection of (k1, k2, k3) = (1,1,5) and to
the fixed-point projection of (ki, k2, k3) = (0,2,5). The dimers and the toric diagrams
are given in Fig. The are also other models where the diagonal appears in the first
hexagon on the tiling, but conformal duality works similarly and we show only these
two dimers for simplicity. The superpotential for the (1,1,5) model after the fixed-line
projection is

1
W(gllt']i,s) = 5133 (X123 - Y123) + Y13Y34 Xy1 — X153 X34 X

+ X34 X46Xe63 — Y34Ya6X63 + Yas X6 Xsa — Xas X7 X78 X34
1~
+ X7 X790 X096 — X3 Xg9Xop + §T77 (X?ngg - X?g) . (C.10)

The superpotential for the (0, 2, 5) model after the fixed points projection is

W(%f,'lg"g)) =T33X13Y13 + Y13Y34 X1 — X13 X34 X3

+ X31X46X63 — Y34Y16 X063 + Yis X3 Xg4 — X416 X67X78 X34
+ X7 X790 X096 — Xpg X9 Xop + T77X$8X89X79 . (C.11)
The choice of gauge ranks that gives rise to the conformal duality is

Ny =n, N3=n—21, Ny =n —4r,
N6:n—67',N7:N8:n—8T,N9:n—1OT. (C12)
The conformal duality between the two models becomes explicit as in Sec. by ap-

plying a Seiberg duality on SU(Ng), and considering the combinations X3 + Y;3 and
X79 + M79, where M79 = X78X89.
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Figure C.4 Fixed lines and fixed points projections for (1, 1,5) and (0, 2, 5).
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C.04 (2,2,4)-(0,4,4)

Here we study two fixed line projections and one fixed point projection for (k1, k2, k3) =
(2,2,4) and a fixed point projection of (k1, k2, ks) = (0,4,4). The projections are sum-
marized in Fig. The superpotential for the (2,2,4) model after the first fixed lines
projection is

1

1
W(fzzf,'lu) = §T00 <X32 - X§1X122> + Xo01X13X30 — X02X23X30

+ X903 X35 X51 X120 — X13 X34 Xu5X51 + X34 X46X63 — X35 X56X63

1~
+ §T44 <X425X526 - X426) : (C.13)



232

Figure C.5 Fixed lines and fixed-point projections for (2,2, 4) and (0,4,4).

The superpotential for the (2, 2, 4) model after the fixed-point projection is

Q
W(Qng) = TooXo2X01X12 + Xo2X23X30 — X01X13X30

+ X13X35X51 — Xo3 X34 Xu5X51 X102 + X34 Xu6X63 — X35 X56X63
+ T4 X145 X506 X6 - (C.14)
The superpotential for the (2, 2,4) model after the second fixed-line projection is
W(KQZ%Q'A) = %Too <X31X122 - X32> + Xo02X23X30 — X1 X13X30
+ X13X35X51 — X23 X34 Xu5X51 X12 + X34 Xa6X63 — X35 X56X63

1~
+ §T44 <X425X526 - X426) : (C.15)



Further examples of multiplanarizable quivers 233

The superpotential for the (0,4, 4) model after the fixed-point projection is
W(%f'i'A) = TooX02X01X12 + Xo1X13X30 — X02X23X30
+ Xo3 X35 X51 X12 — X13X34 X5 X51 + X34 X46X63 — X35 X506 Xe3
+ T1aX45X56 X6 - (C.16)
The choice of gauge ranks that gives rise to the conformal duality is
No=n,Ny=No=n—-217, N3=n—41, Ny= N5 =n—671, Ng=n—-8r (C.17)

The situation here is similar to the one in sub-section Indeed there are three cases
that are Seiberg dual before the projections, and that become conformally dual after the
projection. We can make the conformal dualities among the various model more ex-
plicit along the lines of the discussion in Sec. By combining the dualities on node
SU(N1,2,3) and the suitable field redefinitions we can indeed prove that each pair of
superpotentials become identical up to signs.

