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In this work we discuss several aspects of the 3d bosonization dualities, which are a conjec-
tured equivalence between Chern-Simons matter theories in 2 4+ 1-dimensions. We propose
a new phrase diagram for the most general 3d bosonization duality when the number of
matter particles is large. We discuss how the most general form the dualities can be ren-
dered consistent on a manifold with boundaries. Novel quiver dualities, both bosonic and
fermionic, are constructed which serve as a generalization of the well-known particle-vortex
duality and which also have application to domain walls in 3 + 1-dimensional QCD. We
argue the rank-one dualities can be connected to the rank-two dualities via an orbifolding
procedure. Finally, we show how such 2 4 1-dimensional dualities can be related to known

3 4 1-dimensional electromagnetic duality.
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Chapter 1
INTRODUCTION TO 3D BOSONIZATION

Behind “symmetry”, “duality” is probably a high-energy theorist’s favorite word. Al-
though exact definitions of what is meant by “duality” differ, throughout this work we will
take it to broadly mean an equivalence between two theories. As we will see, the exact nature
of this equivalence can vary depending on the duality. Many of these dualities are conjec-
tured, but they are nevertheless useful. The subject of this thesis will be investigating various
aspects of a recently discovered set of dualities collectively known as “3d bosonization”.

We will begin by looking at four well-known systems that exhibit dualities. Looking at all
four of these systems as examples before diving into 3d bosonization may seem like overkill,
but before the end of this work we will show each of them are in some way related to the 3d

bosonization dualities.
1.1 Four Systems with Dualities

Electromagnetic Duality

Perhaps the most well-known duality is the electromagnetic duality. This duality comes from

the observation that, in 3 + 1-dimensions, the source-less Maxwell equations,

. . 0B
V-E=0, VXE—i—a—_,:O, (1.1a)

OB

B ~ OF
V-B=0, VxB—L:O, (1.1Db)

OB

look identical under the interchange of the electric and magnetic fields. More precisely, they

are the same under the transformation

v

E —» B and — —E. (1.2)



One can do some sort of calculation in one system, use the dictionary of (1.2]), to find the
equivalent calculations in the dual system. Although this transformation doesn’t serve much
calculational convenience, it does exhibit an underlying symmetry of Maxwell’s equations

that is unique to 3 4+ 1 dimensions.

Transverse Field Ising Model

Another system that exhibits dualities is the Ising model in 1 4+ 1 dimensions. Consider an
N site lattice labeled by j = 1, ..., N with spin degrees of freedom on each site. The on-site
operators are the Pauli matrices, and we adopt the notation

X; =

J

Z; = . (1.3)
10 0 -1

We will use |1;) and ||;) to denote Z; eigenstates and |—;) and |<;) for X; eigenstates.
For example, X, |—;) = |—;). The states are related by the usual Pauli matrix eigenstate

relations, e.g. |—=;) = \/Lﬁ (IT5) + [4;)). We will take the Hamiltonian of the system to be

N N—1
Hrpmn = — <QZXJ' + Z Zij+1) , (1.4)
=1 =1

with ¢ > 0. This system is invariant under the transformation Z; — —Z; and thus has
a Zo symmetry. As an example, the Z; symmetry acts on the states as |1;) — |};) and
=) = [=)-

The behavior of the system in the ¢ = 0 and g — oo limits will be of interest to us. For
g — oo we can ignore the second term of Hrppy, in which case the ground state is uniquely
given by |—1—>9 -+ =), which is invariant under the Zy symmetry. The excitations above
the ground state in this case are single spin flips and are created by acting Z; on the ground
state, yielding | =1 -+ —j_14=—j+1 - - —=N).

In the limit where g = 0, we can ignore the first term of Hrgpy, in which case there are two
possible ground states: [t1T2 -+ Tn) and |[1)e -+ Jn). Since neither of these ground states

are invariant under the Z, symmetry, the symmetry is said to be spontaneously broken. In



this regime, excitations above the ground state correspond to flipping all spins to one side
of a given site, e.g. |11 -+ Trdrt1 -+ - d) (it is straightforward to check flipping only a single
spin yields a state of higher energy). Such a state can be created by acting on either of the

ground states with the operator

K,=> X;. (1.5)

j>k
The operator is by no means local because it requires many spins to flip. Exicitations in this
phase are solitonic and are sometimes called “kinks” (or “domain walls”). These excitations
can be thought of as living between the two oppositely aligned spins.

Since the particles and solitons roughly serve the same purpose in their respective phases,
one might be motivated to look for some relation between the two. Indeed, one can define a
transformation that interchanges the behavior of the particles and solitons. Begin by defining
a dual lattice with sites labeled by J that take on half-integer values J =1/2,... N +1/2.

We can then define operators
X, =Z510Z541)2, Zh = H X (1.6)
§>J

It is straightforward to show the Hamiltonian of ([1.4)) can then be rewritten

Hrppg = — (92 Z5 + ZX}X}+1> : (L.7)
J J

This is known as the “Kramer-Wannier” transformation [89]. Note this Hamiltonian has
precisely the same form as (1.4), if we take X; — 2/, Z; — X/, g = 1/g, and the rescale
the whole Hamiltonian by g.[| Since both (1.4) and (|1.7) are equivalent descriptions of

the same system, we say there is a duality between the two descriptions. Note under this

IThis is overlooking some important details, since if one takes the theories described by and
(1.7) unmodified, one would come to inconsistent conclusions about the degeneracy of the ground states
depending on which Hamiltonian was used. In order to reach consistent conclusions, one must be careful
in treating the edges of the lattice under the transformation 7 in which case one arrives at boundary
conditions needed to enforce equivalence. Such details are not important for our purposes, but see Ref.
[93] for a detailed treatment.



transformation the particle and solitonic operators have been interchanged, which will occur
for many other dualities in this work.
There exists another transformation of (1.4]) that makes the system look fairly different.

Define the operators
xi=Zi [[ X, xi=-iZ ][ X (1.8)
k>j k>j

which obey the anticommutation relations

XG> Xw} = 265, {XG> Xu} = 26, X, Xe} = 0. (1.9)

As a result of these relation, we call them fermionic degrees of freedom. We can rewrite ((1.4])

as

Hipp = — Z (IXj+1X5 + 19XGX5) - (1.10)
J

This is known as the “Jordan-Wigner” transformation [72]. Again, this is a dual description
to the original system governed by Hrepy. The duality changes the statistics of particles by
attaching solitons to particles. More specifically, comparing our new x; and X; operators to
, they can be thought of as attaching a particle degree of freedom to a soliton, which
again will be a feature we see in other dualities.

Although it may not be obvious from this brief introduction, this transformation can be
generalized to continuous 1+ 1 dimensional systems. There, it is a very useful transformation
because Hamiltonians which are difficult to solve in terms of the original spin degrees of

freedom sometimes become easier to solve when expressed in terms of fermions or vice versa.ﬂ

Level-Rank Duality

The next duality we will consider is known as “level-rank duality”, which is an equivalence

between Chern-Simons theories in 2 4+ 1-dimensional Chern-Simons theories (see Appendix

2Many subtleties of this system have only recently been understood, see Ref. [84].



for a brief review of Chern-Simons theories) [101], 102]. Specifically, the duality states the
Chern-Simons theoried]
SU(N)_g and U(k)n (1.11)

are equivalentﬁ In , the level of one Chern-Simons term is exchanged with the rank of
the other, hence the name “level-rank”.

This duality can be proven explicitly using two-dimensional conformal field theory (CEFT)
techniques. There is an equivalence between certain CFTs based on Wess-Zumino-Witten
models, which can mapped into level-rank duality using an equivalence between such CFT's

and Chern-Simons theories [97].

AdS/CFT

The anti-de Sitter/conformal field theory correspondence (AdS/CFT) is the duality that has
been subject to the most research within theoretical particle physics for the last twenty years.
The strongest form of the duality conjectures an equivalence between N' = 4 Supersymmetric
SU(N) Yang-Mills theory in 3 + 1-dimensions to type IIB superstring theory on AdSs x S°
[92]. Weaker forms of the duality can be reached by working in the large N and \ = ¢3;N

limits, in which case we have a duality
strongly coupled N’ =4 SYM & type IIB supergravity on AdS; x S°.  (1.12)

Further limits of this duality can be taken to probe other interesting theories. For instance,
compactifying one direction, choosing particular boundary conditions, and introducing a
spatially varying #-angle transforms this duality into level-rank duality, (1.11)).

Unlike the three dualities above, this duality has not been proven formally. Nevertheless,
there is a plethora of evidence for AdS/CFT, which we make no attempt of reviewing here.
Later we will see that AdS/CFT’s relation to level-rank duality will allow us to use it to

make connections to 3d bosonization.

3In this work we will denote a Chern-Simons term for the gauge group G and level k as Gy

4This is a schematic form of the duality, the exact form is given below, see (1.24)).



1.2 3d Bosonization

From the evidence above, we see dualities come in many different flavors. The primary
subject of this thesis is the discussion of various aspects of a recently proposed duality
that we will refer to as “3d bosonization”. We begin by discussing qualitative features of
3d bonsization before discussing the quantiative details of the dualities at the level of the
Lagrangian.

As its name implies, 3d bosonization is a family of dualitities where each side of the duality
is a theory that lives in 241 dimensions that has the property of expressing fermionic degrees
of freedom in terms of bosonic degrees of freedom and vice versa.

More specifically, this is a duality between Chern Simons matter theories. Aharony [2]

was the first to write down the dualities in their full form, which are schematically given by

SU(N)_k+Nf/2With Nf 77/) e U(k))NWIth Nf (I), (113&)
SUN)_ywith N, ¢ ¢ U(k)y_.2 with N, ¥ (1.13b)

In the equation above and throughout this work we use the notation “4+” to mean the two
theories share an infrared (IR) fixed point. On one end of each of these dualities we have
scalars which are represented by ¢ or ®. These scalars are self-interacting, the details of
which will be fleshed out in what follows. On the other end of the duality we have free
fermions, denoted by  or W. The fact that one side of the duality contains bosons and
the other has fermions is the origin of the name “bosonization” E] Comparing to , 3d
bosonization can also be thought of as the level-rank duality with the addition of fundamental
matter on each side. The duality is conjectured to be valid for all (integer valued) N, k, and
Ny so long as Ny < k, which we call a “flavor bound”. Recent proposals extend the validity
of this duality beyond Ny < k, the “flavor-violated” regime, and will be discussed in more
detail in Chapter [2|

Bosonizaiton generalized to 2+ 1-dimensions is certainly not a new idea [106) 116} [48], 32],

5These could have equally well been called “3d fermionization dualities”.



but it has only recently been established in the form of . However, since both sides
of are generally strongly coupled in the IR, it is difficult to formally prove the two
sides are indeed equivalent and thus this duality remains conjectured. Nevertheless, there
continues to be mounting evidence for the validity of 3d bosonization, which we will now

review.

Evidence for 3d Bosonization

The recent resurgence of interest for 3d bosonizaiton arguably arose from evidence that cer-
tain distinct Chern-Simons matter theories in the large rank (/N > 1) limit are individually
dual to the same high-spin gravity theories in AdS, [85, 115 123]. More recently, this mo-
tivated studies where the level (k) and rank of the Chern-Simons matter theories are taken
to be large (but k/N is held fixed). In this limit certain calculations are under perturbative
control [54} [6l 5], 65], 63, 96, [57] and one can confirm that many observables on both sides of
the duality, such as the operator spectrum, free energy, and correlation functions, match to

leading order.

In addition to matching observables at large N and k, it is also possible to perform a
matching of the lowest dimension operators on either end of the duality [2]. Specifically, one
can consider the lowest dimension operators that scale with N (i.e. excluding such states as

mesons), and show there is a matching in classical scaling dimension, spin, and degeneracy.

As an example consider with Ny = 1. On the SU side, the obvious gauge-invariant
operators that scale with N are baryons, i.e. a product of N fermions with their color indices
antisymmetrized. This operator has classical dimension A ~ N. Since each fermion has two
different spin states, there are 2V different types of such baryons. The fermions transform
under U (1) global symmetry which rotates their phase, and thus the baryons are also charged

under said symmetry.

Meanwhile on the U side, the scalar equivalent of baryons are no longer gauge-invariant



objects. What takes their place are monopole operators attached to fundamental scalars.lﬂ
In ordinary U(k) Yang-Mills monopole operators are gauge-invariant on their own, but as
a result of the Chern-Simons term, flux-attachment attachment occurs and makes a lone
monopole transform non-trivially. These flux-attached monopoles can be gauge-invariant
by forming a bound state with the fundamental matter, i.e. the scalars in this case. The
flux attachment is proportional to the level, so for a U(k)y Chern-Simons theory, the lowest
dimension operator that scales with N has dimension A = Aonopole + N Amattter- Specific
to , the scalar matter in the presence of nonzero monopole flux has Ageaar = 1 and
so, neglecting the O(1) Aponopole contribution, we again have A ~ N. Furthermore, in the
presence of the monopole background, the scalar matter carries spin 1/2 [I35], and thus we
have 2V possible types of such operator. Since the classical dimension and counting of these

operators match on either side of the duality, this motivates the identification
N-body baryon > monopole + N-matter attachment . (1.14)

Thus we have a mapping between solitonic monopole operators and particles, again qualita-
tively similar to what we saw in the transverse field Ising model dualities.

A similar matching holds for . The “baryon” operator we now form on the SU
side of the duality can now be made from taking the antisymmetrized derivatives acting on
scalars, which has scaling A ~ %N 3/2_ On the U side, we again must attach fundamental
matter to the monopole, but now we have fermions in the presence of flux, which yields
A ~ 2N*?2 Thus we once more have an identification similar to that of (L.14)).

Another piece of evidence for the dualities that we will use throughout this work is the
behavior of each side of the duality under “mass deformations”. Although calculations are
difficult to perform at the fixed point where the duality is conjectured, one can deform each
side of the duality away from said fixed point into a calculable regimes. In these calculable

regimes, it is possible to show the two sides of the duality are equivalent, generally through

6Since we are working in 2 4+ 1 dimensions, when we say “monopoles” we are referring to operators that
are instanton-like, i.e. they are a quantized lump of magnetic flux in spacetime. See Refs. [28| [107] for
more details on such operators.



Regime where theory is
very hard to calculate

SU(N)—k+n, /2 With j\y
I

mw>0< : I : >m,f,<0

SUN) 4w, —A A SUN)
Level-rank 3d bosonization Level-rank
U(k —Np), 2 A2 Uk)y
ms <0 < : I : ) mg >0
U(k)n with Nf ¢

Figure 1.1: Mass deformed phases of Aharony’s duality, ((1.13a)).

the use of . Specifically, the relevant operators we will add on either side take for the
form of masses for the scalar or fermion degrees of freedom, L clevant = mi\qﬁ]Q or md,&w. If
these mass deformations are larger than the strong coupling scale, A, we can integrate out
the matter leaving only a topological field theory (TFT), i.e. a pure Chern-Simons theory.
Since these masses can take on positive or negative values, the idea is that if we can show
the dualities hold for both m, — £o0o and mé — 00, the dualities may continue to hold
for small mass deformations and even at the conformal fixed point, see Fig. [1.1]']

Let us demonstrate this explicitly for , see Fig. for a summary. On the SU
side of the duality, taking m, — oo and integrating out the now massive fermion shifts
the Chern-Simons term level by sgn(my)N¢/2. Thus we get SU(N)_; for large negative
mass deformations and SU(N)_jn, for large positive mass deformations. Meanwhile, on

the U side taking mi — oo simply gaps the scalars out, leaving only U(k)y. For large

"Specifically, starting precisely at the IR fixed point and with the mass deformations correctly identified,
the claim is that the duality is (conjectured to be) exact on all scales, both above and below the scale set
by the mass deformation.
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negative scalar mass the scalars acquire a vacuum expectation value. If Ny <k, the scalar
Higgs the gauge group, giving a Chern-Simons term of U(k — Ny)y. Reassuringly, the two
Chern-Simons theories we get on the U side are level-rank dual to those we get on the SU

side. This leads us to identify the mass deformations across the duality as
m} o —my, . (1.15)

Note for Ny > k we instead get a non-linear sigma model on the scalar side, and this does not
appear to be matched for the fermions. For this reason, the aforementioned flavor bounds
were established, requiring Ny < k for the 3d bosonization duality to be valid. We will have
more to say about the duality outside of these bounds later.

Although much of the initial evidence for 3d bosonization came from large N and k

studies, quite surprisingly additional evidence for these dualities arises in the exact opposite

regime, where N = k = N; = 1. In this case, (1.13]) schematically reduce to

Wilson-Fisher scalar - U(1)_1/2 + fermion, (1.16a)

U(1); + scalar “ free fermion. (1.16b)

In this limit the dualities are known as the “Abelian dualities”.

The operator mapping of [I.14] continues to hold in this regime. For example, under identi-
cal particle exchange of our “boson 4 flux”, the phase due to Chern-Simons flux attachment
when k£ = +1 is the same one would pick up from interchanging two fermions without flux.

If we call this exchange operation O, we then have the schematic relation

O |boson + flux) = O |fermion) (1.17a)

O |fermion + flux) = O |boson) , (1.17b)

(see below ((A.5) for more details). Thus, the statistics of bosons and fermions can be

interchanged in the presence of a Chern-Simons term, and this qualitatively supports the

dualities of ([1.16]).
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Using methods familiar to supersymmetric symmetries 78], one can use the Abelian
dualities to derive new dualities, also in 2 4+ 1-dimensions. In fact, they can been used to
derive an entire web of related dualities [83] [112], within which is the well-known bosonic
particle-vortex duality [105] 40] and its recently discovered fermionic equivalent [119]. Both
the Abelian bosonization and particle-vortex duality map the matter content of one theory
to monopole operatorﬂ in another, again echoing the feature we saw at large NV and in the
transverse field Ising model. The methodology used in deriving this web of Abelian dualities
has been extended to Abelian and non-Abelian linear quivers [82] 69] to generate even more

novel dualities, although these are often limited in scope due to flavor bounds.

Further support for these dualities include deformations from supersymmetric cases [60,
58, 73], [74], derivation from an array of 1 + 1 dimensional wires [98], a matching of global
symmetries and 't Hooft anomalies [26], consistency checks of the dualities on manifolds with

boundaries [9, [15], and support from Euclidean lattice constructions [30} 3T, [71].

3d bosonization dualities have found application toward the half-filled fractional quantum
Hall effect as well as surface states of topological insulators [119, [125] 95, [112]. Apart from
these curious dualities, Chern-Simons matter theories at IR fixed points are models of critical
phenomena in low-dimensional condensed matter systems, capture phenomena such as the
fractional quantum Hall effect, and play a role in topological quantum computing [103].
Further, there have been lessons taken from these dualities and imported back into theories

closer to ones recognizable to high energy physicists [86, 52].

A quick note on vocabulary moving forward: soon we will see there is a far more general
form of the duality, and we will reserve the name “3d bosonization” to refer to such dualities
in general. Since Aharony was the first to propose the most general form of the single-species

dualities, sometimes we will refer to (1.13]) as “Aharony’s dualities”.

8This may seem contradictory with the name “particle-vortex”, but one can think of monopole operators
as vortex-creation operators. This is easiest to see in the Higgs phase, where all monopole flux lines are
combined into the time-like direction. See Ref. [28] for an explanation.
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1.2.1 Details

Now let us discuss 3d bosonization in a more quantitative fashion. Explicitly, while starting
from different UV theories, (1.13]) is the conjecture that there exists a duality between the

Euclidean-space partition functiong’|

/D(---)e—fd%ﬁsv o /D(---)e_dezEU, (1.18)

again with “<” representing a duality holding in the IR limitm

Each side of the duality has both gauge symmetries and global symmetries. The global
symmetries on either side of the duality match, and for they are SU(Ny) x U(1) and
SU(Ng) x U(1), respectively.ﬂ Keeping careful track of the matching of global symmetries
and their associated 't Hooft anomalies can be achieved by coupling background gauge fields
to their associated conserved currents and making sure their associated Chern-Simons levels

match across the duality. To this end, in what follows we will make the background fields

explicit.
For ([1.13h)), the Lagrangians are,
2 . k 2 Nk -~ -
Lsv = |Dyypy a0 +alo!| =i {—ETI“N <b’db’ — ng’B) - EAldAl} : (1.19a)
= AN 2 4 N ~
Ly =iVD. gV —i 4—Trk cde — 3¢ ) - 2—Trk(c)dA1 + 2NECSgray | (1.19b)
T T

where ¢ represents the self-interacting scalars, ¥ represents the fermions, and the various
Chern-Simons and BF terms are collected in the [---]. A summary of the various gauge
fields is given in Table . In (1.19) and the following, we use uppercase letters to denote

background gauge fields and lowercase for a dynamical gauge fields. In what will be a

9In Euclidean space, what was the a level-k Minkowski space Chern-Simons terms, i.e. (A.1]), picks up an
additionally coefficient of —i in the Lagrangian. As such, for the body of this text we will write a level-k
Chern-Simons terms as £ D —i (ﬁAdA).

10More precisely, there exists an equivalence when the theories defining the partition functions are tuned
to describe exact CFTs. In this limit, it is conjectures the two theories flow to the same IR fixed point.

HMore precisely, the global SU(N) symmetry is (SU(N) x U(1)) /Zy. We ignore mod factors for much
of this work when discussing global symmetries for brevity. Their omission will not affect our analysis
except where such factors are made explicit. See Ref. [26] for a detailed account of global symmetries.
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Dynamical Gauge Fields || Background Fields
Symmetry | SU(N) U(k) SU(N¢) | UL)mp
Field v, Cu B, Alu

Table 1.1: Various gauge fields used Aharony’s duality, (1.23b]).

necessary distinction for later application, we will denote dynamical (background) spin,
valued connections with a (A), while ordinary connections will be denoted with b (B), ¢ (C),

and so on. U(1) gauge fields will generally be denoted with a tilde, e.g. A;.

1

== (db')?, can easily be seen because the

The absence of a Maxwell term for, say ¥/, i.e.
IR limit requires e? — oo. Moreover, the action for the Wilson-Fisher scalar is obtained
by tuning the scalar mass mi — 0 and quartic coupling a@ — OOE| The only effect of the
quartic coupling in what follows will be to stabilize the potential in the presence of negative
scalar mass deformations. We will often drop the a|¢|* term when we write Lagrangians in

what follows.

Our notation for covariant derivatives is

(Dyopiin), &= [au —i (b;]le 4 Buly + fllu]lNNsﬂ &) (1.20a)

(DC+B)M U =0, —i(c,dn, +B,1)] ¥, (1.20Db)

with 1y the N x N identity matrix. As expected, both types of matter couple to the

respective dynamical gauge fields on their respective end of the duality. Additionally, both

couple to the same background gauge field associated with the SU(N,) flavor symmetry, B,,.

On the SU side of the duality, the matter also couples directly to the U(1) background gauge
field, A;.

We denote the gravitational Chern-Simons term by CSgyay, and it defined by

1
CSgrav = —/ TrRAR, 1.21
/M=8X ® 1927 Jx ( )

12These limits must be taken in a carefully correlated fashion, as these limits are very non-uniform.
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where X is a d = 4 manifold, M is its d = 3 boundary, and R is the Riemann tensor of X H

Fermions in 2 + 1-dimenions require regularization and we will choose to use Pauli-
Villars regulation. The heavy Pauli-Villars regulators give rise to n-invariant phases which
we will denote by half-level Chern-Simons terms [133] 134]. We will use the convention for
n-invariants where a positive mass deformation for the fermion will not change the level of
the Chern-Simons term. This is the notation established in [I12]. Being very explicit, for
N¢, N-component fermions, we have absorbed into the kinetic term what is often written as
a half-integer Chern-Simons term that results from integrating out heavy regulator fermions,

i.e.
i Pty — % X i {—%Tm (AdA — %A?’) - 2NNfCng} = WpPa .  (1.22)

Again, note that this convention is chosen such that when integrating out positive mass
dynamical fermions the hidden n-invariant term is canceled, which leaves the Chern-Simons
levels unchanged. However, when a negative mass fermion is integrated out, the overall
effect is to shift the associated Chern-Simons levels by N¢. This will be the convention we
use for fermions throughout this WOIkE We will continue to denote fermion half-levels when

specifying the level of a Chern-Simons theory outside of a Lagrangian.

Returning to the other duality in (1.13]), the Lagrangians of ([1.13a)) are,

_ Ny — 2 N 2
Lsy =iV Dy a0 — { = " ey (b’db’ = @'-b'?’) + Try, <(Jd0 - ig(}”’)]

3 47
N (Ny— -~
— {%A@Al +2N (Ny — k) csgm} : (1.23a)
N _
Ly = |Dc+cgb|2 —1 {ﬁTrk (cdc — 2'203) — —Tri (c) dAl] ) (1.23b)
4 3 2

13The details of the gravitational Chern-Simons term will not be important for much of this work, so

many times in what follows we will drop its dependence. When it is important, it will simply serve as
additional consistency check between topological field theories. More details behind such a term can be
found in Refs. [112] and [60].

14 This will slightly complicate things when we time-reverse the duality, because this transformation should

also flip the n-invariant term. However, we will keep the same convention whether or not we are talking
about the original or time-reversed duality. The net effect of this will mean time-reversal comes with a
shift in Chern-Simons terms as well.
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The field identifications are identical to that of , but now the SU(Ny) global symmetry
has the associated background field C,,. Similar to ((1.23b]), we see the background U (1) gauge
field couples directly to the matter on the SU side of the duality.

It is possible to derive from and vice versa. To do so, one can promote the
U(1) global symmetry to be dynamical, which we denote by Ay = @;. The U side of the
duality now has two dynamical U(1) gauge symmetries, one of which can be integrated out.
After a sort calculation, one recovers up to relabeling and background Chern-Simons
terms (which can always be added to both sides).

As mentioned above, the core of these recently discovered non-supersymmetric 2 + 1

dimensional dualities is the well-known level-rank duality,

where we are using the notation

SU(N)p X U(l)NQ

U(N)pg = n

(1.25)

to denote Chern-Simons terms where the Abelian and non-Abelian parts have different levels
[60]. Earlier we neglected the additional mod Zy factor for simplicity. In what follows, we
use the shorthand U(k)yny = U(k)y when the levels are equal, up to rank dependence.
This duality has been rigorously proven to hold at all scales, and is part of a larger class of

level-rank dualities, which also includes [60]

U(N)kaiN <~ U(k?>—N,—N:Fk- (1.26)
1.3 The Master Bosonization Duality

Recently, a generalization of Aharony’s dualities has been discovered [25], [68] where each side
of the duality has fermions and scalars. Since Aharony’s dualities are a special case of this
more general duality, we will refer to it as the “master duality” in this work. Schematically,

this duality conjectures

SU(N) ~; with Ny ¢ and Ny 1) “ U(k:)N_% with Ny @ and Ny ¥.  (1.27)

—k+
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Note that this duality reduces to Aharony’s dualities, (1.13b]) and ([L.13a)), when Ny = 0 and
N, = 0, respectively. Novel to the master duality is the fact the scalar and fermionic matter
on each side of the duality interact with one another through a quartic term and each type

of matter is subject to its own flavor bound.

1.3.1 Details

The Lagrangians of the master bosonization duality [25], [68], are given byﬁ

- Ny —k 2
Lsuy = |Db'+B+A1+A2¢\2 + iV Dy o q, % Ling — i { f47T Try (b’db’ — ng’“”’)}

[N 2 N(Ny —k) = 5
—1 [ETer (CdC — 2503) + TAldAl + 2NNfCSgrav:| ) (128&)
Ly = |Deyc®|* + 0], w51, U+ Loy
AN 2 N ~
—1 [ETrk <cdc — 1503) — %Trk(c)dz‘h + 2Nkcsgrav:| (1.28Db)

with the mass identifications my, <+ —mg and m} <> my. Our definitions of fields are shown
in Table [[.2] Again, we will use uppercase letters for background gauge fields, lowercase
for dynamical gauge fields, and Abelian fields carry a tilde. This duality is subject to the
flavor bound (Ny, Ns) < (k, N), but excludes the case (Ny, N;) = (k, N). Our notation for

covariant derivatives is

(Dyspainein) @ = 6 —i (b Ly, + Buly + Ay, + Asu Iy, )] é, (1.292)
(D b/+C+A1)Mw = |Ou—1 (b Iy, +Culy + AlullNNfﬂ Y, (1.29b)
(Dete), @ = [a# —i(culy, +Culy)] @, (1.29¢)
(Devpran), ¥ = |0 — i (culy. + Bl + Ay, ) | 0. (1.20d)

5These Lagrangians are based on those in [68] with A, = NA; for simplicity. This amounts to saying
quarks have charge 1 under U(1),, rather than baryons. Additionally, we follow the conventions outlined
in Ref. [I5]. We have dropped all gravitational Chern-Simons terms since they are not relevant for our
purposes. Note there is a slight difference in convention in the sign of the BF term and the A, coupling on
the U side of the duality. However since the difference always amounts to an even number of sign changes
the TFTs still match under mass deformations. Additionally, the flux attachment procedure picks up two
minus signs from this effect as well, meaning the quantum numbers of the baryon and monopole operators
still match.
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The interaction terms are

Lig = (¢Tacas ¢acas)2 _C (&acaf ¢acas) (¢Tbcaswbcaf) (1.3()&)
L= a (@1 d, , )2 4+ O (I%%d, , ) (D11, , ) (1.30b)

int

where a., b, are indices associated with the color symmetries; as, by with the SU(Ny) sym-
metry; and ag, b, with the SU(Ny) symmetry. C and C” are coefficients of the associated
interactions which we will later fix.

The interactions terms represent all possible relevant and marginal operators consistent
with symmetriesm The quartic scalar terms will henceforth be implied anytime a scalar is
present, but we will make note of the scalar/fermion interaction terms when they exist. In
what follows we will often drop the explicit indices and denote the interaction terms by, e.g.,
|p|* and W |P|2.

The |¢|* and |®|* are the usual interactions that are present at the Wilson-Fischer fixed
point. The effect of the scalar-fermion mixing term is to give a subset of the Ny (or Nj)
fermions a mass when the scalars in the theory acquire a nonzero vacuum expectation value.
The additional effect of this mass from the mixing term is necessary to get complete agree-
ment between the two sides of the duality, and the relative sign between the mixing terms
in Liy and £l is important to match the phases. The A, field is associated with a new
symmetry that arises due to the presence of both scalars and fermions on each side of the
duality:.

As mentioned in the introduction, Aharony’s dualities can be found by taking the
Ny =0 and Ny = 0 limits of .

Because the duality exactly at the IR fixed point is between what are in general strongly
coupled theories, the best evidence for validity of 3d bosonization dualities comes from

gapped phases where the identification can be directly verified. The dictionary for mass

16 Although the mixed scalar and fermion interactions are marginal in the IR at leading order in the large
N limit, the sign of the subleading corrections are currently unknown. As in [68), 25] we will assume such
operators are at least marginal since they are vital for the consistency of the master duality.
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Dynamical Gauge Fields Background Fields
Symmetry | SU(N) U(k) SU(Ns) | SU(Ny) | UD)mp | U(1)ps
Field b, Cu B, C, Ay, Ay,

Table 1.2: Various gauge fields used in the master duality. Dynamical fields are denoted
by lowercase letters while background fields by uppercase. 1211“ is associated with the
monopole/baryon number U(1) symmetry also present in Aharony’s dualities. flgu is as-
sociated to the U(1) symmetry which couples to the additional fermion/scalar matter in the

master duality.

terms across the master duality is given by [68]]

My & —ma, mi “my . (1.31)

Since we have two types of matter on each side of the duality, naively one would expect there
to be four different mass-deformed phases. However, it has been shown that the interactions
of and separate one of these four phases into two separate phases, giving us
five phases total [25] [68]. Specifically, when the scalar acquires a vacuum expectation value
the interactions give the so-called “singlet fermions”, which are neutral under the unbroken

gauge group, a mass shift.

1"Note the opposite convention appears in [25] since it is the time-reversed version of the duality considered
in [68].
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The five massive phases are shown in Fig. [I.2] On the SU side we expect to find

(1) < [SUN)_gin, x U(NNy)_|] x SU(Nj) g x SU (Ny)y % Ji (1.32a)
(IT) : [SU(N)_ x U (0)_,] x SU (N}, x SU (N), % Jiz (1.32b)
(IT) < [SU (N = N,)_,, x U (0)_,] x SU (Ny)y x SU (Na)_, % Jurr » (1.32c)

(IVa) :[SU(N = Ny)_jn, X U (Np (N = N,))_]

X SU(Ny)y_n, X SU(Ns)_y X Jrva (1.32d)
(IVb) [SU (N N) k+ Ny X U(NNf) ] X SU(Nf) X SU( ) —k+Ny X Jrve . (1326)

Meanwhile, on the U side,

(1) :[U (k= Ny)y x U (EN)_,] x SU (Nyg) x SU (Ny)y x Jy (1.33a)
(1) : [U(k)y x U (kN)_,] x SU (Ny), x SU (Ny)y % Jrr, (1.33D)
(IT1) < [U(k)y_n, X U (k(N = Ny)) 4] x SU (Ng)y x SU (Ny)_, % Jrrp (1.33¢)
(IVa) :[U (k — Ny)y X U (k (N = N,)) 4] x SU (Ny) y_n. X SU(Ng)_j, X Jvar, (1.33d)

(IVb) : [U (k — Np)y_n. ¥ U (EN + (N; — k)N;)_|]
X SU (Np)y X SU (Ny) i n, X Jiver - (1.33¢)

The bracketed are level-rank dual by ([1.24]), while the rest of the terms are global symmetries
and should be the same on both sides. The Abelian factors unique to each phase are given

by

Ji = J—AdA, (1.34)
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SU Sidel U Side I
m(Z,, my

A Scalar+ U = A
Fermion + SU

I | (Ns = 0) I |

> my > _m%)

Vb Fermion + U = IVb
il Scalar + SU 11
IVa (Nf = 0) IVa

Figure 1.2: Various phases of the master duality and the non-Abelian reductions. The shaded

red and blue correspond to the single-matter non-Abelian dualities.

with a,b = 1,2, ¢ indexing the phase {I,...,IVb}, and

~N(k—N;) 0
o — (k= Ny) 7 (1.354)
0 0
" ~Nk 0
Jib — : (1.35b)
0 0
Nk N Ny
Titr = — — ) , (1.35¢)
Ns \ N, N,
N (k—Np) [ N N, 00
Job = — Nk = Ny) — N¢N, : (1.35d)
-Ns \ N, N, 0 1
N(k—Np) [ N N,
Tivy = NN, Nf NN (1.35e)

Since the massive phases are dual to one another, this is taken as good evidence that the mas-
ter duality remains true at the conformal fixed point. A similar matching can be performed

on the five critical lines that separate the five phases [68] 25].
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1.3.2 USp and SO Generalizations

There exists analogs of the 3d bosonization dualities for the SO and USp groups. The master
dualities for these groups are given by [25] 68]@

SO(N)fmﬂ with Ny ¢ and Ny ¢y < SO(k)y_n~. with Ny @ and Ny ¥, (1.36)
P} 2

USp(2N) . ~, with Ny ¢ and Ny ¢« USp(2k)y_n. with Ny ® and N, ¥. (1.37)
2 2

—k+

Here, the matter is still in the fundamental representation of the respective gauge groups.
The difference now is that the scalars are real, and the fermions are Majorana. There are five
massive phases following the same pattern as those considered for the U/SU master duality.
Note that the mass deformed phases match under the level-rank dualities generalized to the

SO and USp cases [3],

SO(N)_y ¢ SO(k)x x SO(EN)_; (1.38)
USp(2N)_1. > USp(2k)x x SO(4kN)_, . (1.39)

For the most part, throughout this work we will focus on the SU and U 3d bosonization

dualities. Occasionally we will generalize to the SO and USp groups.

1.4 Outline

The outline of this thesis is as follows. Chapter [2] discusses extension of the 3d bosonization
dualities into the flavor-violated regime. In Chapter |3| we discuss how the 3d bosonization
dualities behave on a manifold with boundaries, which is important for self-consistency of the
dualities as well as potentially connecting with experiment. We begin our discussion of quiver
gauge theories in Chapter [4] with bosonic quivers. Such quivers have application to the de-

scription of domain walls in 3+ 1-dimensional QCD and also provide a natural generalization

¥Here we follow the notation of [3], where USp(2N) = Sp(N) and the levels of SO groups are normal-
ized to give Chern-Simons terms %Tr (AdA — Z%A?’). Also note that Majorana fermions come with an
regularizing phase of exp(—inn/4) instead of exp(—imn/2), with n the n-invariant.
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particle-vortex duality. Chapter [5|continues our discussion of quivers by considering fermion-
fermion dualities. Although this is a somewhat trivial extension of the bosonic analog, the
main focus of this chapter is procedure for connecting the aforementioned 3d bosonization
dualities to a class of similar dualities with higher representation matter. Lastly, Chapter [f]
contains work elucidating the connection between known 3d and 4d dualities. We consider
a supersymmetric analog of 3d bosonization, and then argue the results seem to generalize
to the nonsupersymmetric version.

The appendices contain many details of the work in the body of this text. Appendix
contains a (brief) review of Chern-Simons theories. In Appendix , we provide some
additional details about the 3d bosonization dualities, including details about spin consider-
ations. Appendix [C] contains additional details regarding the flavor-violated master duality.
Finally, Appendices D] and [E] contain supplementary details about the bosonic and fermionic
quiver constructions, respectively.

Disclaimer: Much of the body of this work contains significant text overlap from various
published works written, in part, by the author of this thesis. Chapter [2| contains text from
Ref. [7], of which the author contributed a significant portion of the text with the exception
of Section 3.2. Chapter [3| contains text from Refs. [9, [I5], in which the author contributed
significant portions of the text throughout both works. Chapter [ contains text from Refs.
[8,[7]. In the former, the author contributed significant portions of the text throughout with
the exception of Section 4.2. Chapter [5| contains text from Ref. [13], where the author
contributed significant portions of the text throughout. Chapter [6] contains text from [14],

where the author primarily contributed to Section 5, with minor contributions throughout.
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Chapter 2
FLAVOR-VIOLATED DUALITIES

In Chapter [1] we discussed the 3d bosonization dualities in the form they were originally
proposed by Aharony [2], ([1.13)), which contain several integer parameters one could tune —
N, k, and Ny (or Ny). These parameters were subject to what we will call the “flavor-bound”
which requires £ < Ny for (1.13a)) and N < N, for . The reason for this bound can
be seen by considering the behavior of these dualities under mass deformations. Consider
in the “flavor-violated” regime where Ny > k and we deform the fermions to positive
mass and, per the mass mapping , expect this to be equivalent to tuning the scalars
to negative mass. On the fermion side, nothing changes from the flavor-bounded regime and
we find the TFT SU(N)_gyn,. However, on the scalar side the excess flavor symmetry of
the scalars now not only completely breaks the gauge symmetry but also breaks the flavor
symmetry, yielding a non-linear sigma model with target space

U(Ny)
Uk) x UN; — k)’

M(N; k) = (2.1)

Clearly, such a model does not match the TFT SU(N)_j4n,, hence the reason for the flavor
bounds.

More recently, a proposal has arisen for an extension of to the “flavor-violated”
regime where k < Ny < N,(N, k) [86] where N, is some undetermined upper boundH It is
conjectured that the fermionic side of also has a non-linear sigma model phase. For
light fermion mass, my < |m.|, the fermions form a condensate and spontaneously break

their associated flavor symmetryﬂ This means both sides of the duality grow a quantum

! Although not considered in [86], an extension of (1.13b]) to the regime N < N, < N.(N, k) should also
be possible.

2In general, the phase transition points do not necessarily need to exist at the same mass magnitude m,.
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region described by a complex Grassmannian, see Fig. 2.1, We will review the details of this
proposal in Sec. 2.1}

A natural next step is to combine the aforementioned flavor-extension of the 3d bosoniza-
tion dualities to the master duality discussed in Sec. [I.3] As such, in this chapter we work
to extend the master duality to the flavor-violated regime. Specifically, we will extend it into
the regime where k < Ny < N,(N,k) and N, < N. Naively one may think this extension
is fairly trivial and the master duality grows a single new quantum region when fermion
mass is light. However, with certain strong coupling assumptions, we find the phase dia-
grams grows several new quantum regions and exhibits behavior not yet seen in the context
of 3d bosonization. We will also propose a form of the master duality which holds in the
“double-saturated” case where k = Ny and Ny = N.

We will begin by reviewing the construction of [86], which corresponds to the Ny = 0
limit of the mater duality. Like the ordinary master duality, the phase diagrams for the
N, < N and Ny = N cases look fairly different due to particular cancellations which occur
in the latter case. We will begin with the phase diagram for the more general N, < N since
it is slightly simpler to analyze. The N = N, case will be considered second and it will be
applicable to the quivers we are constructing to model the domain wall behavior of QCD,
in Chapter {4 Finally, we will discuss extending the master duality to the double saturated
case in Sec.

2.1 Review of QCD; Symmetry-Breaking

As was mentioned in the the introduction, the flavor bounds of are imposed because
when Ny > k, the Higgs phase of the U side of the theory becomes a non-linear sigma model.
This does not appear to be matched on the SU side, because the corresponding fermion mass
deformation simply shifts the Chern-Simons level. Hence the bound N; < k was imposed to

avoid the mismatch from the non-linear sigma model phase.

However, one can tune the bare mass parameter to make two transition points symmetrical, and we will
assume that has been done throughout this work.
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SU(N)—k+Nf/2 with Nf Y U(k)y with Nf 0]
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U(k - Nf)N © SUN)—je+n; 0 U(k)y © SUN)_ L—j_n
s
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SU(N)—k+Nf/2 with Nf l/)
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[9)
U(N; — k)_N with N¢ by U(k)y with N¢ ¢, 'g_"
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mg, <0, |my| <m,,m§ <0

Figure 2.1: Top: Mass deformation diagrams of the flavor-bounded 3d bosonization dualities
of where Ny < k. Here the blue and green lines are the RG flows of the respectively
theories, and the black line is the mass deformation axis. Bottom: The flavor-violated
extension of the usual 3d bosonization dualities proposed by [86]. Here we are working in
the regime where k < Ny < N, and N > 2. The portion of the axis which is shaded yellow
is the Grassmannian phase. The SU levels are without the additional —N;/2 shift Ref. [S6]
(and many others) use to make things look more symmetric. We review the details of this

diagram in Sec. .
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The proposal of Ref. [86] is that when & < Ny < N,(N, k), for small fermion masses, i.e.
|my| < m., the SU Chern-Simons theory causes the fermions to condense, yielding a non-
linear sigma model whose target space is the complex Grassmannian manifold of E| Said
another way, the SU side exhibits “chiral” symmetry breaking, yielding as its low energy
“pion” Lagrangian the target space of . Importantly, it is the number of fermions
with |my| < m. which determines whether or not the associated gauge group confines,
resulting in the Grassmannian (2.1)). Specifically, the assumption is that if the number of
light fermions exceeds the bare level of the gauge group (the level without the n-invariant
offset), the fermions still condense. When we construct quivers below we will further split
the Ny symmetry into smaller subgroups and individually tune their masses. This can lead
to a rich structure with many different Grassmannians, but in this chapter we will generally
be concerned with phases outside of this region. More details on such subtleties of the phase
diagram can be found in Refs. [I8] 24].

A potential issue with this assumption is that the Grassmannian of the SU side only
exists for small mass deformations, see Fig. [2.1} This is not matched on the U side if we use
the phase diagram of the flavor-bounded duality , which has a Grassmannian phase
for unbounded negative scalar mass deformations. To rectify this, the authors of ref. [80]
propose that there are two scalar theories dual to the SU end that are patched together to
describe the full phase diagram. More explicitly, the duality proposed is

U(k)n with Ny @y My = —1M (blue)
SU(N),kJer/QWith Nf’l/) <~ ,

U(Ny —k)_ny with Ny 5  my =m, (red)
(2.2)
where the colors in parenthesis correspond to those in Fig. and figures which follow.
We will sometimes label the bosonized duals by whether they are dual to the “mgy > 07

or “my < 07 region of the fermionic phase diagram (with appropriate mass deformations).