C.0.5 (2,2,6)-(0,4,6): second case

Here we study another case involving the (2,2,6) and (0, 4,6) models. Here we have
two fixed line projections and one fixed point projection for (k1, k2, k3) = (2,2,4) and a
fixed point projection of (k1, k2, k3) = (0,4,4). The projections are summarized in Fig.
The superpotential for the (2, 2, 6) model after the first fixed-line projection is

Q! 1

+ X35 X56X63 — X34 X46X63 + X46Xe67X78 X84 — X56X68X54X45
+ Xe8 X9 Xos — Xe7X79Xog6 + X79Y90X07 — XgoXooXo7X78

1~
+ §T99(X920 — Yg0) - (C.18)

The superpotential for the (2, 2, 6) model after the second fixed lines projection is

Q2 1
(2:2.6) = §T33 <X123 - Y123) + Y13 X534 Xu5X51 — X13 X35 X51

+ X35 X56X63 — X324X46X63 + Xu6Xe68Xs4 — X56X67X78 X4 Xus5
+ X67X70X06 — XesXs0Xo6 + Xs9Yo0X07X7s — X790 X90X07

1~
+ 5T (X3 - ¥ah) - (C.19)
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Figure C.6 Fixed-line and fixed-point projections for (2,2,6) and (0,4, 6). This is the
second conformal duality obtained projecting these models. The first one has been dis-
cussed in the body of Chapter[7]in Sec.
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The superpotential for the (2,2, 6) model after the fixed points projection is
ng';@ = T33Y13X13 + Y13 X35 X51 — X13 X34 X145 X51
+ X34 Xu6X63 — X35X56X63 + X56X67X78 X4 Xu5 — Xa6X6sXs84
+ Xes Xs9Xo6 — X67X79X06 + X79Y90X07 — X589 X90X07 X785
+ Tog Yoo Xoo - (C.20)

The superpotential for the (0, 4, 6) model after the fixed points projection is

Q
W(of,ia) = T33Y13X13 + Y13 X35 X51 — X13 X34 X45 X51

+ X34 X46X63 — X35 X56X63 + X56X63Xg4Xu5 — XagXe7 X758 Xs54

+ Xo7X79Xo6 — X6 X9 Xo6 + XgoYooXo7X7s — X79X90X07

+ Tog Yoo Xoo - (C.21)
The choice of gauge ranks that gives rise to the conformal duality is

len,Ngzn—QT,N4:N5:TL—4T, (CZZ)
N6:7’L—6T, N7:N8:7’L—8T, Ngzn—10T7N0:7’L—12T.

The situation here is similar to the one in Sec. The two cases with fixed lines are
related by a field redefinition. Analogously the two cases with fixed points are related
by a field redefinition. The cases with fixed lines are connected to the cases with fixed
points by first considering Seiberg dualities on SU(N;) ad SU(N5) and then by suitable
field redefinitions.

C.0.6 (3,3,6)-(2,4,6)-(0,6,6)

The last case that we present in this appendix correspond to the fixed lines projection of
(3,3,6) and to the fixed point projections of both (2,4, 6) and (0, 6, 6).

This case is interesting because it is the first one where there are three different toric di-
agrams that give origin to conformal dualities after the projection. There are degenerate
choices of (3,3,6) and (2,4, 6) but here for simplicity we study only a single possibility.
The other Seiberg dual case become conformally dial after the projection as in the cases
discussed above. The toric diagrams, the dimers and the projections are represented in
Fig. The fixed-line projection of the (3, 3, 6) model under investigation has superpo-
tential

1
W((;f,'g,fs) = §T22(X§2 — X5 XT5) + Xo1X13X30 — Xo2X23X50

+ X3 X34 X45X51 X 12 — X13X35X51 + X35 X56X63 — X34 X46X63
+ X6 X683 Xg4 — X56X67X78 X4 Xu5 + X7 X79 X096 — X63X59X06

1~
+ §T77(X728X829 — X7) - (C.23)
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Figure C.7 Fixed-line projection of (3,3,6) and fixed-point projections of (2,4,6) and
(0,6,6).
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The fixed point projection of the (2,4, 6) model under investigation has superpotential
Q
W(gfiﬁ) = T2 X02X01X12 + Xo01X13X30 — X02X23X30