3Note, here we are using a slightly different convention than [86] for the levels of the Chern-Simons terms.
The SU levels we use do not have the additional —N;/2 shift used in [86] to make the phases look more
symmetric.
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Note that in both scalars theories, when the mass becomes negative we obtain the same
aforementioned Grassmannian manifold of . Accompanying the Grassmannian is a
Wess-Zumino-Witten term with a coefficient that is determined by the level of the Chern-
Simons theories on the U side. This is important for matching of the operators across the
duality, but will not play an essential role in our story. For more details on this term see
[86]. This model is summarized in Fig. [2.1]

One feature of this construction that we will see occurs also in the master duality case
is that the SU side of the duality does not yield a good description of the quantum phase
or the theories which exist at the phase transition. That is, the true IR description on the
SU side is hidden by strong dynamics and so we must pass to the U side to obtain a full

description of the phase diagram.

2.2 Flavor-Violated Master Duality

We now generalize the analysis of [86] to the master duality. In this Chapter, we will use a
slightly different labeling convention of the phases of the mater duality, shown in Fig.

In particular, we are interested in mapping out the phase diagram of
SU(N)_k+Nf/2 with Nf w and NS (b (23)

when Ny > k and N, < N as a function of the scalar and fermion masses. We will begin
our analysis in the asymptotic regimes where the mass deformations are large compared to
the strong scale and we don’t expect to see quantum phases. When one or both mass defor-
mations are small, we again expect to find phases that may be described by Grassmannian
manifolds.

When we give an asymptotically large positive mass to the scalars, we can integrate them

out and they have no effect on the gauge group. The theory we are left with is
SU(N>_k+Nf/2 with Nf w (24)

This is nothing more than the left-hand side of (2.2) and so this portion of the phase di-

agram is identical to what was found for QCDs3. We can do the same for a large neg-



28

m¢ mq’
A N
I v I Iv
SUN) 4w, SUN)_ U(k =N, U(k)y
mw € ] X —> m(zp
1
lla ] 1 lla i n
i !
1
SUN = Neen, | SUN — N)_ U(k=Np)y o} U()n-n,
1 = 1
1 1
/ b | / b |
1 1
I ]
SU(N)_,HN/;/Z with Ny and N ¢ U(k)n-n,/2 With Ny ® and N, ¥

Figure 2.2: Phase diagram of the flavor-bounded master duality with the labelling convention
used in Chapter [2] and Appendix [C] Critical theories separating phases are the black lines.
The dotted black lines represent a critical theory that would be present for N > Ny, but is
not present for N = N,.
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ative mass deformation. Assuming the Higgsing is maximal,the gauge group breaks as

SU(N) — SU(N — Ny). The resulting theory is
SU(N = N,)_, 5, with Ny ¢ (2.5)

which again appears to be described by so long as N — N, > 1. For now, we are ignoring
effects due to the interaction term, but we will return to such considerations when we analyze
the Grassmannian regime. We will see such terms make the Grassmannian portion of
different than that of with N — N — N,.

Since we can match onto for the asymptotically large mass phases of the SU side of
the master duality, we follow the same reasoning for the U side. We thus assume once more
we cannot use a single dual theory to describe all the phases of the U side. This motivates

the “flavor-violated master duality” shown in Fig.

SU(N)_gsn,/2 With Ny ¢ and N, ¢
U(k)n_n, /2 With Ny & and N, ¥, my = —m, (blue) (2.6)

U(Ny — k)_ntn, /2 with Ny ®5 and Ny Uy my = m, (red).

As a first consistency check, we make sure all four asymptotic phases match across the duality

(1) : SUN) ki, < UN;—k) n (2.72)

(1) SUN = N)wsn, ¢ UN;—k)win,  (27b)
(111) - SUN—N,)_, < Uk)n_n., (2.7¢)
(IV) : SUN)_e  © Uk (2.7d)

The levels for both the dynamical and background fields can be fixed by making sure the
mass deformations of the two U theories match that of the SU theories for the asymptotically
large deformations we have thus far discussed. The details of this analysis as well as explicit

Lagrangians are given in Appendix [C] Phases I and II follow from the first dual description
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in ([2.6)), while phases III and IV correspond to second dual description in (2.6). Note that
for Ny < k, the flavor-bounded master duality instead yields the phases

() : SUN) gsn, & U(k—Np)w, (2.8a)
(D) : SUN = NJ)_gyn, & Uk —Np)n-w., (2.8b)

but phases III and IV are the same as the Ny > k case. We will use this fact to save us some
work later on.
The mass mappings between the two sides are slightly complicated by the two scalar

descriptions of the U side. For m, < 0 we have
My + M < —mg, m? < my, (2.9)

while for my >0

My — My > my, m; <> —My,. (2.10)

Once more we see the scalar mass vanishes when the magnitude of the fermion mass is equal
tO M.

Now let us discuss what we expect to occur as we move to smaller mass deformations.
Once more, we can use as a guiding principle for particular phases. Since phases I
and IV precisely correspond to the large mass deformations of , we expect to find the
very same Grassmannian in between them, which we have called phase V. This is indeed
consistent with the two U theories of . The story gets slightly more complicated for
other regions of the phase diagram. Let us now analyze the Ny < N and Ny = N cases in

turn.

Flavor-Violation for N > N,

Summarizing our results first, the phase diagram of (2.3) and the claimed duals for N > N;
are given in Fig. [2.3] As we have learned, many aspects of the phase diagram are better

described on the U side, so much of what is drawn on the SU is learned by considering how
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with Ny @, and Ng ¥, with Ny @ and N ¥y

Figure 2.3: SU and U sides of the flavor-violated master duality for N > N;. On the SU
side, the critical lines in green are well-described by the corresponding SU theory. The

critical lines in black are best described by the U duals.

the two dual U theories can be consistent in the presence of a finite interaction term. Phases

I, V, and IV correspond to the three phases of (2.2]) conjectured by Ref. [86].

The SU phase diagram contains the following phases

(I) :
(IT) :

) SU(N)-k4n; X [SU(Ns)n x SU(Ns)o x Ji]

)
i :  SU

)

)

(
SU(N = N,) i, % [SUNp)n x SU(NS) _kin, % Ju]
(N = Ny)—x X [SU(Ny)o x SU(Ns)— X Jm] (
(IV):  SUN)_ x [SUN;)o x SU(N)o x Juv] (2.11d

(V) to (VIII) : Better described by U side (2.11e

where the Chern-Simons theories in [- - -] belong to background gauge fields. Meanwhile,



the U side is given by

(VIII) :

)
)
) :
(V) :
V)
VII)
)

UNf—k) NX[SU(Nf)NXSU( )0XJI]

d

(
(Nf k) N+N; X [SU(N]@)N X SU(
(k)n—n, x

Uk X [SU(N)o x SU(N

Dok, X ]
s)—k X Jui]
s)o X Jiv]
[SU(k)w x SU(N; — k)o x SU(N,

d

[SU(Ny)o x SU(N,

M<Nf7 )
M(Nf )X [SU(]{?)NXSU<N]0—/€)N XSU(

s)o X Jvvil
)Nf E X JVH]

M(Ng, k) x [SU(k)v—n, X SU(Ny — k)o x SU(N,

We label the critical theories by the two phases which they separate. They are

(I-11) :
(II-1V) :
(I-V) :
(IV-V) :

(II-VIII) :
(VI-VII) :
(VI-VIII) :
(VII-VIII) :

)
)
)
)
(I-VII) :
)
)
)
)

U Nf—k) N+Ng/2 with Ns \112

<

kf)N Ns/2 with N, Uy <~ SU(N)_k with N, ¢

-

Nf ) NWitth CI)Q

U(k)n with Ny &,

<

(
(
(
(
(N; — k)_nn, with Ny @,
(

U(k)y_v, with N} @,

M(Ny, k) with (Ny — k)N, s

M(Ny, k) with kN, ¢/

M(N;, k) with (N — k)N, o, and kN, /.

s)—k X Jyi] -

e SU(N),kJer with N, ¢
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Most of the critical theories are described by U side alone except (I-1I) and (III-IV) which

have an SU description related by (1.13)). As a reminder, 15 and 1)’ denote neutral fermions

in the phases where dynamical gauge group is completely broken. By construction, each

of the critical theories correctly describes the transition between the two phases which it

separates, consistent with anomaly constraints.

The J; for ¢ = I, II, III, IV are the Abelian Chern-Simons levels of the two U(1) back-

ground gauge fields A; and A, in the i-th phase. When one enters the Grassmannian phases,
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the breaking of the SU(Ny) global symmetry yields an additional background U(1) field,
which we call A3. We write these U(1) levels as

1~ -
= J% A dA 2.14
Ji=J b (2.14)
where the J2 ar
N(Ny—k) O
Jeb = Ny =) (2.152)
0 0

Jib= = (2.15b)

i = NN (2.15¢)
Ty = e (2.15d)
0 0
0 0 —Nk
Ry = 0 0 0 (2.15¢)
~Nk 0 Nk
0 0 — Nk
Jhi=1 0 NN, —k) —Nk (2.15¢)
~Nk =Nk 54 Nk
0 0 — Nk
Jhai=1 o -Nk& Nk |- (2.15g)

Nk =N,k (N =N,k

See appendix [C] for more detailed discussion about the Lagrangian and background fields.

We now explain in more detail how we determined these phases and critical lines.

4We suppress the third column/row for phases outside of the Grassmannian regime for brevity. For more
details on how these terms are calculated, see [68], [25] [15].
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Construction of Flavor-Violated Master Duality As mentioned above, we follow the
guiding principle of Ref. [86] to conjecture the phase diagram on the U side of the duality.
For Aharony’s duality, the natural way of constructing the U side of the flavor-violated phase
diagram was to overlay the phase diagram of two scalar theories, which was consistent since
both scalar theories exhibited the same non-linear sigma model phase. It follows that as one
traverses the quantum phase of the U side one must switch over from one scalar description
to another. This is the same principle by which we have constructed the phase diagram for

the master duality.

What complicates the phase diagram description for the flavor-violated master duality is
the presence of the interaction term, which leads to an additional splitting of phases. It is
straightforward to see the additional critical line from the interaction term is present in what
will become the overlapping Grassmannian phases of the U theories. Since phases I, V, and IV
should correspond to , the new critical line should have no effect deep into said regions.
One can also verify that the overlapping scalar theories of are not consistent outside
of phase V without an interaction term. Per these constraints, we conjecture the interaction
term’s coefficients are chosen such that it splits the Grassmannian region below phase V.
Furthermore, since such critical lines cannot simply terminate, at the crossover between
the two scalar theories we conjecture the two critical lines merge. Rather remarkably, the
merged critical line VII-VIII is precisely the theory needed to be consistent under anomaly
constraints given the two phases it separates.

More explicitly, to reach a consistent intermediate phase we require the interaction for
the blue theory to have a positive coefficient for its interaction term so as to give the
fermions a positive mass when ®; is Higgsed. The interaction takes the form L, D
d (@;O‘M\P}JN> <\iffNCI>§M) with «a, f indices for the U(k) gauge field, M an index for the
SU(Ny) global symmetry, N index for the SU(Nj) global symmetry, and ¢ > 0. We then
must give the fermions a negative mass to make the singlets light. This gives kN, light
fermions living on the critical theory between phases VI and VIII. Since the axis of the

fermion mass deformation of the red theory is flipped relative to the blue one, it requires a
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negative coefficient for the interaction term, and so £2, D — <®;aM w2 N) (@5%; M> with
a, B now U (Ny — k) indices. This gives (N; — k)N light fermions on the critical line be-
tween phases VII and VI. At the crossover between (VI-VII) and (VI-VIII), the two critical
theories unite into N;Nj light fermions, which is consistent with the transition from VII to
VIII. This separates the Grassmannian phase into the three different regimes shown in Fig.
2.3l These phases all share the same Grassmannian M (N, k), but have distinct non-Abelian
background Chern-Simons terms. H

For the rest of the phase diagram, calculating the critical theories is straightforward.
As conjectured in [86], the critical lines corresponding to I-V and IV-V, as well as II-VII
and III-VIII occur at some finite fermion mass deformation +m,. These are obtained by
application of . As such these lines are better described by the U side of the theory.
This is different from the I-II and III-IV critical lines, which follow from a straight forward
application of (L.13D).

Although much of this phase diagram lives in the strong coupling regime, it offers a
plausible scenario for the matching of the dynamical and background gauge terms, which
we discuss explicitly in Appendix [C] The gravitational Chern-Simons terms can also be

calculated and are consistent with expectations from level-rank duality.

Flavor-Violation for Ny = N

The conjectured phase diagram for N = N, is shown in Fig. with the corresponding
phases given in (2.16) and (2.17)).

To see why N = N, needs to be considered separately, we begin by looking at the SU
side. In the phase where m?b < 0, the gauge group is SU(N — N;) and is thus completely
broken when N = N,. Hence for large enough scalar mass, we assume the strong dynamics of

the gauge groups which was responsible for the condensation of the fermions is eliminated.

5Also note that phase VII and VIII have a different coefficient of the Wess-Zumino-Witten term from
phases V and VI. This comes from the Chern-Simons level of the U gauge theories bordering the Grass-
mannian phases.
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Figure 2.4: SU and U sides of the flavor-violated master duality for N = N, and |k| < Ny <
N...

If this occurs, the Grassmannian phase cannot persist as we approach mi — —o0. We
will take the termination to occur around mi ~ A%, When one goes beyond this scale, we
assume the gauge bosons of SU(N) pick up too large of a mass (relative to the mass from the
Chern-Simons terms) to cause the fermions to condense, meaning the Grassmannian phase
terminates as one goes }mi| > A?. Note that this is very different from the m > 0 phase,
where the scalars are simply gapped out and the fermion condensate is unaffected.

This should be mirrored on the U side of the duality for N = N, where now we have the
special case where the level of the U gauge group is zero and thus the gauge bosons are truly
massless in the classical theory. Since we are in the strongly coupled regime we can only
make conjectures, but we offer a plausible mechanism to match the SU side. Like the SU
side, we will make the assumption that the termination comes when the matter, this time
the fermion, has a large enough mass (in magnitude) to be integrated out. We conjecture
that for large enough fermion mass, the level being N — Ny = 0 means the U gauge group is

confining and it induces a mass gap for the scalars. This gap is large, but can be cancelled off
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by an appropriate mass deformation, similar to the singlet fermion picture described above.
This allows us to still have a critical theory of light scalars along the II-VII and VIII-III
transition that can drive us into the Grassmannian and give a mass to the singlet fermions.
Once these theories become degenerate, i.e. when the two lines of light scalar meet in Fig.
the description breaks down and the Grassmannian terminates, leaving just the singlet

fermions on the II-III transition.

The phases of the SU side ard

(I): SU(N)_gsn, X [SUNf)n x SU(N,)o x Ji] (2.16a)

(I1) U(1)o x [SU(Ny)n x SU(Ng)—kn; X U(L)niw,—i)] (2.16b)

(II): U)o x [SU(Ns)o x SU(Ng)—i x U(1)_yu] (2.16¢)

(IV):  SU(N)_g x [SU(N;)o x SU(Ny)o X Jiv] (2.16d)

(V) to (VIII) Better described by U side. (2.16¢)

As we saw for Aharony’s duality, the U side is a better description for certain phases. Phases

SHere we use the fact that both the theories SU(0) and U (k)o lead to a decoupled U(1)g theory. To see
this on the SU side, note the gauge group is completely broken down by the scalar vacuum expectation
value, but this leaves a single light degree of freedom which is the Goldstone boson associated with the
spontaneous breaking of the U(1) global symmetry. On the U side, the Chern-Simons term disappears
and thus we are left with U(k) Yang-Mills in the IR. The SU (k) part of this confines, leaving the Abelian
part of the gauge group which has a light photon. The photon is also associated with the spontaneously
broken U(1) symmetry corresponding to conserved particle flux (this is easiest to see in the dual photon
language). Hence both of these light degrees of freedom can be associated with a spontaneous symmetry
breaking of the U(1) global symmetry (i.e. the one associated with B = A; + Aj).
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of the U side is given by

():  U(N;—k)_n x [SUN;)x x SU(N)o % Ji] (2.17a)

(I):  U(L)o x [SU(Ng)n x SU(Ng)—psn, ¥ U n(v,—1)) (2.17Db)

(L) : U x [SUN;)o x SU(N,)_p. x U(1)_xu] (2.17¢)

(IV):  U(k)y % [SU(Np)o x SU(Ny)o % Jiy] (2.17d)

(V), (VI):  M(N;, k) x [SU(K)x x SU(N; — k)o x SU(Ny)o X Jy] (2.17¢)
(VID):  M(Ny, k) x [SU(k)N x SU(Ny — k)n, % SU(N)w, & X Jyit| N]

(2.17f)

(VIID) : M(Ny, k) x [SU(k:)O x SU(Ny — k)o x SU(N,)_ x Jyu 5, N]. (2.17g)

We now have a single U(1) background gauge field for phases II and III, which is A=A, =
—A,. This is because the global U (1) baryon/monopole symmetry is spontaneously broken
in the phases II and III for N = Ny (see Appendix |C| for more details).

Finally, critical theories are given by

(L)1 U(Ny— k) _np with N Wy <> SU(N) iy, with N ¢ (2.18a)
(IILIV) :  U(k)ny» with N 0, & SU(N)_j, with N ¢ (2.18h)
(LV):  U(N; — k)_y with N; &y (2.18¢)
(IV-V):  U(k)y with N; &, (2.184)
(ILVID) :  U(Ns — k)o with Ny &y (2.18¢)
(LLVII) :  U(k)o with Ny @, (2.18f)
(VLVID) :  M(N;, k) with (N; — k)N 2, (2.18¢)
(VLVIID) :  M(Ny, k) with kN o/ (2.18h)
(VILVIID) :  M(N;, k) with (N — k)N o, and kN ¢/ (2.181)
(II-III) - U(1)o with decoupled NN 1), (2.18j)

In the above, 1,1, and JJS denote neutral fermions in the phases where dynamical gauge
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group is completely broken. Note that in contrast to NV > N; case, here we have critical line

(II-IIT) which can only be described by SU side using semiclassical analysis.
2.3 Double-Saturated Flavor Bound

We now investigate the validity of the doubly saturated flavor bound, which will be applicable
to the flavored quiver we construct in Chapter[d] That is, can the master duality be extended
to also hold for the case (Ng, Ny) = (N, k)?

Let us review in more detail why the master duality was invalid in such a limit. In [6§]

it is argued that the phases (shown in Fig. for Ny = N are

(1) : SUN), <« U0y (2.19a)
(Ila) : Ul)y < U(0) (2.19b)
(IIb) : SUW0)y, < U(0) (2.19¢)
(I1I) : Uy < Ul) (2.19d)
(IV) : SUN)_, < Uk (2.19)

with mass mapping mi < myg and my, <> —m3%. Phase [, III, and IV should all match, since
these phases reduce to Aharony’s dualities, , and we know the flavor saturated cases
pass all tests in those dualities. There appears to be a conflict already in phase I, where one
side of the theory is a completely broken U(0) theory, while the other end of the theory is
simply SU(N) Yang-Mills with no Chern-Simons term. By assumption, the latter of these
confines, so the low energy limit is empty. Meanwhile, in the completely broken theory,
the lightest excitations are finite mass vortices. Thus there are no light degrees of freedom
in either case, which is consistent. The matching in phase III occurs because each side is
described by a decoupled U(1)y, as we saw earlier in the N = N, flavor violated master.
The conflict in the double saturated master duality then arises in phase ITa and IIb. Let
us compare phase Ila to what we had in phase III. On the SU side, we have gone from

SU(0)_g to SU(0)o. The breaking and subsequent Goldstone boson which occurred in phase
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IIT was irrespective of the Chern-Simons level, so there is no difference in the resulting light
degrees of freedom in this phase. Meanwhile on the U side we have gone from U(k)y to
U(0)p. When the rank of the gauge group is reduced to zero, there is no light photon left in
the theory. Thus we have a mismatch in the degrees of freedom on either side, leading Refs.
[25], [68] to postulate that the master duality no longer holds for such a case.

To summarize the issue: changing the level on the SU side has no effect on the theory,
but changing the rank does affect the light degrees of freedom on the U side of the theory,
but only for the case of Ny = k where the rank of the U group is reduced to zero. As we
mentioned above, the light degrees of freedom in this phase should be associated with a
spontaneous symmetry breaking of the U(1) global symmetry associated to Ay

To extend the validity of the master duality to the double saturated case is simple — we
choose to explicitly break the U(1) global symmetry on both sides of the duality. This will
eliminate the Goldstone bosons associated with the spontaneous breaking of said symmetry,
and thus we will again have a matching in phases Ila and IIb. Note this will also modify the
light degrees of freedom in said phases.

Perhaps not by coincidence, we will see in Chapter |4 we will be motivated to explicitly
break the same U(1) global symmetry in the construction of the SU(N) Yang-Mills n-node
quivers [8]. Specifically, we will introduce a det (Y; ;41) terms and appropriate monopole term
on the U side to eliminate the U(1)"~! symmetry. Hence, by eliminating these U(1) global
symmetries on both sides of the duality, we have also extended the master duality to validity
in the (Ng, N;) = (k, N) case. This allows the master duality to be valid for the Np = 1

quivers, which we construct Chapter
2.4 Disucssion and Future Work

In this chapter we extended the master duality presented in [68, 25] to the flavor violated
regime where Ny > k. It is important to keep in mind the general philosophy used in deriving
the phase diagrams of Figs. and 2.4} the dynamics in the quantum phase is hidden by

strong dynamics in the SU theory. It is only when we pass to the U theory that we can see
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interesting structure emerge, similar to approached used in [86] as well as in [56, 37, 33, 136].
Like these prior works, our dualities pass all the required consistency checks short of explicit
large N calculations. And although it is difficult to prove the existence of these new quantum
phases exactly, 3d bosonization gives good evidence that they indeed exist.

Obvious generalizations of this approach include the flavor extension of the master duality
to other regimes. Since one can effectively interchange the SU and U sides of the duality
by promoting the background global symmetry associated to A; to be dynamical, it should
be straightforward to extend our work here to the Ny > N and Ny < k regime. The double

flavor violated case, where (Ny, Ny) > (k, N) would also be interesting to consider ]

"Recently, the authors of [21] analyzed the phase diagram of QCDj in the large N limit under minimal
assumption and found there should be sequence of first-order phase transitions coming from a multitude
of metastable vacua. This phase structure is realized in the dual description with the help of potential
term beyond quartic scalar term. It would also be interesting to see how these large N features modify
the analysis of the main text in more detail.
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Chapter 3

3D BOSONIZATION WITH BOUNDARIES

One aspect of 3d bosonization that has received little attention is the role of boundaries
in the duality. If there is any testable prediction to come from the duality, it is necessary to
understand how to describe the behavior of systems with dual bulk theories in the presence of
a boundary in order to make contact with quantities measurable on a finite sample. After all,
the physics of edge modes is the most easily accessible physical manifestation in quantum Hall
samples. Furthermore, including boundaries gives us one more check of the dualities which
remain conjectural. If there is any intent on exporting the lessons from 2+1 dimensional
bosonization to inform any aspect of experimental protocol for real world samples, then it is
important to understand how the dualities can be made consistent with the introduction of

a boundary.

To understand both these points, in the first part of this chapter we will study how
Abelian theories on flat, half space Ri’l are related by bosonization. In particular, we will
restrict our investigation to flux attachment between IR descriptions of , ie. free
fermions and scalars with quartic self-coupling near or at the conformal fixed point [9].
Despite our restriction to Ril, we believe our results generalize to curved manifolds with

arbitrary boundaries so long as they are topologically trivial.

In the Abelian case, we will show that a prescriptive method exists to assign boundary
conditions for Abelian bosonization and particle-vortex dualities. The key realization in
arriving at the correct accounting for necessary boundary conditions and edge modes in
Abelian dualities was that the Chern-Simons terms were best thought of in terms motivated
by their UV origins. That is, the Chern-Simons terms are replaced by a theory of heavy,

well-regulated “fiducial fermions”.
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In the second part of this chapter we generalize this construction to the non-Abelian
Aharony dualities, , and then the master dualitiy, . At first glance, one might
assume that the application of the fiducial fermion analysis in Abelian dualities in the pres-
ence of a boundary would be a trivial generalization to the non-Abelian dualities. However
because both sides of the single species non-Abelian and master bosonization dualities have
dynamical gauge fields, the introduction of a boundary is more subtle. Choosing certain
boundary conditions on bulk dynamical gauge fields can alter the counting of global sym-
metries present on the boundary. The interplay between boundary conditions and global
symmetries presents an interesting, non-trivial extension of the study in [9] and will require

a careful analysis in order to find duality-consistent boundary conditions.

An ambitious program considering boundary conditions in 2+1 dimensional dualities has
been outlined by Gaiotto in a talk [50]. In that talk, he conjectures dual pairs of boundary
conditions based on constructing interfaces between a theory and its dual. Assuming that
at low energies the theories decouple across the interface, an interesting web of Abelian
and non-Abelian dualities emerges with subtle, non-trivial interplay of boundary conditions
imposed on scalars and gauge fields. In this chapter, we construct a duality that agrees with
one of the examples in [50] and gives evidence that these conjectures — which are based on
the decoupling assumption — are possibly true more broadly. While not attempted in the

following chapter, it would be very interesting to flesh out the details of Gaiotto’s program.

To the end of finding duality-consistent boundary conditions for the master bosonization
duality, this chapter is organized as follows. In Sec[3.I] we will briefly review the master
bosonization duality and establish some new notation. We begin our discussion of the Abelian
bosonization with boundaries in Sec. [3.2] Specifically, in [3.2.1] we construct the appropriate
theories participating in bosonization on ]Ri’l including possible boundary conditions and
requirements for the theory to be non-anomalous. Sec. is where we formulate the role
of boundary conditions and self-consistency in describing dual theories on Ri’l. Further,
in [3.2.3] we will give evidence for the continuum duality by writing down the microscopic

theory on a Euclidean three-dimensional cubic lattice.
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Sec. obtains the consistent boundary conditions and necessary edge modes for non-
Abelian dualities with a single species of matter, schematically following what was done for
the Abelian case. Using the method developed to address the single species non-Abelian
dualities, we will show how the new prescription works in all massive phases of the master
bosonization duality in Sec. [3.4 Finally, we briefly comment on generalization to the SO
and USp versions of the master duality in Sec. [3.4.1]

3.1 Notation and Preliminaries

In this chapter it will be useful to introduce shorthand for Chern-Simons and BF terms to

keep equations brief. To that end, we define the notation for rank N gauge groups
CSn[b] = —Try (bdb— i2b* (3.1)
NOP= gt 37 ) '
1
i
The master duality Lagrangians of ([1.28) become
2 - .
Lsy = ‘Db’+B+A1+A2¢| + Z¢1pb'+c+/h¢ + Ling — 1 ((Nf - k)CSN[b/] + NCSNf [O])
_i <N(Nf —R)CSi[A] + 2NNfcsgrav) , (3.3a)
int

Ly = |Deyc® + iU, o 2 W+ Ly — iN (CSk[C] + BF[Try, (¢): A,] + 2kcsw) . (3.3b)

Below we will need to keep careful track of U(1) gauge field levels and it will be helpful to
introduce a Lagrange multiplier field f on the SU side of the Lagrangian,

Lsy = |Dyypdl® + 0Dy o 1,0 — i ((Nf — k)CSx[b] + BF [f; Try (b 1y (211 + ,212))])

_iN (cst [C] + (k — Ny) (BF[Al; Ay) + csl[fb]) + szcsgrav) Y Lo (3.4)

This effectively transforms the dynamical gauge field to SU(N) — U(N) x U(1). Analyzing
the symmetry breaking pattern for U(N) x U(1) is easier than for SU(N) [25] [68, 60].
Although the presence of the Lagrange multiplier f makes coupling slightly obscure, on the
U side A; only appears through a BF coupling to the monopole current *j,, = %dTrkc,

while on the SU side it still couples directly to the particle number current.
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3.2 Abelian Bosonization with Boundaries

More explicitly, the Abelian duality of (1.16b)) have the Lagrangians
£WF+ﬂuX[A] = »CWF [(I), C] —1 (Csl[C] + BF[C; A]) <~ £f[77b, )\7 A], (35)

where we have taken the N = k = Ny = 1 and N, = 0 limit of (3.3), canceled the CSgay
terms on each side, and taken A; — A. We will drop all tildes from the Abelian fields for

this section. The duality (1.16a) is
Lwr|p, B] “ LW, N, a] —i(—BF[a; B] — CS1[B]) = Leraux[ B, (3.6)

which is the time reversed version of the Ny = N = k =1 and Ny = 0 limit of the master
duality and we have relabeled ¢ — Ay — @ and B = A; + A,, with ¢ the Abelian part of
the gauge field c[] The Lagrangians for the various matter fields participating in the above

dualities are given by

Lwr(d, B] = (0. — iBu)gl* — alol’, (3.7a)
L, A, Al = lim i)y (0, — iAL) Y + iMy*(0, — 14N — maAN. (3.7b)

A useful map between dualities will be between global symmetry currents. Since we
identify the global U(1) symmetries on either side of the duality, it is natural to also identify
the conserved currents associated with said symmetries. For example, the duality
implies the identification of

. 5SWF+ﬁux [A] o 6Sf [A]
]M ux\ L TS A (N AR J
WEF-+1 ( ) 5AM(ZE) f

(3.8)

where we have defined Swriux = [ @*% Lwriaux and similarly for other actions. For the
side of the duality with a dynamical U(1) gauge field, the global U(1) is associated with a
flux current. Meanwhile, the side with just matter has a global U(1) that is associated with

particle number.

Due to our n-invariant convention, a time-reversal must be accompanied by an extra CS;[a] + 2CSgrav
Chern-Simons terms on the fermion end. The reason for the time reversal is to better match onto the form
of the dualities used in Refs. [83] 112].
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3.2.1 Theories on half-space

Let us begin by addressing the subtleties associated with the theories on the half-space, Ri’l.
We will explore the space of boundary conditions consistent with or defined on
R

To do so, we must remind ourselves of how to be honest about boundary conditions in

field theories. Consider a theory with action S defined on the manifold M with boundary
OM. By taking the variation 65 we will find two classes of terms

0S = 0Shuik + 0Shary = /

5£bulk+/ 0 Lvdry- (3.9)
M oM

The bulk part of the action is still extremized by the classical equations of motion, and
consistency of the variation amounts to choosing conditions on the field configurations such
that 0Spary vanishes as well. In the classical limit of the theory, the field configuration that
satisfies the equations of motion should also satisfy boundary conditions. In the full quantum
theory this is not necessarily the case. One way to proceed is by manually restricting the space
of allowed field configurations by inserting delta funtions in the path integral which impose
the desired boundary conditions. This method excludes fluctuations where 0Spary # 0.
Alternatively, we could do the path integral over all boundary field configurations. In that
case the boundary conditions would only be obeyed by the dominant field configurations in
the path integral-those which extremize the action. Below we will see that for all fields we
consider there will be multiple boundary conditions which satisfy 0S4,y = 0. The boundary
conditions will be chosen such that the theory remains non-anomalous and we keep the global

symmetries on either side of the duality consistent.

In addition to the field conventions listed above, we will take coordinates on ]Ri’l to be
{t, x, y} where t, z € (—o0, c0) and y > 0. The boundary of Ri’l is the surface at y = 0.

Indices 7, 7 will be used to denote coordinates on the boundary and g, v in the bulk.
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Boundary conditions

Applying the above approach to (3.7al), we take the theory defined on Ri’l by fiat and vary
such that

3Swrld, Bl = ...+ /6 . &x (5¢TDy¢ n 5¢Dy<pf) (3.10)

« 2

where contains bulk terms which vanish on-shell. This implies that both Dirichlet
dpls = 0 and Neumann Dy¢|s = 0 are valid boundary conditions, where “|5” denotes an
expression which holds at the boundary.

Now consider the boundary conditions for a Dirac fermion. We write the Dirac fermion

(3.7h]) evaluated on Ri’l in terms of left and right handed components:

1~y
b = 1/4’ ie. hy =Py  with Pp= 27,

(3.11)

and ¥ is the gamma matrix in the direction perpendicular to the boundary. ¥ = iy'y® is
the ‘y5” in the boundary theory. Now, on Ri’l the terms in (3.7b)) that depend on % in this

language read

Sf[¢7 A, A] = /2 L &’z (i@zﬁ-DAiw—l— + i&—pAi@D— + J}—Aydj—i— - @LAW—
Ry , (3.12)
1 - _ _ _
+ S (B0 — OBty + Db — D 90)) + ..
where the ellipses denote the terms that only depend on the Pauli-Villars regulator field and

Da, =710 — i4).
The boundary terms generated by the variation of (3.12)) are

We can consistently impose Dirichlet boundary conditions on either of the chiral compo-

nentsﬂ

w+|a =0 or "Lb,’a = 0. (3.14)

2We will always take Py1)|5 to imply the corresponding relation on the conjugate field, namely 1) P[5 = 0.
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However, choosing both 1, |s = 0 and 1_|s = 0 over-constrains the equations of motion at
the boundary [3§]. Either choice in leaves behind a chiral edge mode as seen in the
current running parallel to the boundary, ji, = ¢¥y*¢. In Sec. , we will explore how
requiring a non-anomalous theory forces us to choose one boundary condition over the other.

Since the action for the Pauli-Villars regulator fields is identical to that for the Dirac
fermions, the analysis above applies in kind. In particular, we apply chiral boundary condi-

tions on the Pauli-Villars regulator as well, i.e.
)\+|a =0 or >\_|3 =0. (315)

In what follows, we will show boundary condition of the Dirac fermion and Pauli-Villars field
are related. In order to keep track of which boundary condition we are imposing on the two
fields, we introduce a superscript E}t [, A\, A] to indicate imposing the boundary conditions
Vxly = Aely = 0.

We will use similar notation for the time reversed fermion actions Z}F [, A, A] with the
superscript indicating the type of boundary conditions imposed. Note that the time reversed
version of ﬁ;{ is E_JT and vice versa. In addition, we should keep in mind that ﬁjf itself was
defined with a large negative Pauli-Villars mass, and since fermion mass terms are time-
reversal odd, ZJ? is defined with a large positive Pauli-Villars mass. This means that £ § can
be thought of as coming with a k = +% Chern-Simons term rather than k£ = —%.

Next, consider the possible boundary conditions for our dynamical gauge fields. To
constrain such fields, we will consider the action at the level of the microscopic description

in which the Maxwell term is still dominant. Upon variation, we find
1 2 i
O SMaxwell[D] = - .. — — [ d°z F¥ob;, (3.16)
€ Ja

with Fy; = 0,b; — 0;b,. Once more, we see we can impose either Dirichlet or Neumann
boundary conditions. The former requires the variation along the boundary to vanish, i.e.
b; = 0. Neumann boundary conditions require the field strength adjacent and oriented

perpendicular to the boundary be flat, F;, = 0.
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Lastly, we will consider the boundary conditions for a level-£ Chern-Simons term. Such

terms will only come up in the IR limit of the dualities. Varying a Chern-Simons term gives

k )
) </ d*x kCSﬂb]) =...+— d*x €7b;b;. (3.17)

47 OM
While we could impose b, = 0 or b, = 0 at the boundary, requiring the general, sufficient

condition that
(b — vobz)]o = 0, (3.18)

makes the boundary physics clear in the context of and . That is, we maintain
a chiral edge mode with velocity v, and chirality set by sgn(wv). In order for the boundary
kinetic term to be positive definite, the velocity must be chosen such that v,k > 0 [47].
In what follows we will be mostly interested in relativistic theories fixing the magnitude
lvy] = 1. Since a gauge transformation of a Chern-Simons term also produces a boundary
term, any gauge choice that we make must be consistent with . The simplest solution
is to promote the boundary condition to a gauge fixing condition, i.e. we let (b — vpb,) = 0
in the bulk as well. As we will see in the next section, the freedom to choose v, is actually
tied to the choice of fermionic boundary conditions. The consistency requirement on the
sign of v, will then pick a preferred fermionic boundary condition, which we will hardwire
into the path integral.

In this section, we have seen that there are multiple choices of boundary conditions for
all of the fields in our theories. However, the choices will be constrained by requiring the
theory to be non-anomalous and that the global symmetries on either side of the duality

match.

Boundary modes and anomalies

The discussion of the previous subsection will prove sufficient to study the duality between
the conformal field theories related by bosonization. However, to check the consistency of our

dualities under deformations, we will also be interested in adding mass gaps to the theories
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on Ri’l. Before formulating dualities like and with boundary conditions, we will
highlight additional subtleties in gapped phases in the presence of a boundary.

Our main concern in this section is the possible existence of domain wall fermions (DWFs)
and their interplay with anomaliesﬁ DW€Fs are typically discussed in the context of Dirac
fermions defined on R*! with a spatially varying mass term — specifically, a mass term that
changes sign across an interface. But the same basic construction also allows us to look for
the existence of massless boundary modes on Ri’l. A massless chiral mode localized on the

boundary will exist when the mass profile leaves
E(y) = =W (3.19)

finite for all y € R>" [76]. Unlike the DWF descending from the construction on R>!,
any constant, non-zero mass profile (m(y) = m) in yields a normalizable zero mode
for a fermionic theory on ]Ri’l. The chirality of the DWF is set by the sign of the mass:
sgn(m) = +1 gives a left-mover and sgn(m) = —1 a right-mover. In either case, the chiral
current is not conserved, and so the boundary theory on its own is anomalous. While this is
not necessarily an inconsistency in the case when the fermion number is not gauged, we are
only interested in theories in which our global symmetry currents are in fact conserved and
so can be consistently coupled to background ﬁeldsﬁ

It has long been known that a level-k Chern-Simons in the bulk can precisely account for

the anomalous chiral modes living on the defect so long as they satisfy the relation
k=ny —n_, (3.20)

where (ny) n_ are the number of (right-) left-moving modes. More precisely, the nonzero

anomaly of the bulk Chern-Simons term under gauge transformations of its associated gauge

3Strictly speaking, our “domain wall” is really the boundary of our material, but we will continue to use
this slight abuse of vocabulary.

4Dualities between theories which have non-vanishing boundary anomalies for global symmetries can
also be formulated, as long as the anomalies on both sides of the duality agree. We do not consider such
dualities in this work, but they have been outlined in [50] along with the theories we consider.
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field can be exactly compensated by the axial anomaly of chiral edge movers on the boundary.
This is know as the Callan-Harvey mechanism [29].

In addition to the chiral anomaly, there is also a framing anomaly of such edge theo-
ries which arises under diffeomorphism transformations. There is a condition analogous to
the Callan-Harvey mechanism which accounts for anomalies associated with diffeomorphism
transformations of the gravitational Cherm-Simons terms we will consider. In particular, a

manifold M with a boundary will not be diffeomorphism invariant unless the theory satisfies

ko = = (fy — 1) (3.21)

where kq is the coefficient of gravitational Chern-Simons term, —i (2CSgay) of , and
n+ the number of right- and left-moving Majorana-Weyl fermions, respectively. Fortuantely,
a single chiral Dirac fermion is equivalent to two Majorana-Weyl fermions, i.e. ny = 2n4
[112]. Hence, so long as k = kg = +£1, a single chiral fermion can render the theory non-
anomalous for both the chiral and framing anomalies. In what follows, our calculations will
be organized such that keeping track of is completely equivalent to .

We will see that requiring our theories to be non-anomalous — such that is satisfied
— arranges for us the pieces laid out above into a working conjecture for Abelian dualities
with a boundary. Furthermore, this counting will naturally appear as an organizational tool
in the lattice construction in later sections.

Let us now take account of the possible edge modes that can appear in the context of
bosonization dualities. To start, we will only consider matter fields. The scalars will never
give rise to a chiral edge mode. For gapped fermions, we naturally get DWFs subject to the
boundary conditions of , which select any possible surviving edge mode. As hinted by
these DWF's are intimately connected to Chern-Simons terms.

By the same reasoning that our gapped fermions give rise to DWF's, so too do the Pauli-
Villars fields. We will always take the boundary conditions on the Pauli-Villars regulators
to kill off the would-be DWF'. If we do not kill off the Pauli-Villars DWF, this would give

us massless ghosts localized to the boundary. This would be orthogonal to the Pauli-Villar’s
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field original purpose, which was to regulate high energy degrees of freedom giving rise to
the parity anomaly.

Consider a spin, valued connection, A, coupled to a heavy Dirac fermion, y, and a heavy
Pauli-Villars regulator, A\, with negative masses. Here we will take A to be a background field,
but analogous results hold for dynamical spin, valued connections up to potential boundary
conditions which we will discuss later. The Lagrangian terms generated by integrating out
a heavy Dirac fermion is —i (—CS;[A] — 2CSgray). Furthermore from (3.19)), x gives rise to
a DWF of negative chirality, and so we can satisfy by imposing x+|s = 0 to leave the
DWF unaffected. The same DWF is precisely the edge mode we also need to account for
the framing anomaly. To remove the DWF associated with the Pauli-Villars regulator, we
impose A\_|g = 0. Analogous results follow choosing positive mass Dirac fermions and Pauli-
Villars regulators with a flipped Chern-Simons level and the opposite boundary conditions.
Choosing the signs of the fermion and Pauli-Villars masses to be anti-aligned, the Chern-
Simons terms cancel. Furthermore, both the fermion and Pauli-Villars boundary conditions
prevent any DWF's from arising. As promised, for & = 41 only one of the two possible
fermionic boundary conditions yields a theory consistent with .

Returning to the IR boundary conditions on the gauge fields, we saw the Chern-Simons
term gave us a chiral edge mode whose handedness was set by the sign by the velocity in (3.18)
and hence by k. If this Chern-Simons term is generated by integrating out a massive fermion,
the bosonic chiral edge mode from the gauge field can be understood as a 1 4+ 1-dimensional
bosonized DWF. Thus, the IR physics still retains some memory of the microscopic picture
due to the gapless chiral edge mode furnished by the underlying DWF, which appropriately
accounts for the anomalies. Together the massive fermions, Maxwell term for the gauge field,
and chiral edge mode give a complete microscopic picture of the theory. This implies that
(3.18) emerges from the boundary conditions imposed on the microscopic fermions.

In fact, we would like to promote this to an operating principle for how to deal with
Chern-Simons terms when analyzing theories in the presence of boundaries. We want to

view all spin,. and gravitational Chern-Simons terms as being generated by integrating out
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massive fermions. This is the easiest way to get a consistent microscopic picture accounting
for all the resulting boundary modes and anomaly inflows. In particular, this means we will

have the following view of the Chern-Simons terms appearing in Abelian bosonization:

—i (CS1[A] + 2CSgrav) Chern-Simons terms: Pauli-Villars regulator and a
free fermion with my, m, > 0 and the y_|sp = 0 and A|s = 0 boundary condi-

tions.

—i (—CS;[A4] — 2CSgrav) Chern-Simons terms: Pauli-Villars regulator and
a free fermion with my, m, < 0 and the xi|s = 0 and A_|s = 0 boundary

conditions.

The signs of the masses of the fermion and Pauli-Villars fields and their appropriate boundary
conditions are completely determined by the sign of the Chern-Simons level. We will use
this microscopic description both for Chern-Simons terms for dynamical spin,. fields and for
Chern-Simons terms associated with background spin,. valued connections. For clarity, we
will denote the fermions that appear in egs. and as 1 and refer to them as
“dynamical”, while “fiducial” fermions yx refer to the microscopic description of the Chern-

Simons term. More explicitly, we will view every Chern-Simon terms as arising from

ot [ @3z —i(CS1[A]+2CSgrar) _ /DX DN e J &= l:j’tf[x’)‘vA]’ (3.22)
where
Lile A A= lim (i)ZIDAX + |y X + MDA £ ]mAD\)\). (3.23)
my|,|mx|—o0

The superscript on fiducial fermion action denotes the sign of the fermion and Pauli-Villars
masseﬂ as well as the corresponding boundary conditions, x+|s = Ai|og = 0. As usual, we

have chosen the convention that the fermionic mass term appears generically as V(i) =

‘H’ILML@/J

This is to be contrasted with our definition of S;TL [, A\, A] for the dynamical fermions. The latter were
massless to begin with and we always took the Pauli-Villars mass to be negative and large. The superscript
in that case only referred to the boundary conditions.
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The only difference between dynamical and background spin,. valued connections is the
possibility of imposing boundary conditions on the former. Since Dirichlet boundary condi-
tions set the gauge field at the boundary to zero, imposing them will eliminate anomalous
current flow onto the boundary from a dynamical Chern-Simons term. Hence, we do not
need to put any additional chiral boundary modes to compensate for such currents. How-
ever, employing Dirichlet boundary conditions changes the boundary gauge symmetry to
a global symmetry; thus, introducing a second global U(1) symmetry into the theory. On
the dual side, new boundary localized matter has to be added to account for this enhanced
global symmetry. In this section, we will only consider Neumann boundary conditions on
the dynamical gauge fields so that needs to be satisfied for all types of gauge fields.
Additional dualities with Dirichlet boundary conditions on gauge fields have been outlined
in [50] and will be considered when we move to the non-Abelian case.