+ X903 X34 Xu5 X51 X192 — X13X35X51 + X35 X56X63 — X34 X46X63
+ X46X68 X1 — X56Xe7 X8 X4 Xy5 + Xg7X79X06 — X8 X59X06

+ Trr X7 X9 X9 - (C24)

The fixed-point projection of the (0, 6, 6) model has superpotential

W(%f'g'ﬁ) = T2 X02X01X12 + X01X13X30 — X02X23X30
+ Xo3 X35 X51 X12 — X13 X34 Xu5X51 + X34 Xu6X63 — X35 X56X63
+ X56X68 X54 X5 — Xag X7 X78 X4 + Xe7X79 X096 — XosXs9Xo6
+ Trr X7 X9 X9 - (C.25)
Finally, the ranks read

N():’n, N1:N2:TL—2’T, Ngzn—47', ]\74:_]\[5:71,—67'7 (C26)
Ngzn—87', N7=N8:n—107', N9:’I’L—12T. (C27)

The first two cases are related by Seiberg dualities on SU(N;) and SU(Ns) and by suit-
able field redefinitions. The second and the third case are related by Seiberg duality on
SU(N4) and field redefinitions. The first and the third cases are then related by Seiberg
duality on SU(N; 4,5) and field redefinitions.

This concludes the analysis showing that the superpotentials of the three cases become
identical up to sign factors, fitting with the analysis of section 7.1}






APPENDIX D

Counting phases of multiplanarizable quivers

Given a general model (k1, k2, k3) from Chapter 7] there could be various configurations
with the same numbers, i.e. various choices to combine the squares and the hexagons
in the reduced cell of the dimer after the orientifold projection. For simplicity, let us call
the reduced cell Cq. A dual family of models can be denoted with two numbers (k, k3),
where ki + ko = k; also, denote k3 = 2k + p, so that we can distinguish between two
cases: p=0and p # 0.

Let us focus first with p = 0, so the dual family is identified by (k, 2k). There are only k
pairs of squares in the central column of Cq,, a certain number ny g with a long edge ori-
ented along the W E axis and another ngy along EW, related to k; and k» as explained
above. We ask the question: how many configurations are there with a certain number of
nwg and ngw? In other words, how many conformally dual models in a family (k, k3)?.
We need to count the combinations of these elements that fill k£ position. Since there are
2 choices per position, ngw = k — ny g and in total there are ok configurations. These
can be counted as

b k
2k = " ( ) (D.1)

n
nw g=0 WE

where each summand (, V'f/ E) is the number of configurations of a model with k squares
of which ny g are W E oriented, the remaining ngw = k — nwg are EW. However,
some of them are equivalent, i.e. they give the same quiver and superpotential with
some indices recast. First, we can exchange nw g <> ngw, which means the cell Cg, is
reflected along a vertical axis and the property of the binomial coefficient

(nfi,) - (k —I;WE) B <n§w) (D2)

account for this reflection. We need to count only the configurations until nwr = | £].
Second, each set of configurations (nVﬁE) has an equivalence class, for we can reflect
along a horizontal axis and a configuration is mapped to another one. If k is odd, there

is always one mapped to itself. The number of inequivalent configurations of a cell N¢,,
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with k pairs of squares and no hexagons is then

L5

k 1/ k
NCQ(O>+ Z 2( >, k even,

nwe=1 n"wgE
L]
k 1 k
N¢, = g — 1 k odd. D.
Cq (O> + ) ) l(nWE> =+ ) Y ( 3)
nwEe=

It is crucial to note that the orientifold projection is not yet chosen, i.e. the Z, involution

is not specified. Each inequivalent arrangement of squares in (nV’iE) gives a cell C, and

we choose a fixed point projection if the Z, image cell C; = Cq. The copy has the same
number of W E pairs of squares iy g = nwg, so that ki = 2nwg and ks = 2k — ky =
2ngw. Thus, a projection with fixed points must have k; and ks even. We can express
Eq. in terms of k; and count the number of orientifold projections with fixed points
as

, k odd. (D.4)

Each summand in Eq. counts the number of inequivalent fixed point projections
with the same (k1, 2k — k1,2k). We can depict Eq. as the sum of the possible fixed
points projections of a toric diagram with (ki, 2k — k1, 2k).