We will see that the boundary modes associated with the fiducial fermions will be crucial
in developing a consistent picture of boundary modes. This is particularly interesting when
the Chern-Simons terms involved describe only background fields. In this case the fiducial
fermion still can contribute massless boundary modes, even though the Chern-Simons term
does not involve any fluctuating fields. From the point of view of the low energy theory it
appears that these fermionic boundary modes have to be added “by hand” in order for the

duality to hold.

3.2.2  Dualities with Boundaries

We now turn to establishing three-dimensional bosonization and particle-vortex duality in the
presence of a boundary. Our starting point is the conjecture that dualities are valid
on Ril provided the boundary conditions are correctly applied to dynamical and fiducial
fermions. From this conjecture, we will also be able to establish a web of Abelian dualities
—i.e. scalar-vortex and fermion-QED3; — in the presence of boundaries. The derivation will
give us a setting to establish checks between chiral degrees of freedom on the boundary

and Chern-Simons levels such that (3.20)) is satisfied at every step of the way. All partition
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functions in this and subsequent sections are understood to be defined on the half-space and
distinct from their full-space equivalents.
Taking inspiration from the microscopic description of bosonization [30], the coupling of

the dynamical field b to the background field A can alternatively be written
CSi[c] + BF([c; A] = CS;[c + A] — CSy[A]. (3.24)

We will see in later sections that rewriting (3.5) and (3.6) with only Chern-Simons terms
will be useful in understanding edge modes.
Scalar+Flur = Fermion

Our conjecture for the form of the seed duality with a boundary starts with rewriting the

flux attachment to Wilson-Fisher scalars using (3.24)),
Z.;CWF_i_ﬂux = Z[:WF[CI), C] + Csl[C + A] — CSl[A] (325)

In this form, the coupling of the statistical gauge field ¢ to the background A can be under-

stood entirely in terms of the microscopic fiducial description via heavy fermions:

o~ J Pz —i(CS1le+A]+2CSgray) :/Dxl DN e /T c;f[xl,Al,chA], (3.26a)

o~ J @35 —i(—CS1[A]-2CSgrar) Z/DX2 Dy e/ 7 Lrsbe224] (3.26b)

where once again the superscripts are chosen such that they generate the corresponding
Chern-Simons terms appearing in (3.25). Implicit in the above expression is the fact the

gravitational Chern-Simons terms coming from each of the fiducial fermions cancel,
(CS1[e + A] + 2CSgrav) + (—CS1[A] — 2CSg1ay) = CSy[c + A] — CSy[A4]. (3.27)

This particular combination of Chern-Simons terms will be used many times in what follows.
We should reemphasize that this rewriting has actual content in the case of a theory

with boundary: Even though A is a non-dynamical background gauge field, £, [X2, Aa, A]
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Scalar + flux Fermion
Boundary conditions ®=0 vy =0
Oyci — 0icy =0
Additional edge modes Left-mover coupled to A None

Right-mover coupled to ¢+ A

Table 3.1: Summary of boundary conditions and additional edge movers for (3.28)).

will give rise to massless chiral boundary modes associated with the fiducial fermion y»
despite working in the |m,,| — oo limit. As noted above, from the perspective of the coarse-
grained, Chern-Simons formulation of the theory in these gapless edge modes appear
to be added by hand.

The fermionic side of the duality does not need any additional work: It is already in
a form that makes the chiral edge modes obvious. We can simply apply the chiral boundary
conditions on dynamical fermions (¢4 |s = 0) and Pauli-Villars regulator (A_|s = 0). Our

conjecture is then that

/'DCI) De H DXj D>\j e—fdsx ‘CWF[b}—i_L?f[Xla>\17C+A]+‘c;f[xzv>\27A]
j=12 (3.28)
& / Dy Dre /L5004

holds as an equivalence at the conformal point. Additionally, we choose the dynamical gauge
field to obey Neumann boundary conditions, (dy¢; — dicy)|s = 0, and the scalar to obey the
Dirichlet condition, ®|5 = 0. These results are summarized in Table [3.1]

In order to establish some guiding principle for the conjectured duality of CF'Ts, we can
gap both theories and track whether our putative equivalence holds for positive and negative
mass deformations. We will see the boundary conditions in our conjecture naturally arise by
requiring the theory to be non-anomalous and have consistent global symmetries. We should

find consistent dualities between theories in the bulk and on the boundary for positive and
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negative mass deformations away from the CFT.
Let us start with the free fermion side of (3.5). Making the mass deformation explicit,

the action is given by the replacement

where 14 |9 = 0. In the IR limit of the theory, integrating out the massive degrees of freedom

of the fermion yields
1
iLy = ) (1 —sgn(my)) (CSy 4+ 2CSgray) (IR Limit). (3.30)

When the Pauli-Villars field and the fermion have the same sign of mass, corresponding to
a —C8S4[A] — 2CSgay Chern-Simons term, we need a single left-moving chiral edge mode to
account for the anomalous term in order for this to be consistent with . Since my, < 0,
the DWF which arises from our analysis of Sec. is exactly the anomaly cancelling
edge mode we need. If instead we had imposed the condition #_|, = 0, then this would
have suppressed the DWF. Hence, if we demand a non-anomalous theory, we are forced into
choosing 9|, = 0.

We should now check to make sure everything is consistent for m, > 0. In this case we
get no ordinary or gravitational Chern-Simons terms and ’s mass profile naturally gives
rise to a right-moving DWF. It seems like we are in trouble. Fortunately, applying ¢ |, =0
prevents any right-movers on the boundary. We are thus left with no chiral edge modes and
(3.20) is satisfied for both signs of 1.

For the Wilson-Fisher scalar with flux, introducing a mass deformation m2 > 0 corre-
sponds to a gapped scalar. Flowing to the IR, the only term with ¢ dependence is CS;[c+ A].
As reviewed in above and in appendix B of [I12], this theory is completely determined by its
framing anomaly and thus equal to —2CSg,,. This results in an overall —CS;[A] — 2CSgay
Chern-Simons term, consistent with the fermionic side when m,, < 0. We should also check
that the anomaly inflow condition is still satisfied on this side of the duality. It

is here where our microscopic description of the Chern-Simons term in (3.26]) will be im-
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portant. Integrating out ¢ caused the first Chern-Simons term to vanish leaving behind

—CS1[A] — 2CSgray. From the micrscopic perspective, this can be viewed as the condition
/DX D De e~ 7 Lsberetal — (3.31)

That is, the fiducial fermions provide no ordinary or gravitational Chern-Simons terms as
well as no corresponding edge movers. Per our prescription, the remaining fiducial fermion
associated with —CS;[A] —2CSgay has the correct mass profile and boundary condition such
that it contains a left-moving DWF'. Thus, is satisfied.

To complete our discussion of massive phases we need to check that everything is con-
sistent when m2% < 0. This gives a negative mass squared term in V(®), spontaneously
breaking the emergent U(1) in the scalar theory. This kills off the Chern-Simons term for
¢, and so integrating out ® and c¢ leaves behind no Chern-Simons terms. As expected, this
means that the IR theory in the Higgs phase is identical to the ‘vacuum’ region. When
¢ = 0, the edge modes of the fiducial fermions associated with CS;[c + A] and —CS;[A]
have the same gauge coupling but opposite chiralities, and hence cancel one another. Since
no Chern-Simons terms or fermions are left behind, there are no possible chiral modes that
can arise and make this theory anomalous. Hence, we have found a consistent story for the
duality on either side of the mass deformation.

That last step is to see if the scalar boundary conditions is constrained. To do so, we
rely on our identification of global symmetry currents on either side of the duality, (3.8).
For this purpose, it becomes useful to reinterpret the cancellation of the anomaly from
in a slightly different, but equivalent, language. The Chern-Simons term of the bulk is
anomalous on its own under the global U(1) topological symmetry because the corresponding
current has a nonzero divergence at the boundary. This seems to imply that the symmetry is
broken at the boundary. However, the Chern-Simons anomaly is compensated via the axial
U(1) symmetry of the DWFs, and hence the theory is non-anomalous under a simultaneous
topological U(1) transformation in the bulk and the axial U(1) transformation on the DWFs.

If the two symmetries are identified, the global topological U(1) symmetry is restored on
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the boundary by the transformation of the DWFs and is unbroken everywhere. This is in
agreement with the fermion side of the duality where the global U(1) symmetry of particle

number is unbroken in the bulk and on the boundary.

Returning to the constraints on the boundary condition of the scalar, recall that the
equations of motion for the scalar and Chern-Simons term tie the matter current to the

topological current,

. k. .
jgux = %EH paVCP = _jéﬁ:alar‘ (332)

Here, j% .. is the usual scalar matter current and we have temporarily set the background
fields to zero. However, as we have argued above, on the boundary it is not the flux which
accounts for the topological U(1) symmetry, but the DWFs. Hence, we should have ji  |s = 0
and by should also take j’.....|o6 = 0. Such a condition on the scalar current can only
be achieved by Dirichlet boundary conditions, ®|5 = 0. Dirichlet boundary conditions are
usually referred to as the “ordinary transition” boundary conditions of the O(2) Wilson-

Fisher fixed point. See [91] for a recent discussion.

The above constructions leads us to conjecture what happens to the DWFs at the con-
formal fixed point: As the mass deformation becomes smaller, according to (3.19) the DWF
becomes less and less localized to the boundary. In the massless limit, the DWF recombines
with a DWF of opposite chirality living on — in the case of a finite interval y € [0, L] —
the other boundary. Note that on the semi-infinite interval that we have used for Ri’l, the
oppositely chiral fermion is not explicitly seen as the boundary condition at y = L is replaced
by a condition on the asymptotic behavior of the matter fields. At the conformal fixed point,

we then have an ordinary Dirac fermion which lives in the bulk.
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Fermion + flux Scalar
Boundary conditions v_=0 o=0
8y(zl- — @ay =0

Additional edge modes Left-mover coupled to a + B  None

Right-mover coupled to a

Table 3.2: Summary of boundary conditions and additional edge movers for (3.33)).

Fermion+Flux = Scalar

Having established a set of conventions in the first seed duality in the presence of a boundary,

we can carry the above notation through into the second seed duality. Our conjecture is that

/ DU Da DAy [ Dxy DAy e f 05 ET Aot o0 4B 7 s o
=12 (3.33)
AN /D¢ e—fd%:ﬁwp[qb,B}

holds as an equivalence at the conformal point. Once more, we have imposed Neumann
boundary conditions on the dynamical gauge field a and Dirichlet boundary conditions on
the scalar. These results are summarized in Table [3.2 We should recall the procedure that
maps from (3.5]) to and make sure that it is consistent with our boundary picture.

In the bulk, this duality can be derived from the first seed duality by promoting the
background spin. valued connection A to a dynamical field, a, introducing an ordinary
background U(1) field B, and adding —i (—BF[a; B] — CS;[B]) to the Lagrangian. Looking
first at the scalar side of this procedure and starting with , it becomes useful to define a
new recipe for moving from the first seed duality to the second in the presence of a boundary

by rewriting the BF term:

New Promotion: Promote A to a dynamical field, a, introduce a new back-

ground field B, and add —i (CS;[a] — CS;[a + B]) to the Lagrangian.
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The Chern-Simons terms should be understood throughout the process in their microscopic
descriptions with appropriate boundary conditions such that they give rise to chiral modes
on the boundary to satisfy . Once more, we have introduced the combination whose
gravitational Chern-Simons terms cancel one another. Note the old and new promotions are
completely equivalent in the bulk where there are no surface terms from integration by parts

or chiral modes to consider on the boundary.

Applying this procedure to (3.25)) gives
iL = iLlwp[®,c] + CSi[c+ a] — CSila + B]. (3.34)

For brevity, we will leave the process of rewriting Chern-Simons terms as fermion and Pauli-
Villars fields as implied moving forward. When integrating out the dynamical fields, we find
in the absence of holonomies, an assumption we will always make from now on, 0 = ¢ + «a,
0 =a+ B, and thus ¢ = —a = B.

With the methods we used in the first seed duality, it is straightforward to establish a
duality between non-anomalous theories in the second. After integrating out the dynamical
fields, there are no ordinary or gravitational Chern-Simons terms left over for either mass
deformation. This is easiest to understand on the scalar side. There are no Chern-Simons
terms present regardless of the mass deformation, and hence, there are no edge movers
required for the theory to be non-anomalous. Since the scalar fields give rise to no chiral
edge modes, we are consistent with .

Following our process for promotion for the free fermion gives
i Leermiontfiux = L[V, a] + CSyla] — CSyla + BJ. (3.35)
In the IR limit, integrating out the fermion gives
i Loormion s — —% (1 — sgn(ma)) (CS1a] + 2CSga) — CSila+ B] + CSifal.  (3.36)

For my > 0, integrating out the fermion gives no Chern-Simons terms, and the equations of

motion for a¢ imply B = 0; leaving behind no Chern-Simons terms and the edge modes of
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the fiducial fermions exactly cancel. For mg < 0, the first and last Chern-Simons terms and
DWFs cancel and we are left with a —CS;[a+ B] —2CSg,,. Here we can again find a theory
completely determined by its framing anomaly and hence it can be replaced by +QCSgraVE|

Microscopically, this amounts to
/ Dy DA Da e~/ 47 £isberatBl _ q (3.37)

This leaves behind no ordinary or gravitational Chern-Simons terms and hence no edge
modes are left behind. Thus, we find that after integrating out the dynamical degrees of
freedom requiring the absence of anomalies for each of the Chern-Simons terms individually
gives us a consistent theory.

Note that the fiducial fermion picture may not seem strictly necessary in this duality
since there are no nonzero Chern-Simons terms from mass deformations and hence no edge
movers are necessary to make the theory non-anomalous. However, the fiducial fermions do
play an integral role in the above analysis since they cancel the would-be dynamical DWF,
which cannot be eliminated without additional edge movers.

As with the first duality, imposing boundary conditions on the scalar requires a closer look
at the global symmetry currents. Choosing Neumann boundary conditions on the dynamical
gauge field a implies a constraint to field configurations which obey (9,a; — 0;a,)|s = 0. This
also means the topological current parallel to the boundary vanishes, since j,. o 9,a; — ;a,,.
Since this topological current should be identified with the particle number current on the
scalar side of the duality, consistency requires j. . |s = 0. Again, this can only be achieved
by imposing Dirichlet boundary conditions on the scalar.

Lastly, one can easily check consistency of the above prescriptions by applying the pro-
motions again to get back to the first seed duality The only subtlety is the sign of all the
Chern-Simons terms in the promotion need to be flipped. This means that our prescrip-

tion is to promote B to a dynamical field in (3.33]), introduce a new background field A,

6This follows in an analogous manner to (3.31)). To see this, rewrite the dynamical spin, valued connection
as the sum of a background spin, valued connection and a dynamical U(1) connection a = ¢ + A. Then,
we can simply shift away the extra B to recover the usual expression.
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add —i (CS;[b+ A] — CS1[A]) to the Lagrangian, and integrate out the dynamical fields.
Following this through, we are left with the appropriate chiral modes for the remaining

Chern-Simons terms to satisfy ((3.20)).

Time-reversed dualities

The time-reversed version of the seed dualities follow in a completely analogous manner.
Since the Chern-Simons terms are time-reversal odd, in order to satisfy we also need
to swap the chiralities of the fermionic boundary terms. Additionally, due to our n-invariant
convention we need to add —i (CSi[A] +2CSyay), with A the field which the fermion is
coupled to. Other than the minor consistency check required by the fermionic and Pauli-

Villars boundary conditions, the time-reversed analogs of (3.5)) and (3.6]) are

Lwritux = Lwp[®, ¢ =i (=CSie+ A + CS, [4]) (3.38)

“ LI, A Al =i (CSi[A] + 2CSgay) |

and
Liyaux = L7[W, ), a] — i (CSi[a + B] + 2CSyray) & Lwrlo, B]. (3.39)

As in the previous versions of the dualities, we can simply identify the correct number of
boundary modes needed to ensure the absence of anomalies by looking at the sign and level

of the Chern-Simons term directly.

Scalar-Vortex duality

Moving deeper into the web of dualities in [83 112], we will start with finding the influence

of a boundary on
ZWF [C] — Escalar—QED [C] (340)

Beginning with (3.33)), this duality is derived by promoting B to be dynamical, introducing
a new background field C, and adding —CS;[b] + CS;[b + C] — CS;[C] Chern-Simons terms
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to both sides of the duality. Note these terms are equivalent to BF[b; C] in the absence of
boundaries. However, there would appear to be an issue of applying our fiducial fermion
prescription to this duality. That is we have Chern-Simons terms of ordinary U(1) — rather
than spin, valued — Connectionsﬂ The coupling of the fiducial fermions to such fields violates
the relation forced by discussed in Appendix . However, we can work around that

by rewriting the BF term including a spin. valued connection as [60]
BF[b;C] = CSi[b+ C + A] — CS1[b + A] — CS{[C + A] + CS,[A]. (3.41)

Note that all of the gravitational Chern-Simons terms that would have accompanied each
CS; on the right hand side of cancel and have thus been ignored. Now, the promotion
of the ordinary background connection, B — b, and the subsequent coupling to another
ordinary background connection C' can be realized as a system of four fiducial fermions in
the usual way.

Proceeding with the prescription, the scalar side of the duality becomes
iLscalar-ED [C] = iLwr[p,b] + CS1[b+ C + A] — CS1[b + A] — CS1[C + A] 4+ CS;[A4]. (3.42)

The analysis of Chern-Simons terms and edge modes follows in a similar fashion to the WF
+ flux case. In the phase where the scalar is massive, the equations of motion for b imply
C = 0, which causes the four Chern-Simons terms and associated edge modes cancel. In the
Higgsed phase, b = 0, and once more all Chern-Simons terms cancel and there are no edge

modes. The modified fermionic theory is

iLp]C] =iLF[W, A, a] + CSi[a] — CSy[a + ] + CS1[b+ C + 4]
—CSi[b+ A] — CS1[C + A] + CS,[A]. (3.43)

Integrating out b implies b = C' — a and plugging this back into the above expression yields

LHW, A a] =i (CSila — C] + 2CSyay) - (3.44)

"Recall, a U(1) Chern-Simons term is well defined modulo 7Z in general. It is only picking a spin
structure that makes it well defined modulo 27Z.
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Up to the sign of the mass terms, the two terms in the Lagrangian of ([3.44)) are exactly the
time-reversed alternate seed duality, (3.39), with B — —C, so that

Lo[C] = Lripun[~C] < Lwr[C]. (3.45)

This confirms the desired relation in . This is consistent with the scalar-QED side of
the duality.

There is one caveat to the use of the time reversed duality connected to our use of Lyp
rather than Lwr. The time reversal operation changes the sign on the fermion mass term.
This has the effect of flipping the relationship between the way mass deformations in the two
scalar theories are mapped to one another: positive mass deformations in Lwg correspond
to negative mass deformations in Lgcalar-qep.-However, at the conformal fixed point Lwr is
completely equivalent to Lwpr. This is a nice check, since it reproduces the equivalence

m7 < —mg on the two sides of the bosonic particle-vortex duality.

Fermion-Vortex duality

The last duality we will consider in the presence of a boundary is the fermionic particle-vortex

duality, which has some additional nuances. This duality,
_ (1
Li[A] —1 <§C81[A]) > Lqep, [A], (3.46)

was originally formulated with theories which are T-invariant on both sides, similar to the
bosonic case [119].

Recall that with our definition of Ly in this partition function contains the con-
tribution of the negative mass, heavy Pauli-Villars field A. Often the regulator is treated as
producing a level -1/2 Chern-Simons term when integrated out. More precisely, we get the
n-invariant of A. This factor means that L; is not time reversal invariant: my — —m,. The
purpose of the the additional level 1/2 in is to cancel the n-invariant and produce a
time-reversal invariant fermionic partition function. However, from our normalization of the

Chern-Simons term we require that £ € Z for the Chern-Simons term to be gauge-invariant.
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Thus, multiplying with half-integer Chern-Simons terms is not a consistent procedure in a
purely 2 + 1 dimensional theory. To avoid this issue, this term can be viewed as arising as a
boundary insertion in a theory on a 3+ 1 dimensional bulk manifold, X [95, 126, 112). More

precisely, one promotes A to a spin. valued connection on X and adds

L / dA N dA (3.47)
8 X

to the Lagrangian. This promotion of A to a spin. valued connection is possible for any
(orientable) choice of bulk X as all such 3+ 1 dimensional manifolds admit a spin,. structure.
This cancels the contribution of the regulator; rendering the fermionic partition function
real and both sides of the duality time-reversal invariant. All of this is perfectly valid in the
2 + 1 dimensional bulk, but in the present context — where Ri’l would need to be realized
as a boundary surface — this prescription fails. Indeed, had we proceeded through with
adding —i ($CS1[A]) to L¢ as in [83], we would have found the Chern-Simons levels of +1
on either side of the mass deformation. This is a clear contradiction with the assertion that
the boundary is non-anomalous: We cannot generate “half” a DWF to satisfy .

Thus we find that in order to have a purely 2 + 1 dimensional description of fermionic
particle-vortex duality, we must either abandon time-reversal invariance at the conformal
fixed point or find some other means of canceling the n-invariant of A.

Let us first explore what happens when we give up time reversal invariance. It is no
longer necessary to transfer the k& = % Chern-Simons term from one side of the duality to
the other. In this case, it will be convenient to begin our derivation with . We then
promote the background field to be dynamical, B — b, and couple to a new background

spin, valued connection A via —i (CS;[b + A] + CS;[4]), the fermion+flux side is
iLqep, [A] = iLF [, A, a] — CSi[a + b] + CSi[a] — CSy[b+ A] + CS,[A]. (3.48)

where the prime is being used to distinguish this from 7-invariant QED3. We proceed as

usual in the IR limit and integrate out the dynamical fields a and b.ﬁ For myg > 0 we find

8More precisely, we must integrate out a before b to avoid imposing conditions which violate the spin-
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no Chern-Simons terms, while for my < 0 we find CS;[A] + 2CSgay. The fiducial fermion
associated with CS;[A] provides the necessary right-mover.

Meanwhile, the scalar side yields
2.'Cscalar/ [A] = 2'CVVF [¢7 b] - CSl[b + A] + Csl[A] (349)

However, we recognize this as the time-reversed first seed duality, (3.38]). This ultimately
gives

LQEDg [A] g Zf[A] —1 (CSl[A] -+ QCSgraV) . (350)

Again, we end up with level-0 and 1 ordinary and gravitational Chern-Simons terms on either
side of the mass deformation. This time, the dynamical fermion can provide consistent chiral
edge modes satisfying .

The other way to proceed is to insist on time-reversal invariance at the fixed point
and doubly quantize the fields to avoid issues associated with half-integer Chern-Simons
terms. With this redefinition of our fields, cancelling the T-violating n-invariant term can
be achieved with a term which meets the quantization requirements of Chern-Simons terms.
However, taking A = 2A’ for some new spin,. valued connection A’ is in violation of the
spin-charge relation, which would mean such an effective theory is not relevant to usual
condensed matter systems [112, [114].

Following similar steps to that above, we find

LqepylA] = E;E[\Il, A, 2a] — i (—2CSy[a] + 2CSy[a + A] — 2CS1[A]) (351)
G LI, 24] = Li24). ‘
It is straightforward to show edge movers are consistent with with an ordinary U(1)

connection fiducial fermion prescription, analogous to (3.22)),

ot [ Pz —i(CS1[B]) _ / Dy D) e~/ = LD Bl (3.52)

charge relation of our connections, i.e. imposing 2b = —a — A [I12]. The same condition prevents us from
simplifying (3.48) by integrating out b.
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One needs to keep in mind the double gauge field coupling causes the edge modes to con-
tribute double the anomalous current, but this is still compensated by the Chern-Simons

current inflow.

3.2.3 Lattice construction

In this section, we will build on recent work that realized the Abelian dualities in [83] T12]
using exact techniques. We will consider the complex XY model on a Euclidean cubic lattice
in d = 3 as in [30]. We will introduce a boundary to this formalism in order to find the
microscopic description of one of the dualities described in Sec. the claim that scalars
with flux are equivalent to a theory of fermions.

Our conventions for the lattice will be that the matter living at lattice sites are denoted
by a subscript n and the link variables are labeled by nu designated to mean pointing from
site n in the direction fi. A boundary will be implemented by simply truncating the lattice in
the y-direction, rendering it semi-infinite. We use the index 5 for sites on the boundary. Link
variables transverse and parallel to the boundary will be denoted by Sy and i € {ft, Sz},

respectively.

To realize the scalar 4+ flux theory, we start with the XY model for a complex scalar

living at lattice site n, ®, ~ e given in terms of a set of phase variables 6,, € [0, 27) and

background U(1) gauge fields living on links A,,, by

ZxylA] = <1_[/Tr %) exp{% Zcos(@nﬂ; —0, — AW)} = /DH e~ THxv Al (3.53)
n YT nu

To generate the necessary Chern-Simons term, we will employ the trick of coupling ([3.53)
to two-component Grassmann fields y, and y,. This is equivalent to our fiducial fermion

prescription in the continuum case. The fermionic sector of the theory is given by

ZwlA] = H/dQXndQXn e~ Hw [A[(M)=Hin(U) (3.54)
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where the Wilson action Hy, and hopping-hopping interaction Hj, are

—Hy[A|(M) = Z (Dye e + D;uem”“) - Z(M — R)XnXn, (3.55a)
m n
~Hiw(U)=UY_ Dy,D;,. (3.55b)
ny

with Dy, and Dy, the fermionic forward and backward hopping terms, respectively

_ o+ R . _
Dnu = (Xn—Xn+ﬂ>v Dnu = <Xn+/1

—o"+ R
, —xn)- (3.56)

2
This particular form of Hiy is chosen in [30] to reproduce the known continuum results.
Similar to the continuum theory, integrating out these Wilson fermions will produce the
Chern-Simons term. However, as a consequence of fermion doublers, the level of the resulting
Chern-Simons theory is dependent on the relative magnitudes of M and the Wilson term,
R, as well as the sign of R. Compiling the above components of the theory and including
the analog of the dynamical U(1) gauge field present in the continuum theory, the scalar

coupled to flux is

Z[A] = /Da Zxyla) Zw[A - d], /Da = ln"[ /_7; d;;“. (3.57)

For the remainder of this section, we will assume |R| = 1, which is motivated by reflection
positivity. Additionally, we assume we have chosen 7', U < 0, and M < 6 in order to hit

the IR critical point, as explained in [30] | That is, these values are tuned such the theory

(3.57) flows in the IR to

zZw(A] =] / P X WA Hin ), (3.58)

with M’ =6 and U’ = 0.

9We have chosen to define (3.55a)) and (3.55b]) such that it matches [55, 67, [[17 [76] and thus differs
slightly from that of [30]. To translate back, take (M — 3R) — M and then R — —R.
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Boundary conditions

To study the effect of the presence of a boundary on , we need to understand how
boundary conditions come about on the site and link variables. We will start with the
scalar fields, ®3. Ideally, we would have a direct analogy to the continuum case where either
Neumann or Dirichlet boundary conditions are possible. The former can be implemented
by requiring the scalar hopping terms perpendicular to the boundary vanish. However, due
to our construction of scalar fields as having magnitude one, ®, ~ e, it is not actually
possible to enforce Dirichlet boundary conditions, i.e. ®3 = 0. Instead, we will enforce
Dirichlet boundary conditions by requiring the scalar current along the boundary to be zero.

The fermionic boundary conditions are such that either
P+X5 = Y@P_ = 07 or P—Xﬁ = X,BP-&- = 0, (359)

1 0

0 —1
such that the chiral projectors in (3.59) are Py = 1(1 £ ¢%). From the assumption that

extremize the boundary variation term [118]. We will use as our convention ¢¥ =

|R| = 1 and up to a sign, the chiral projectors are equivalent to the matrices %(ﬂ:ag — R)
appearing in the fermionic hopping terms perpendicular to the boundary in and
(3.55bf). Either of the conditions in ([3.59)) will remove one chiral mode worth of degrees of
freedom, while the other chiral mode is left unconstrained. These conditions can be compared
to those in and be seen to agree — albeit by construction [118].

Lastly, we need to consider the link variables. We again draw inspiration for the appropri-
ate boundary conditions from the continuum case. That is, Neumann boundary conditions
correspond to the condition that plaquettes perpendicular and adjacent to the boundary

must vanish. On the lattice, this will correspond to the constraint
ag; + A543y — UB+g)i — Ay = 0. (3.60)
Alternatively, we could choose Dirichlet boundary conditions which simply require ag; = 0.

We would like to reproduce the results of the continuum duality (3.28) and this will guide

us in choosing the corresponding boundary conditions on the lattice.
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Implementation

The main results of ref. [30] — following the choice of hopping-hopping interaction Hi,, — are
contained in the identification of a suitable UV map for the conserved currents built out of
0, and ay, into a theory of free fermions. Those theories are then flowed to the IR where one
can then compare to continuum results. Following these general principles, we identify the
effects of truncating the lattice at some arbitrary boundary site. We will show the derivation
of [30] holds in the presence of a truncated boundary and is non-anomalous for M > 0 so long
as R =1 and the P_xg = xgP+ = 0 boundary condition is chosen. We will also verify mass
deformations away from the conformal fixed point yield equivalent results to the continuum
case.

Recall the existence of a DWF at the boundary was of particular importance in our
continuum picture for self-consistency checks away from the conformal point. A truncated
lattice also gives rise to massless chiral modes localized to the boundary [I17]. In particular,

there are fermionic modes obeying

Ve(a,y.t) =) £ 0")We,  E(y) = [1— F2(k)]Z[F (k)] (3.61)
with ¢4 a right/left helicity eigenstate and
F(k)=R—M+R» (1—cosk). (3.62)
1=t,x

For a given k;, this solution can be normalized only if |F(k;)| < 1 [117]. At the limit

|F'(k;)| = 1 the DWF becomes a continuum eigenstate.
Now let’s turn to the derivation of the duality. We will follow the derivation of ref. [30]
and point out where subtleties of the boundary come into play. To begin, rewrite the bosonic

hopping term to make the bosonic currents explicit

o7 ©0s(0p1a—0s—ap.) _ Z Ig, (T_1)¢5@E+ﬂ€_iaﬁ“jﬁ“> (3.63)

Jpu=—00
where I; is the j™ modified Bessel function. As mentioned in the previous section, we will

enforce Dirichlet boundary conditions on the scalar by requiring the scalar current in the
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boundary to vanish, i.e. jg; = 0. The bosonic degrees of freedom can be integrated out
explicitly and this simply enforces Gauss’s law for the scalar currents at the boundary sites.
By current conservation, this implies current onto the boundary also vanishes, jg, = 0.

The implementation of boundary conditions for the Grassmann variable and their effect
on eqs. and is more subtle. In the continuum case, one of these boundary
conditions will kill off the DWF on the boundary, while the other will leave it untouched.
This had important implications relating to the anomalous nature of the theory. Is this
feature also realized in the lattice? To see this is still consistent with the Callan-Harvey
mechanism on either side of the mass deformation, we need to take a closer look at the
interplay between Chern-Simons terms and DWFs on the semi-infinite lattice.

On the lattice, the Chern-Simons term is determined by the masses of the 23 = 8 chiral
Dirac fermion modes in the continuum. These correspond to the eight extrema of the Bril-

louin zone at k;,, = {0,7}. The effective masses of these eights modes are determined by

55, [30]

Meg(ky) = M — R (1 —cosk,). (3.64)

[

Since the value of R is important in eqgs. and , we should see if we can first
fix its sign. Recall that it is the current of the Chern-Simons term flowing onto the boundary
which renders the theory non-anomalous. This current is nonzero only when the R and M
in have the same sign [55]. Hence, given our choice of M > 0 we must take R =1 to
allow for anomaly inflow.

From (3.56)), the choice of R = 1 has the effect of projecting onto the right-moving chiral
mode for hopping terms perpendicular to the boundary. For reasons that will become clear
shortly, the correct fermionic boundary condition to choose in this case is P_x3 = xgFP; = 0.
Together with the choice of R, this implies D}, # 0 and Dg, # 0 in general. Had we chosen
the opposite boundary conditions or R = —1 we would have found no current flow onto the

boundary.

With R fixed, the value of M — or equivalently, M’ of (3.54) — determines both the
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Brillouin Zone Chirality Mass Parameter

Extremum, k, M=6—¢ M=6 M=6+c¢
(0,0,0) R + + +
(0,0,m) L — — —
(0,7,0) L — — —
(7,0,0) L — — —
(0,7, ) R + + +
(m,7,0) R +* + +
(m,0,7) R + + +
(7, m,m) L +* 0 —

Total CS Level 1 % 0

Total DWF one R, one L none none

Table 3.3: Chirality, mass, and existence of a DWF for the eight modes at the extremum of
the Brillouin zone, k, = (ki, ks, k), as calculated using eqgs. (3.62)) and (3.64). Positive and
negative masses are denoted by a + and —, respectively and an astrix denotes a mode which

meets the condition to be a DWF.

Chern-Simons level and the existence of DWFs for each of the £,. For our present purposes,
we will only be concerned with the behavior of the theory in the vicinity of the critical mass,

M =6, and so we will check the behavior of the k, extrema for these values.

Our results are summarized in Table[3.3] For M = 6, corresponding to the IR fixed point,
the Chern-Simons term is level—% and there are no DWFs. More precisely, the would-be DWF
is at the limit where |F'(k;)| = 1 and has become a continuum eigenstate. This is consistent
with the proposed continuum behavior at the conformal fixed point. For M’ = 6 + ¢, the

Chern-Simons level is zero and we have no DWFs since (3.62) is not satisfied for any k;.

Again, this is in agreement with ({3.20)).
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M’ = 6 — € is slightly more subtle. This value corresponds to the UV sector of the theory

where we need to level-1 Chern-Simons to generate the ©S1[4—a

term as well as negative
mass deformations at the IR fixed point. For this case we find a Chern-Simons level of 1 and
two DWFs, since both k, = (7, 7,0) and k, = (7, 7, m) satisfy . However, this is where
our fermionic boundary conditions we enforced earlier come back into play. Since we have a
Chern-Simons level of 1, we have chosen our boundary condition to kill off the left-mover,
namely P_x3 = xgP4+ = 0. This gives the correct chiral modes on the boundary to satisfy
. Interestingly, since they supply a level—% Chern-Simons term with no DWF, it is the
fermion doublers that play the role of the Pauli-Villars regulator on the lattice. Thus, we are
self-consistent with the Callan-Harvey mechanism all the way through. This analysis follows
similarly for M < 0 in which case we would need to choose R = —1 and kill off right-movers
with the fermionic boundary condition.

Note that by imposing the fermionic boundary conditions, we have fixed two of the
Grassmann variables we would normally integrate over on the boundary sites. The fermionic
current conservation imposed by Grassmann integration will still hold for such links, but now
each site has only two Grassmann degrees of freedom instead of four. The contribution of the
double hopping/interaction term with any boundary site is very limited in such cases, since it
already contains both Grassmann degrees of freedom. To have a non-vanishing contribution
it must be isolated from any other links.

Finally, we need to understand the effect of the Neumann boundary conditions on the dy-
namical gauge field, i.e. . The bulk integration over the link variables tied the bosonic
and fermionic currents together. From the above construction, the boundary scalar current
vanishes, which would seem to imply the boundary fermionic current does as well. This
would present a problem for satisfying if not for the gauge field boundary conditions.
Enforcing on, e.g., the £ link kills off the link integration along the boundary and

transforms the fermionic current terms as

Dg;e~(Asi=asi) & Dge i Antagsyn,awsiasy), (3.65)
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Hence, there is no tying of the fermionic current to the vanishing scalar current, but we
should still verify that is possible to get a non-vanishing fermionic current on the boundary

so our DWFs are still allowed solutions.

First, consider s, which naively would be problematic for the survival of terms like
(3.65) upon integration over the corresponding link variable unless it is canceled by e~‘sv
from somewhere else in the path integral. With no scalar current flowing onto the boundary,
we could use fermionic current term such as DZ}yei(Aﬁy_“By) to cancel €. However, such a
term means the fermionic current flows off the boundary. Since the number of Grassmann
variables at the site  is saturated by the two fermionic currents due to our fermion bound-
ary conditions, a double-hopping term to return the fermionic current to the same site is
forbidden. Relying on such a cancellation would mean the boundary fermionic current is

only supported for a single link.

Fortunately, there are additional contributions that work to cancel e?®v. Consider the
form of for neighboring boundary links. The (8 — ’Z)Z link contains an exponential of
the form e~%v which can cancel e’v. This has the interpretation of a fermionic current
flowing from the (8 — )i link to the i link. The cancellation generalizes over a chain of
adjacent boundary links with nonzero fermionic current and causes all exponentials with

dynamical gauge links perpendicular to the boundary to vanish.

The only remaining term the needs to be cancelled in is e~‘s+9i, This can easily be
achieved by either the fermionic or bosonic currents living on the (+9): link. Combining this
with the cancellation of e and e "“@+v, it is possible to have an uninterrupted fermionic
current flowing along the boundary in spite of having chosen scalar boundary conditions
which set bosonic currents on the boundary to zerom Furthermore, the chirality of this

boundary current is set by our choice of fermionic boundary conditions. This is completely

analogous to the continuum case.

10Tt is also possible to have a nonzero fermionic current on the boundary with Dirichlet boundary conditions
on the gauge field. This is still consistent with the continuum case, but would require killing off edge movers
in order to get a non-anomalous theory.
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3.2.4  Discussion

In this section, we presented a generalization of Abelian bosonization that remains valid in
the presence of a boundary. Our main finding is that, for the duality to be valid in the
presence of boundaries, one carefully needs to account for edge modes that are associated
with Chern-Simons terms. Most importantly, we require edge modes even for Chern-Simons
terms in the action that only involve non-dynamical fields. We implemented this consistently
by replacing all Chern-Simons terms with heavy “fiducial” fermions.

Given the fact that even the BF[b; C] term of can be rewritten using our fiducial
fermion prescription to yield a consistent theory, a natural question one might ask if this is
always the case. In other words, can we ever run into some combination of Chern-Simons
terms which is consistent with the spin-charge relation of a spin, but cannot be rewritten in
terms of our fiducial building blocks? Reassuringly, the answer appears to be no. In [60] it
was shown that any consistently quantized Chern-Simons term which can be put on a spin,

manifold can be rewritten as

BF[B;C] = CS[B+ C + A] — CS,[B + A] — CS,[C' + A] + CS1[4], (3.66a)
CS;[B] + BF[B; A] = CS;[A + B] — CS;[A], (3.66b)
16CS, = 9CS;[A] — CS1[3A4]. (3.66¢)

All such terms lend themselves to a description in terms of fiducial fermions.

From a condensed matter perspective, the fermionic particle/vortex was originally pro-
posed as a T-symmetric UV completion of the half-filled lowest Landau level. However, the
need to view it as the surface of a 3 + 1 dimensional topological insulator lead the authors
of [126, [127] to conclude that there is no strictly 2 + 1 dimensional UV completion for this
system. Our analysis suggests such a completion does exist so long as one is willing to lose
the spin-charge relation of a spin. valued connection or 7T-invariance. One can ask whether
the projection onto the lowest Landau level is somehow inconsistent with formulating the
theory on a spin. manifold. If such inconsistencies arise, then the doubly quantized theory

would provide a purely 2 + 1 dimensional UV completion that is manifestly 7 invariant.
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This would require a rigorous study of lowest Landau level projectors on spin. manifolds —
a problem we leave to future work.

Since there have been other microscopic descriptions of the bulk Abelian dualities, e.g. [100),
99], one could wonder how those models realize the boundary physics as presented above.
In [I00], a discrete 241 dimensional lamination of 1-dimensional quantum wires was used to
derive the Abelian bosonization and particle-vortex duality. Each wire supporting a 1+1-
dimensional continuum theory suggests a natural microscopic realization of the above results;
the study of which is also left for future work.

Lastly, left unexplored in this analysis among the transitions enumerated in [91] are the
“extraordinary” type where the boundary scalar gets a vev and drives a surface transition
in addition to gapping the bulk. That the extraordinary transition is believed to admit no
relevant boundary deformations sets it apart from the boundary conditions studied in this
work and warrants further study in the context of the 2 + 1 dimensional dualities studied
here. A rich network of dualities making along these lines has been laid out in [50] based on
conjectures about the infrared behavior of “duality walls”. It would be very interesting to

generalize our work to these other options as well.
3.3 Single Species non-Abelian Bosonization with Boundaries

In this section we generalize the analysis of the previous Abelian cases to Aharony’s non-
Abelian single-species dualities, . This corresponds to the master duality where one
sets either Ny = 0 or Ny = 0, so we will take the point of view of simply working from
the master duality in such limits. Additionally, we make connections with the Abelian limit
where we take Ny = k = N = 1 or Ny = k = N = 1 and find results consistent with
our previous analysis in Sec. [3.2 We will also discuss additional subtleties involving the
connections coupled to the fermion.

Setting either N, or Ny = 0 eliminates one type of matter from each side of the master du-
ality. This has the effect of making the additional U(1)s r symmetry redundant. Specifically,

U(1)gr becomes a linear combination of the global U(1),,, symmetry and the dynamical



78

gauge group. Since U(1l)gpr does not appear in [2], the redundancy should be expected.
Importantly, U(1)gr becoming redundant does not amount to just setting Ay = 0 in the
master duality. We will see keeping careful track of the A, dependence in Sec. allows

us to correctly distinguish ordinary and spin. connections.

3.8.1 Adding Boundaries for the Non-Abelian Case

For simplicity, we will continute to consider the theory on the half-space Ri’l with coordinates
{t,z,y} with ¢,z € (—00,00) and y > 0. As in the Abelian duality, the results should be
largely independent of the choice of RY' as our background [9]. We will again use i, j = {x,}
to refer to indices parallel to the boundary.

In this section we will start by briefly summarizing our conventions for boundary condi-
tions for single-component fields as prescribed Sec. [3.2) which generalize fairly trivially to
non-Abelian theories. Further, we will review the impact of the choice of boundary conditions
on the presence of edge modes and anomalies in the boundary theory. We will then generalize

the method for properly accounting for edge modes by introducing “fiducial fermions”.

Boundary conditions

From the perspective of the action, boundary conditions arise from partial integration and
demanding a well-defined variational principle. The most basic conditions one encounters re-
quire either the variation of a dynamical variable (“Dirichlet”) or its coefficient (“Neumann”)
to vanish at the boundary. Consistent boundary conditions for a scalar with non-derivative

couplings can be either Neumann or Dirichlet,

(Dy)yart], =0  or  danl, =0 (3.67)

where, once again, we are using “|s” to denote an expression which holds at the boundary.
Equivalent boundary conditions hold for ®,;. In order to derive the boundary conditions

for a given Dirac fermion ), it is convenient to decompose v into its left- and right-handed
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components, 1,
P = , ie. ot =P (3.68)

The projector Py = (1 £ 4¥) /2 where ¥ is the gamma matrix which is perpendicular to the

boundary. The boundary conditions are then

Uil, =0 or Y|, =0 (3.69)

Equivalent boundary conditions hold for ¥ ,5,. The boundary conditions on the Pauli-Villars
fields follow in an analogous manner. As in the Abelian case, we chose boundary conditions
for the Pauli-Villars that will never give rise to edge modes.

The boundary conditions for gauge fields also fall into the category of Neumann and

Dirichlet boundary conditions,

Fiy|a = (Oybi — 0iby + [by, bimg =0, bi| =0, (3.70)

7]

respectivelyﬂ In the Abelian dualities, there are only dynamical gauge fields on one side
of the duality, and thus only one boundary condition is necessary [9], which obviates the
complications in choosing consistent boundary conditions in both theories. In this section,
we will need to be more careful in choosing boundary conditions for all of the dynamical
gauge fields.