On the other hand, the fixed lines projection is given by Cq = —Cq. This Z, involution
changes the direction of the squares, so it sends nyw g = Tgw and ngw = k — nwg —
nwe = k —gw. As a consequence, k1 = nwg + fwg = k2 = k, with no restriction on
k1 being even or odd. The number of models projected with fixed lines is

. k odd, (D.5)

all of them with (k1, ko, k3) = (k, k, 2k).

Let us show two examples. Consider k = 1, which gives the PdP family of models. The
unique (g) configuration gives the reduced cell C. Then we can perform the projection
with fixed points, so that the Z, copy C, = Cq and we have Pdszc, (k1, ko, ks) = (0,2,2).
Or, we can perform the orientifold projection with fixed lines, so that C, = —Cq and we
have PdPS,, (ki1, ke, k3) = (1,1,2).
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Consider now k = 2, studied in Sec. 4 The first configuration is ( ), and we can de-
cide for fixed-point projection C = CQ or fixed-line projection Cy = —Cl, respectively
the rightmost (k1, ko, k3) = (0,4, 4) and the leftmost (k1, ko, k3) = (2,2, 4) dimers in Fig.
5/ Then, we have (f) whose reduced cell C is drawn in the central dimers of Fig.
whose central left is given by a fixed-point orientifold Cq = Cq and central right by
fixed-line orientifold C, = —Cl, both (k1, ko, k3) = (2,2, 4).

When p # 0, we need to distinguish between two orientifold projections, 24 and Q3.
The former consist in the projection where projected gauge factors come from the side of
the cell C, whereas the latter in the projection where at least one projected gauge factor
comes from the central line in Cp. When we add hexagons to the central lines of the
cell Cq, ie. p # 0, both types of the projection are allowed. If p is odd the number of
complete hexagons nj, = (p—1)/2, as half hexagon is added at one of the boundary of the
reduced cell Cq, in this case the projection is always 5. If p is even we have two choices,
projection 24 and n;, = p/2 complete hexagons in Co, or projection Q2 and nj, = p/2—1
complete hexagons in Cq and one half hexagons on each boundary of the reduced cell.
Once we have defined the number n;, we have k+n;, = nyw g +ngw +ny, slots to be filled
with squares of the two types and hexagons. The three numbers (nw g, ngw, ny) defines
a model, since they are related to k1, k2 and k3. The number of possible configurations is
the number of ways we can fill the slots, i.e. the number of permutations of 3 elements

nw e, (k—nwe)nn _ (k +np)!
(k+nh) nWE'(kanW)'nh' ’

N¢ —POk"h + Z P"WE(k nWE)nh, (k+mnp) even,

(k}Jr’I’Lh k:+nh
nwe= 1
Nog = Py + Z S [PaesT ] eem) odd, (D)
nwEe= 1

where we have already accounted for the exchange nywr < ngw and the reflection of
Cq around an horizontal axis. Note that for p = 0, i.e. ny, = 0, Eq. reduces to Eq.
D.a

Now, we need to choose the orientifold projection, either with fixed points C, = Cq
or with fixed lines Ca = —Cq. As before, for fixed points orientifolds k; = 2nwg,
ko = 2k — k1 = ngw and by definition p = k3 — 2k. Again, we can express Eq. as a
sum over ki even

pr PO knp + Z k1/2) (k*kl/Q),’nh ’ (k + nh) even ,

(k4+np) (k—i—nh)
k1= 2
2L4)
f. k,n kl 2,(k—k1/2),nn
N = Pimr + Z [ /2O g (k) odd, (D.7)
k1= 2

where each summand with the same value of k; gives the number of conformally dual
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models with (k1, 2k — k1, 2k + p). For fixed lines orientifolds, k1 = ko = k and

L5]
1. 0,k,n 1 n J(k—n Mh
Ngn = P(kJrn:) + Z §P(,Xih() wE),mn , (k+np) even,

nwe=1

%)

n 1 n —-n n

N, = PRAm 4 30 S PR 1] L (k) odd,
TLWE:1

and all are conformally dual models with (k, k, 2k + p).

(D.8)
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