For Neumann boundary conditions on dynamical gauge fields, we will need to worry
about anomaly inflow. Note that since we do not assign boundary conditions for background
fields, their corresponding Chern-Simons terms can produce anomalies. The cancellation of
anomalies will be achieved by introducing “fiducial fermions”, which will give rise to edge
modes and will be discussed in the next section.

If we choose Dirichlet boundary conditions for the dynamical gauge fields, there is no

chiral current flow off the boundary and, hence, no anomalies. This follows from the fact

'Neumann boundary conditions can be modified by coupling boundary matter to the bulk gauge sector
by €7 Fjylo = Jbdry Where ji g, is the boundary matter current [45]. Since we do not add any additional

charged boundary matter, we will always set jf 4, = 0.
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Jiwlo ~ Fijla = 0. Since Dirichlet boundary conditions break the gauge symmetry to the
group that leaves the boundary condition invariant, an additional global symmetry emerges
at the boundary [45].

We will show that the only way the global symmetries are consistent with the duality is
to choose Dirichlet boundary conditions on one side and Neumann boundary conditions on
the other. These results align with those discussed in [50].

Lastly, we should mention that choosing the same boundary condition on all flavors is
necessary in order to maintain the full SU (Ny) and SU (Ny) global symmetries as well as
the respective gauge symmetries. For future work, it may be interesting to consider a set
of boundary conditions that breaks the flavor symmetries or mixing Neumann and Dirichlet

boundary conditions for subsets of the gauge fields in a given theory.

Edge modes and anomalies

In studying Chern-Simons matter theories in the presence of a boundary, we must recon-
cile the theories against possible edge modes allowed by the boundary conditions and any
anomaly inflow. In particular, introducing gapped fermions to a manifold with a bound-
ary can create gapless, chiral fermionic modes localized to the boundary, i.e. domain wall
fermions (DWFs). If we allow the mass of the bulk fermions to vary in the direction normal
to the boundary (m(y)), then by the standard construction [29, [77] DWFs will exist when

the profile of the spatially varying mass leaves the function
£ (y) = el Wmv) (3.71)

finite for all y € Ri’l. In fact in ]Ri’l, any constant, non-zero mass will give a normalizable
zero mode with chirality determined by the sign of the mass. That is, we have left-moving
DWFs for sgn(m) = 41 and right-moving DWFs for sgn(m) = —1.

In addition to the possible anomalies associated with non-vanishing chiral currents on our
boundary, we also need to take care of potential anomaly inflow from the gauge sector. Chern-

Simons theories in the presence of a boundary are not a priori gauge invariant everywhere.
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However, the non-trivial anomaly associated with a bulk SU(NN) Chern-Simons term of level
k can be compensated for by the chiral anomaly through the Callan-Harvey mechanism

provided [29]
k=ny—n_, (3.72)

where k is the level of the bulk Chern-Simons theory and n. are the number of (right-) left-
movers in the fundamental representation of SU(N) living on the boundary. This of course
generalizes to the Abelian case as well. Similarly the gravitational Chern-Simons term with
coefficient kg has an anomaly associated with diffeomorphisms, which can be compensated

for by having excess right- or left-moving (n+ resp.) Majorana-Weyl fermions satisfying
(ny —n_). (3.73)

Equivalently, we could use a single right- or left-moving Weyl fermion for every two corre-

sponding Majorana-Weyl fermions to accomplish the same compensation.

Fiducial fermions

Informed by lattice realization of Abelian dualities, the accounting for edge modes above
led to the prescriptive replacement of Chern-Simons terms by heavy fermions [9]. These
“fiducial fermions” act to display the UV physics captured in the IR by the Chern-Simons
terms while more directly enumerating the gauge sector edge modes. The non-trivial IR
theory left behind after integrating out heavy Dirac fermions coupled to a background spin,
connection A is CS;[A] +2CSgpay. More importantly, the fiducial fermions give rise to DWFs
which automatically render their associated Chern-Simons terms non-anomalous. Thus, the

fiducial fermion prescription reads
eiifd3$ (Csl[A]+2CSgraV) — \/DXDA eifdsx E?f [X’)\’A]7 (374)

where

LA A= Tim (ixPax T Imy| Xx + iADaA T [ma] AX) . (3.75)

[mxl,|mx|—o00
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Here x is the fiducial fermion, A is the Pauli-Villars regulator field, and the their respective
masses |m, |, [my| are taken to be parametrically heavy.
This procedure generalizes to the case where B is a non-Abelian background gauge field

of SU(N) and we have

k
i [ @32 (KCS N [BI+2NECSgray) _ / H Dy DAy et P L5y bar Bl (3.76)
M=1
now with
ChbonnBl=  lim (XM Daxar F [, | ¥ + A Dpdas F [ma, | A Ay)

|mX1\4|:‘m>\1M“>OO

(3.77)
with xp and Ay in the fundamental representation of SU(N). The non-Abelian fiducial
fermion prescription requires x5, and Ay, be parametrically heavy N-component fields with
U(k) flavor symmetry.

As was done in [9], it will be useful to rewrite all BF terms as Chern-Simons terms in

order to properly account for the edge theories. For example,
NCSy[¢] + NBF[Tr(é); A1) = NCS[é 4+ Ay1;] — NCSi[A 1], (3.78)

The right-hand side makes the assignments of fiducial fermions clearer.

Global symmetries

The global symmetries manifest in the Lagrangian as three types of background Chern-
Simons terms: (1) Abelian, namely A; and A, (2) non-Abelian, B and C, and (3) gravita-
tional. All three of these global symmetries are related to a conserved current, which will
allow us to put additional constraints on the fields.

First consider the Abelian symmetries. There is an identification between the currents

which couple to 4,, found via

Jva(®) = = o Jeulr) = (3.79)
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As with the Abelian dualities, A; is associated with the flux current on U side and a particle

current on the SU side. For example, when N, = 0 and we set A, = 0 after variation,
j(/jl = _EuypaVTrk(gp) NS ng,l = jgrmion' (380)

We will show below that the A, field plays a very similar role. Note that in the single species
non-Abelian dualities the Ay symmetry drops out [2], so it is only a feature of the master
bosonization duality [68, 25].

The non-Abelian global flavor symmetries also give two currents related to the SU(Ny)
and SU(Ny) symmetries on either side. These flavor currents are not just simply matter
currents because there is also flux coupling to the background C, fields on the SU side of
the duality.

Lastly, the equivalence of the gravitational currents simply identifies the stress-energy
tensors on either side of the duality. We will not make use of this identification in what

follows.

3.3.2  Non-Abelian U + scalars <» SU + fermions

To start studying the non-Abelian dualities, we will consider Ny = 0. This reduces (|1.27)) to

SU(N) . v, with Nyyp  «  U(k)ywith N @ (3.81)
2

—k+

with the mass identification my, <> —m3. This duality is subject to the flavor bound Ny <

k[
Explicitly, the Lagrangians for the theories on either side of (3.81]) are given by

Lov =it Dy 0y 1,0 — i (N7 — K)CSy[H] + NCSy, [C))
_i <—N(k; — NJ)CSi[A] + zNNfcsgm) (3.82)

Li =|Dusc®f + ay|®|* — i (NCSk[c] + NBF[Ty, (8); A] + sz;csgm) . (3.83)

12 Ag discussed in Chapter there are arguments that these flavor bounds can be extended slightly [86],
but we will not consider such cases for the systems with boundaries discussed in this chapter.
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Since the Lagrange multiplier term will not be important for this section, we have integrated
out f as in (3.3a)). Furthermore, in (3.83), we can split the U(k) field, ¢, into its traceless
SU (k) part, ¢, field and non-zero trace, ¢, such that

Li = |Deyc®|® + o, D) — i (NCSk ] + NCS[e + Ai1;] — NKCS,[A,] + 2Nk;CSgraV>
(3.84)

Note that mass deformations in these theories correspond to phases I and II in Fig. [1.2]
Specifically, my < 0 and m3, > 0 is Phase II, and m,, > 0 and m3 < 0 is Phase I. Also take
note of the fact the duality has no A, dependence, since the U(1)g r duality coupled to the
fields associated with the SU(Ny) symmetry.

Let us work through the counting of fiducial fermions in detail. First consider the U side
of Phase IT where m3 > 0. Integrating out the scalars when m32 > 0 is straightforward, they

are simply gapped and cause no change in the Chern-Simons terms so we are left with
il = NCSi[¢'] + NCSi[é + A1) — NECS,[A)] + 2NkCSyran - (3.85)

We will start by assuming Neumann boundary conditions for the dynamical gauge fields;
all the Chern-Simons terms are anomalous in the sense that they result in a non-vanishing
current flowing onto the boundary. Fortunately, in Phase II it is straightforward to assign
edge modes to compensate for the anomalies.

To start, N right-moving k-component fiducial fermions coupled to ¢ + ¢ + A1, will
make NCSg[c'] + NCSi[¢ + fll]lk] non-anomalous. Note that since we can shift away the A;
factor, together these terms are equivalent to a U(k)y Chern-Simons term.

Next, Nk left-moving single-component fiducial fermions will make N k’CSl[fll] non-
anomalous. The newly added Nk left and N right movers respectively generate gravitational
Chern-Simons terms +2NkCSgyay and —2NECS,,,y, and hence such terms cancel out.

Lastly, we need to make the remaining +2NkCS,,,y term non-anomalous. We thus intro-

duce Nk neutral right-moving single-component fiducial fermions. Moving forward, we note

that a positive mass scalar does nothing to the Chern-Simons modes, and so, we will always
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use the m2 > 0 (or mfb > 0) regime to determine the fiducial fermions on the scalar end of
the dualities.

However, there is one subtlety we have not yet mentioned: introducing the fiducial
fermions has given the theory additional symmetries on the boundary. For example, choosing
to add N x L[ +é4 Ay 1] introduces a new global SU(N) symmetry on the boundary. We
need to be careful with how we are assigning fiducial fermions on both sides of the duality
so that their associated global symmetries match. While the global symmetries coming from
the fiducial fermions for the background Chern-Simons terms trivially match, the fiducial
fermions associated with dynamical gauge fields have no analog on the opposite side of the
duality.

Taking care to assign the fiducial fermions for the dynamical gauge fields, recall that
Dirichlet boundary conditions not only enhances the global symmetry on the boundary but
also eliminates the need to make the dynamical gauge fields non-anomalous. This removes
the need to assign fiducial fermions to the dynamical gauge fields for Dirichlet boundary con-
ditions. In fact, the enhanced global symmetry from choosing Dirichlet boundary conditions
on one side of the duality exactly match the additional global symmetry from introducing
the dynamical fiducial fermions [50].

Let us demonstrate this mechanism explicitly in the present example. Table summa-
rizes all the fiducial fermions we had to add on both sides of the duality. We just explained
this fiducial matter content on the U side and will turn to the SU side momentarily. There are
common Nk left-moving fermions (charged under Ay) and Nk neutral right-moving fermions
on both sides. They give rise to an extra SU(Nk) x U(Nk) global symmetry on both sides.
In addition, there are N fiducial fermions on the U(k) side that have no corresponding fidu-
cial fermions on the SU(N) side. We can account for the new SU(N) global symmetry from
these fiducial fermions by choosing Dirichlet boundary conditions for the dynamical SU(N)
gauge field b, which will produce a global SU(N) symmetry on the boundary. More gener-
ally, choosing Neumann boundary conditions for the gauge fields on one side of the duality

is only consistent with choosing Dirichlet boundary conditions on the other.
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To complete the entries in Table [3.4] let us analyze the fiducial matter content on the
SU side. Staying in Phase II and integrating out the Ny N-component dynamical fermions,
we pick up additional Chern-Simons terms, which reduces (3.82) to

iLl = —kCSy[b] — kNCS,[A,]. (3.86)

At this point if we choose Dirichlet boundary conditions on &', the —kCSy[V] term is non-
anomalous on its own. First note that we have fermions on this side of the duality and so
if we choose appropriate boundary conditions, DWF's can exists and potentially provide the
necessary edge modes for to be non-anomalous. However, with a bit of foresight we
will choose the fermionic boundary condition which does not allow DWF's to exist in this
phase, and hence all of our anomaly cancellation must come from fiducial fermions. This
also turns out to be the right choice for matching global symmetries on the boundary.

Specifically, introducing k left-moving N-component fiducial fermions coupled to A;1y
renders —kNCS; [A;] non-anomalous. To account for the gravitational Chern-Simons term
—2NECSgay from the fiducial fermions, we should also introduce Nk right-moving neutral
fermions. It is easy to see that the boundary global symmetries match the choice of Neumann
boundary conditions on the U side above.

We have completed our first complete dual pair. As pointed out in [50], we have seen
that the duality-consistent boundary conditions for dynamical gauge fields are Neumann on
one side of the duality and Dirichlet on the other with the freedom to assign which side sees
which boundary condition.

There is a second dual pair with the same gauge groups and matter content where we
choose Dirichlet boundary conditions on the U side and Neumann boundary conditions on
the SU side. We can work out the fiducial fermion content in this pair following the same
logic as above.

Staying in Phase II, on the SU side we now need to assign fiducial fermions to make
both terms in non-anomalous. Fortunately this isn’t much different from the case

considered above, and simply requires the k left-moving N-component fiducial fermions be



coupled to b + A1y instead of just A;1y. This renders both —kCSy[V] — k:NCSl[/L]
non-anomalous.

Now, consider imposing Dirichlet boundary conditions on the U side in Phase II. Above,
we saw that Neumann boundary conditions required three types of fiducial fermions to render
all the terms in (3.85) non-anomalous. However, chosing Dirichlet boundary conditions for
¢ means that we no longer need to worry about canceling the anomaly associated with its
Chern-Simons term. In this case the anomalies of NCSy[¢+ fll]lk] and —NkCSl[fll] actually
cancel, and this means that we only need the fiducial fermions that made the gravitational
term non-anomalous.

Having established the fiducial fermion spectrum in Phase II, let’s now check that the
assignments work to make Phase I non-anomalous as well. For the SU + fermion theory,
integrating out the fermions in cancels the n-invariants, which leaves the Chern-Simons

levels unaffected,
il = (N — k)CSy[b'] — (k — Ny)NCS;[A;] + NCSy, [C] + 2N N;CSgray. (3.87)

However, it will be helpful to view iLL;; as coming from i£L}; in order to show that (3.87)
is non-anomalous. Comparing to (3.86)),

iLLy = iL4, + NyCSy[V] + NN;CS1[A;] + NCSy,[C] + 2N N;CSypay- (3.88)

In order to get a non-anomalous theory, we can take advantage of the fact that the fiducial
fermions that we have already assigned rendered iLLE non-anomalous. It remains to be
shown that the additional Chern-Simons terms in (3.88]) are non-anomalous. Fortunately, we
have chosen the boundary condition on the dynamical fermion such that we allow the DWF's
to live for my, > 0. From , the dynamical fermions couple to b']le +Cly + /Nll]lNNf,
and hence the DWFs are exactly the edge modes needed to cancel the residual anomalies of
(13-88).

The cancellation of the edge modes happens analogously to the cancellation of the Chern-

Simons terms. In the end, we have k— N left-moving /N-component fiducial fermions coupled
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to ¥ + A;1y, and N right-moving N s-component fiducial fermions coupled to C' to cancel
the background SU(Ny) and gravitational Chern-Simons terms.

To complete the duality in Phase I, we need to consider the scalar side in the Higgs
regime (m3 < 0). Following [68, 25], we will assume that the N; scalars maximally Higgs
the U(k). The breaking pattern is then U(k)_n — U (k — Ny) 5 x SU (Ny)_; resulting in

a Lagrangian

ity = N (S, [¢] + CSin [0+ Ay, ] + €S, [C] = (k= Np)CSi[Ar] + 2k CS gy )
(3.89)

Since there are fiducial fermions which couple to U(k), the spontaneous breaking separates
each of the k-component fiducial fermions into broken and unbroken parts, namely

N x Li[d+é+ fllllk,Nf] (unbroken)

N x Lf[d + &+ A1) — (3.90)

N x L}[C+ Ay, (broken)

Note that the A; part of the N N s-component fiducial fermions from the broken sector
combines with the opposite chirality Nk modes coupled to Ay leaving a total of N(k — Ny).
The number of gravitational Chern-Simons terms is unchanged — we still have the same
net number of modes. A straightforward check shows these edge modes render non-
anomalous.

Comparing the boundary spectra for mass deformations of the single species non-Abelian

duality, we can match the degrees of freedom in kind. Thus, we see that

Ll < LL, (3.91)

L« Lo, (3.92)

indicating a consistent duality in the bulk. We outline both instances of duality consistent
boundary conditions and the additional edge modes in Table (3.4
The last remaining question we have to address is how to identify boundary conditions

for the scalar fields. Following a similar procedure used in [9], let us reinterpret the effect
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SU(N) + fermions

U(k) + scalars

Boundary Conditions

¢;1|6 =0
b’: Dirichlet

®,;: Dirichlet

¢: Neumann

Additional Edge Modes

N x L] ]d + e+ A1y

Nk x ‘C;f [Al]

Nk x 'C]:f [Al]

Nk x L},[0]

Nk x L}[0]

SU(N) + fermions

U(k) + scalars

Boundary Conditions

¢;1|6 =0

b: Neumann

®,;: Neumann

¢: Dirichlet

Additional Edge Modes

k x ;C;f[b/ + Al]lN]

Nk x LF,[0]

Nk x LF[0]

Table 3.4: The top (bottom) table counts the additional edge modes when choosing Neumann

and Dirichlet boundary conditions on the dynamical gauge fields in U (SU) and SU (U) side

respectively when Ny = 0.
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of anomaly inflow when we choose Neumann boundary conditions on the U side. Alone, a
Chern-Simons term is anomalous on the boundary due to a non-trivial current divergence.
Since the associated current is not conserved, we can think of this as meaning the U(1),,
symmetry is broken on the boundary. When we introduce edge modes on the boundary,
there is a compensating term for the current flowing onto the boundary. In other words, if
we identify the U(1) axial symmetry on the boundary with the U(1),, symmetry in the bulk,
we have a restored U(1) symmetry everywhere. This is consistent with the SU side of the

theory where there is no anomalous term and thus the U(1), symmetry exists everywhere.

If we choose Neumann boundary conditions for ¢ on the U side of the duality, this amounts
to the constraint that Fj;|s = 0, with F' the field strength of c. Since the flux current is
Jh ~ €"PF,,, Neumann boundary conditions automatically imply any flux current on the
boundary must vanish. This is consistent with the U(1) boundary symmetry being provided
by the edge modes, rather than the flux current. The Neumann boundary condition on
the gauge fields is also inconsistent with having a scalar current on the boundary since
such a current is charged under the dynamical gauge field. Additionally, recall that the
bulk equations of motion relate bulk flux and matter currents; schematically, 75 cter ~ Jhux-
Although such equations do not apply on the boundary, allowing for scalar current to flow
on the boundary would be inconsistent with the continuity of the current and also have no
compensating current on the SU side. Therefore, we choose Dirichlet boundary conditions

for the scalar which kills off the scalar current on the boundary.

Now consider Dirichlet boundary conditions for ¢. Although ¢;|s = 0, this does not
necessarily imply Fj;|sg = 0 since 0;cy|lp # 0 (although it does imply Fj;|ls = 0). By the
same reasoning above, this means we can have a nonzero flux current on the boundary. Such
boundary conditions are consistent with there being matter charged under the dynamical
gauge field on the boundary. The only boundary condition that is consistent with this is
Neumann boundary conditions for the scalar. Again via the identification of global symmetry
currents, we see that this is consistent with choosing Neumann boundary conditions for b/,

since we have a nonzero edge modes coupling to A, on the SU end now.
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Abelian Reduction

Let’s apply a consistency check on our new non-Abelian prescription. We will take the limit
Ny = N =k =1, and choose Neumann boundary conditions for ¢ on the U side to compare
to the boundary analysis of the Abelian dualities [9]. Affecting this limit in (3.82)) and ([3.83)

gives

Lsy = ipIPz 1 — i (2CSgrav) (3.93)
Ly = |D:D)? + o, |0 — i (csl[a + A+ CSi[d + QngraV) , (3.94)

which is similar to the Abelian “scalar + flux = fermion” considered in [9], up to the addi-
tional 2CSg,ay terms.

Now, taking the Abelian limit of the tallied boundary modes in Table we find that
one fiducial fermion is needed on U side to be coupled to ¢ + A; and, on both sides of the
duality, we need one left-mover coupled to A; and a neutral right-mover.

Due to certain subtleties with the non-Abelian case, our convention has changed slightly
as compared to [9] where the opposite boundary conditions on the dynamical fermions were
chosen and gravitational Chern-Simons terms were absent. Without gravitational Chern-
Simons terms present we do not need the right-moving neutral fiducial fermions on both
sides of the duality. Choosing opposite boundary conditions on the dynamical fermions
makes the myg < 0 regime consistent via a fiducial fermion rather than a dynamical fermion.
This is why in the present analysis we find an additional left-moving fiducial fermion coupled
to A; on the fermion side of the duality. Choosing Dirichlet boundary conditions on the scalar
was also found for a similar reason. Thus, the number of edge modes is consistent modulo
conventions.

Notice that the fermions couple to the background U(1),, spin, connection, A;. The
analysis in [9] requires that in order for the “scalar+flux = fermion” duality to be consistent
in the presence of a boundary A; must be a spin. connection and not an ordinary U(1).
Meanwhile, ¢ was required to be an ordinary connection. Indeed, both of these requirements

are consistent the Abelian limit.
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3.83.8  Non-Abelian U + fermions <> SU + scalars

Now let us consider the other type of single species non-Abelian duality in [2] — rather its

time reversed version — by setting Ny = 0 such that (1.24) reads
SUN) gwith N, ¢ < U(k)y_ . with N, . (3.95)

with the mass identification mi <> my. In this case the flavor bound is given by Ny, < N

[25, [68]. The explicit Lagrangians for the theories on each side of the duality are given by
Lsu =Dy pdl” + aplel* —i <—kCSN[b] + BF[f; Tra (0) — NB])
g (NkCSl[B] - NkCSl[/L]) , (3.96)
Ly =W, 4 0 —i (NCSk[c] + NBF[Tty, (¢): A,] + 2NkCSgraV>
iU D sas W — i (NCSk[c’] + NCSp[a + Bly) — NECS1[A1] + 2Nkcsgm) . (3.97)

Setting Ny = 0 has eliminated one of the gravitational Chern-Simons terms, and in the
last line of we defined the ordinary connection B = Al + 1212 and spin. connection
a = ¢ — Ay1;. Note that B is now the background gauge field associated with the global
U(1)mp» symmetry. We have also used

BF[A}; Ay] + CS,[Ay] = CS,[B] — CS,[A4]. (3.98)

For this dual pair, mass deformations correspond to Phase II (mi > 0 myg >0 ) and Phase
IIT (m3 < 0 my < 0) — see Fig. . As with the Ny = 0 case, we can find the fiducial
fermion spectrum by looking at Phase II.

As with the last duality, we will find the boundary symmetries to be consistent only
if we choose Neumann and Dirichlet boundary conditions for the dynamical gauge fields
on opposite sides of the duality. Nevertheless, we will first proceed with the analysis for
Neumann boundary conditions on both sides of the duality; generalizing to Dirichlet is
straightforward. For the SU + scalar theory in (3.96) with Neumann boundary conditions

for the dynamical gauge fields, integrating out the Lagrange multiplier gives

iLH = —kCSy[V] — ENCSy[A4]. (3.99)
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k left-moving N-component fiducial fermions coupled to &'+ 4,1 y compensate for the anoma-

lies generated by —kCSy([b'] — kNCS;[A;]. We also need Nk right-moving neutral fiducial
fermions to cancel the gravitational term.

The U side of the duality is also easy to analyze with Neumann boundary conditions.
Despite the new definitions of B and @, the anomaly spectrum of is identical to that
of . We can choose exactly the same fiducial fermions for the U + fermion side of the
duality that we did for U + scalar with Neumann conditions in Table

Having quickly read off the fiducial fermions in Phase II, we should check that the as-
signment holds for Phase III. In Phase III for the U + fermion theory my < 0, and so,
integrating out the dynamical fermions shifts the Chern-Simons levels relative to their Phase

IT values:
L — QL — N,CSi[c] — N,kCS,[Ay] — kCSy, [B] — 2N.kCSyray- (3.100)
Using the first line of (3.97)), the Lagrangian for the U + fermion theory becomes

iLHT = (N — N,) CSilc] — kCSn.[B] + NBF[Try, (¢) ; Ay1,]
— N,kCS;[Ay] + 2k (N — Ny) CSyra- (3.101)

Rewriting the BF term as a sum of Chern-Simons terms, we find

il = (N — N,) <CSk[c’] + CS;,, {é + Alnk] + 2kcsgm>

N — N

NN,

(3.102)

So long as we choose the boundary condition such that dynamical DWFs are allowed for
myg < 0, the U + fermion theory in Phase III non-anomalous theory. This follows for the
same reason we saw in Phase I of the SU side in Sec. : from il is already
non-anomalous due to the fiducial fermions and the dynamical DWF provides the rest of
the edge modes to render the whole expression non-anomalous. Thus, the fiducial fermion

assignment for Phase II works in Phase III, and the U + fermion theory is non-anomalous.
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While it may be hard to see that is non-anomalous, the cancelling of the edge modes
can be seen directly from the cancellation of the Chern-Simons terms. Finally, note when
one expands out B in this reproduces the stated background terms of , as it
should.

The SU + scalar theory in Phase III (mgS < 0) is complicated slightly due to the Lagrange
multiplier — which changes SU(N) — U(N) x U(1) and makes the breaking pattern clearer.
We do not want to treat the BF terms containing the Lagrange multiplier as additional
Chern-Simons terms. We will be more concerned with analyzing the behavior of the edge
modes after the breaking has occurred as above on the U side.

After spontaneously breaking U(N) — U(N — N,) x SU(Ny), N — N; scalars remain
coupled to ' +y Bl y_ N, The Ns-components corresponding to the broken part of the gauge
symmetry have no coupling to any part of &’ but do couple to the SU (V) flavor symmetry.
The factor y is a rescaling of the Abelian coupling implemented by the Lagrange multiplier
that is novel to this theory. Explicitly, the coupling of the N — Ny modes now becomes

V+yBly =V +

Bln_n.. 3.103
N Plven, ( )

Thus, when one integrates out the £ fiducial fermions, they give

N
N — N

iLET S —k <CSNNS V] + CSl[B]) , (3.104)

which will combine with the existing background terms to reproduces the Abelian factor in
(3.102)).

Let us choose Neumann boundary conditions for &’. The dividing of the fiducial fermion
that we would assign occurs analogously to the breaking of the Chern-Simons terms:

kx Ly, |V + N_L]]VVSB]IN,NS (unbroken)

kx L}V + B] — (3.105)

k x L3[B] (broken)

There are still Nk total fermion components; N,k of which couple only to the flavor symme-

try. Thus, we still have the same number of gravitational Chern-Simons terms as in Phase
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II. The full Lagrangian for the SU side of Phase III is then

iLGT = —kCSy_n, V] — Kk (CSNS [B] — NCSy[A,] + NN_N;V Csl[é]) : (3.106)

which is rendered non-anomalous by the edge modes from the fiducial fermions as assigned

in Phase II.

Thus far, we have only considered Neumann boundary conditions for the dynamical gauge
fields. To generalize these results to the Dirichlet case is straightforward: simply remove the
coupling of the fiducial fermion to the dynamical field whose Chern-Simons terms is no
longer anomalous on the boundary. Table [3.5] summarizes our results for this duality. Note
once again a nice cancellation between anomalous terms occurs on the U side with Dirichlet

boundary conditions.

Finally, consider the boundary conditions on the scalar fields. Again, we use fact that
Neumann boundary conditions imply any flux current on the boundary must vanish and
that the variation of fll relates the scalar matter current on the SU side to the flux current
on the U side. Since there can be no flux current on the boundary, there can be no scalar
current on the boundary as well. Hence we must choose Dirichlet boundary conditions in

this case, ¢anrlo = 0.

As we argued earlier, for Dirichlet boundary conditions on ¢ we can have a nonzero flux
current on the boundary. Again using the identification of global symmetry currents we can
also have a nonzero scalar current on the SU side of the duality. Thus, we must choose scalar

boundary conditions which allow for a nonzero boundary current, which means Neumann.

Abelian Reduction

Finally, let us check that this is consistent in the Abelian limit by setting N =k = N, = 1,

choosing Neumann boundary conditions for ¢, and moving all background terms to the
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SU(N) + scalars

U(k) 4+ fermions

Boundary Conditions

Oanr: Neumann

b’: Neumann

Ty lo =0

¢: Dirichlet

Additional Edge Modes

k x ‘C;f[b, + Al]lN]

Nk x LF,[0]

Nk x LF[0]

SU(N) + scalars

U(k) + fermions

Boundary Conditions

Ganr: Dirichlet
b’: Dirichlet

\IJ;M|3 =0

¢: Neumann

Additional Edge Modes

N x L}[¢ +a+ Bly]
= N x Li[d + ¢+ Ay

Nk x L4[0]

Nk x LF,[0]

Table 3.5: The top (bottom) table counts the additional edge modes when choosing Neumann

and Dirichlet boundary conditions on the dynamical gauge fields in SU (U) and U (SU) side

respectively when Ny = 0.
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fermion side. Affecting this limit, we find

Lsy = |Dpol* + aylg|* (3.107)
Ly =iUPaW — i (csl[a + B+ 2csgrav> (3.108)

where we have canceled the two —CS;[A;] terms. This expression should be equivalent to
the time-reversed fermion, but with the understanding that in [9] the time-reversed fermion
came with an opposite sign Pauli-Villars regulator as well; our conventions for the n-invariant
are different here. Accounting for this difference of convention, we pick up an overall shift by
—CS;]a] — 2CSgay on the fermionic side of the duality and change the fermionic boundary

condition. We end up with the dual theories being given by

Lsu = |Dgol” + aplof*, (3.109)
Ly =iUPaW — i (CSl[d B - CSJ&]) . (3.110)

Per our fiducial fermion choices shown in Table [3.5] we should have a single right-moving
fiducial fermion coupled to @ + B. Note the fermions associated to B and neutral fiducial
fermions on both ends of the duality cancel one another out.

Once more we see a nice consistency with our previous analysis: a = ¢ — Ay is a spin,
connection, and the background field B = A; + A, is an ordinary U(1) connection. Thus, we
can start from the master bosonization duality, demand that a subset of Abelian factors be
either ordinary or spin. connections, and consistently arrive at both known Abelian bosoniza-
tion dualities with the correct coupling of gauge fields to matter. This is also consistent with
the process of promoting background fields to dynamical and coupling to new background

fields followed by integrating out the old dynamical fields [83], T12].

3.83.4  Discussion

Before turning back to the master bosonization duality, let us take stock of how the phases
and edge modes changed when we moved to negative mass deformations for the fermions

and scalars:
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e Fermion Deformations: Given our choice of fermionic boundary conditions, the dy-
namical DWFs only existed when m,, > 0 or myg < 0. In the corresponding m,, < 0 and
my > 0 phases, we found that the additional Chern-Simons terms were rendered non-
anomalous by the dynamical DWFs. Since the m, > 0 and my < 0 phases were non-
anomalous due to the fiducial fermions, the resulting theory was non-anomalous. Fur-
thermore, the same mechanism that rendered the Chern-Simons terms non-anomalous
can be used to argue that — despite some simplified forms of the theories appearing to

have extraneous edge modes — that edge modes are cancelled.

e Scalar Deformations: In the spontaneously broken phase, mi < 0 or m% < 0, the
dynamical gauge groups are split up into smaller dynamical groups and gave rise to
new non-Abelian flavor symmetries. Additionally for SU + scalars, the background
Abelian coupling was rescaled. The couplings of the fiducial fermions were changed
according to the breaking pattern for the Chern-Simons terms. The fiducial fermions
then split into parts, which couple to the broken and unbroken parts of the gauge
group. The remaining dynamical and new flavor Chern-Simons terms are rendered

non-anomalous by this set of fiducial fermions.

Although the master duality is slightly more complicated due to two independent mass
deformations, we will see that the same mechanisms that lead to non-anomalous theories in
both phases of the single-species non-Abelian cases completely generalize. Since the fiducial
fermions make the positive mass phase non-anomalous and the fiducial /dynamical fermions
— including the singlet — continue to work after Higgsing or integrating out negative mass

fermions, all five phases of the master duality continue to be non-anomalous.
3.4 Master Duality with Boundaries

Now that we have firmly established how to derive the correct set of boundary conditions
and assignments of fiducial fermions in order to render boundary theories non-anomalous in

the single-species non-Abelian dualities, we can analyze the two-species master bosonization
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SU(N) Side U(k) Side
Boundary Conditions Yolo=0 Uhlo =0
Ganrr: Neumann ®,;: Neumann
b': Neumann c: Dirichlet
Additional Edge Modes kx Lot + Arly] —
Nk x L1[0] Nk x L1[0]
SU(N) Side U(k) Side
Boundary Conditions Y lo=0 Wivlo =0
@Ganr: Dirichlet ®,;: Dirichlet
b': Dirichlet c: Neumann
Additional Edge Modes — N X LI e + &+ A1y
Nk x L;[A]] Nk x L;[A]]
Nk x L1[0] Nk x L1[0]

Table 3.6: The top (bottom) table counts the additional edge modes when choosing Neumann
and Dirichlet boundary conditions on the dynamical gauge fields in SU (U) and U (SU) side
respectively when Ny # 0 and Ny # 0.

duality. Having made the assignments in the common Phase II region, the fiducial fermions
of the two single-species non-Abelian cases considered are consistent with one another — see
Tables[3.4]and [3.5] We can then combine the two prescriptions and check their compatibility
across all five mass deformed regions in Fig.

We will analyze the phases on the U and SU sides roughly in order of increasing diffi-
culty. The discussion will be kept brief for phases where cancellation is a straightforward
generalization of what we have already observed in the single-species non-Abelian cases of
Sec. [3.3l In the following analysis, we are interested in the assignments that render the

theories non-anomalous, and so we will assume Neumann conditions on the dynamical gauge



100

fields throughout. Although Neumann boundary conditions on both dynamical gauge fields
does not yield a consistent duality, generalization to Dirichlet boundary conditions for one
of the dynamical gauge fields is straightforward, see Sec. [3.3.3|

Phase 11

This phase corresponds to my < 0 and mj > 0 on the SU side and my > 0 and m3 > 0 on
the U side. Starting from (3.4) and (3.3b), after integrating out all of the matter fields, we
find that

il = —kCSy[b] + BF[f; Try (b) — NA; — NAy] + NEBF[Ay; Ay] + NECS,[Ay], (3.111)
After some simplification, (3.4) and ({3.3b)) reduce to

iLl = —kCSN[b] — NkCS[A4], (3.112)
L = NCSi[¢] + NCSi[¢ + A1) — NECS,[A;] + 2NkCSypay- (3.113)

Since this was the phase of the duality where we chose all of our fiducial fermions such that

the theory was non-anomalous, no further analysis is needed, and the assignments are listed
in Table 3.6]

Phase I

This phase corresponds to my > 0 and m? > 0 on the SU side and myg > 0 and mg < 0 on
the U side.

U Side

For mg > 0, the Chern-Simons levels are unaffected when integrating out the fermions.
However because m3 < 0, the theory is in a spontaneously broken phase
Ll =N (csk,Nf [] + CSn, [C] + CSp_n, [6 + Ai 1] — (k — Ny) CS1[A] + zkcsgm)
(3.114)
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As with the single-species non-Abelian case, the edge modes automatically split up to make
the new Chern-Simons modes non-anomalous. The original N right-moving k-component
fiducial fermions break in a manner completely analogous to . The modes coupling to
the unbroken U(k— Ny) render N(CSy_n,[c'] +CSy_n; [é+ A;1;]) non-anomalous. The parts
of the Ny-component modes coupling to A, can cancel with the fiducial fermions of opposite
chirality which only couple to A;, leaving only the C' coupling. Hence, the NCS ~;[C] and
—N (k — N;) CS;[A;] terms are also non-anomalous. Since the number of fiducial fermions

hasn’t changed at all, the gravitational Chern-Simons term is also still non-anomalous.

SU Side

On this side of the duality, we have m, > 0 and mi > 0. Neither the scalar nor the
fermion change the Chern-Simons terms when integrated out. Note that we have chosen the
boundary conditions on the dynamical fermion such that we let the v DWFs exist in this
phase.

The fact that the theory is non-anomalous, however, should be evident if we rewrite £%;;

in terms of L4,

iLLy = iLS, + NyCSy[b'] + NCSy, [C] + NN;CS;[A;] + 2N N;CSyray

— —(k — N;)CSy[V] + NCSw,[C] = N(k — Np)CSi[A] + 2NN;CSypay.  (3.115)

We already have assigned the fiducial fermions so that the i£LE; is non-anomalous. Provided
that the dynamical DWF's are enough to make the new Chern-Simons terms non-anomalous,
the entire Lagrangian in (3.115]) will be non-anomalous. Since the dynamical fermions couple
to b +C'+ A; this is indeed the case. The DWFs cancel with the existing N ¢ fiducial fermion
edge modes, making non-anomalous.

Phase IIT

This phase corresponds to m, < 0 and mi < 0 on the SU side and myg < 0 and m2 > 0 on
the U side.
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SU Side

The gauge group is spontaneously broken in this phase, but since m, < 0 we have no addi-

tional shift of Chern-Simons terms due to integrating out the fermion, relative to our fiducial

fermion assignments of Phase II. Spontaneously breaking SU(N) causes the Lagrangian to
be modified to

i = — ECSy_n.[b] + BF[f; Try_n, (b)) — NA; — NAy] — kCSy, [B] (3.116)

+ NEBF[Ay; Ay] + NECS,[A,], (3.117)

After integrating out the Lagrange multiplier, we are left with

iLS) = — kCSy_n,[V'] — kCS, [B) (3.118)
L (Ncs [A;] + N,BF[A;; Ay] + N,CS [A]) (3.119)
N — N, 11411 s 15 412 swo1|A2] |- .

The fact that we get such complicated Abelian Chern-Simons terms can be explained in a
manner analogous to the non-Abelian SU Higgsing discussed earlier. Indeed, as we should
expect, this expression matches . More precisely, the complicated breaking of the
SU(N) field can be simplified by transforming into a U(NN) x U(1) field and breaking down
the U(N) field, and the Lagrange multiplier encodes a change in coupling to both Abelian

factors A; and A,. The splitting of the fiducial fermion modes once more occurs in a manner
analogous to (13.105)).
U Side

Since m% > 0 the U(k) symmetry remains unbroken, but the dynamical fermions change
the Chern-Simons terms. The change in Chern-Simons terms and edge modes follows in a

manner practically identical to (3.102)).

Phase IVb

This phase corresponds to my > 0, mé <0, myg <0, and m3 < 0. Additionally, this will be

the first phase where we have to worry about singlet fermions, and we have m, > 0 in both
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theories.

SU Side

Similar to Phase III, the gauge group is spontaneously broken in this phase and this is slightly
complicated by the fact this is the SU side. Additionally, the dynamical and singlet fermions
contribute additional Chern-Simons terms relative to Phase II, but they also contribute

dynamical DWFs which makes said terms automatically non-anomalous.

U Side

Here the U (k) symmetry is spontaneously broken to U(k—Ny) x SU(Ny), but the dynamical
fermion behavior is the same as that of Phase II. However, the singlet fermions have positive
mass and thus shift a subset of the Chern-Simons level relative to that of Phase II. Although
this is the first time we have seen the singlet fermion behaving differently from the dynamical
fermions, there is nothing different about the way we end up at an non-anomalous theory.
The singlet fermions give rise to DWFs which exactly compensate for their shift of the

Chern-Simons levels in the bulk.

Phase IVa

This phase corresponds to m,, > 0, mé < 0, and m, < 0 on the SU side and my < 0, m2, < 0,
and mg < 0 on the U side. Again, this phase is a repeat of what we have already looked at in
Phase IVb but with negative mass singlet fermions. For the U side, the singlet fermions have
the same sign mass as the dynamical dynamical fermions and hence both contribute a shift
to the Chern-Simons terms, but the different masses break the flavor symmetry between the

two.

Lastly, let us comment on the scalar boundary conditions for the master duality. As
with the single species non-Abelian cases considered above, we can deduce whether ¢ and ®

obey Neumann or Dirichlet boundary conditions by comparing the global symmetry currents.
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Recall that when N, = 0 the A, coupling vanished and the A; global symmetry could be
attributed to the U(1),,, symmetry. Meanwhile, when we took Ny = 0 in Sec. , Ay
and A, could be combined into a new background field B which was then associated with its
own U(1),,, symmetry. For the case when both Ny and N # 0, the Ay and A, background
fields play the same roles. The combinations fll and fll —l—flg are associated with two U(1),,
symmetries, one whose U(1), part is the ¢ matter, and the other, the ¢ matter. As such,
all arguments of identifying global symmetries on either side of the duality to impose scalar
boundary conditions still hold for the master duality, and so we find the same results, as

shown in Table 3.6

3.4.1 Generalization to SO and USp

Finally, we will briefly comment on the generalization of our methods to the versions of the
master duality for the SO and USp groups in the presence of a boundary.

Accounting for the change to real fermions and scalars, there are half as many matter
degrees of freedom as compared to the U/SU dualities, which can most easily be under-
stood by starting with complex scalars and Dirac fermions and imposing a reality condition
[3]. Explicitly for the USp duality, we will take ¢ to be a Dirac fermion but require that
VPO = (P7)e; with 1¢ the charge conjugate of ¥ and Q% (Q7) symplectic invari-
ant tensor of USp(2N) (USp(2Ny)). Hence, integrating out real fermions provides half the
change in Chern-Simons level as that of a full Dirac fermion.

As with the U/SU case, the Chern-Simons terms are anomalous in the presence of a
boundary. Fortunately, the fiducial fermion prescription used above can be generalized to
be used with Majorana fermions. Alternatively, the fiducial Dirac fermions can still be used
with the reality conditions discussed above. Thus, the SO and U Sp dualities can be rendered
non-anomalous by rewriting Chern-Simons terms as fiducial Majorana fermions. Deriving
the boundary conditions and DWFs for Majorana fermions follows similarly.

The global symmetries on either side of the master dualities also change slightly. For

instance, the flavor symmetries of the fermions of the SO (USp) duality are now SO(Ny)
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(USp(2Ny)) on the left-hand side of and ([1.37)), respectively. The fiducial Majorana
fermions for a given SO or USp Chern-Simons term have an analogous “flavor” symmetry
whose rank scales with the Chern-Simons level. Thus, when one chooses Dirichlet boundary
conditions for the dynamical gauge field on one end of the duality, the fiducial fermions on

the Neumann end once again share the same global symmetry on the boundary.
3.5 Discussion

Physical samples that we can drive to criticality and probe in a laboratory setting have
boundaries, and too often conjectured dualities do not or cannot make explicit the role
of boundary conditions. In order to understand what — if any — role dualities such as
2+1 dimensional master bosonization duality or any of its single species non-Abelian and
Abelian limit cases play in describing physical critical systems, we must carefully analyze
the admissible boundary theories consistent with bulk duality.

The relative simplicity of the gauge sector in the Abelian dualities hid an important
aspect of the choice of boundary conditions for the dynamical gauge fields. In this chapter,
we have reconciled the Abelian fiducial fermion prescription with those subtle aspects that are
necessarily present in all non-Abelian bosonization dualities in 241 dimensions regardless of
the types of fundamental matter considered. The important takeaway is that the additional
complication of having dynamical gauge fields on both sides of the duality necessitated an
alternating prescription of boundary condition such that Neumann conditions are mapped
to Dirichlet conditions across the duality. As first observed in [50] and later elaborated in
[45], the reason this change in boundary conditions is due to emergent global symmetries in
the boundary theories that must match in order to be duality-compatible.

Beyond simply analyzing the gauge sectors, in the preceding sections, we have constructed
the necessary duality-compatible boundary conditions and additional edge modes for the
master bosonization duality for Chern-Simons-matter theories in [68, 25]. A non-trivial check
on the analysis in this chapter has been the consistent reduction of the duality-consistent

boundary conditions in the master bosonization duality to the Abelian case. The check fur-
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nished by the Abelian reduction also resolved a subtlety not addressed in [68, 25] regarding
whether the Abelian gauge fields U(1),,, and U(1)rs were ordinary U(1) or spin. connec-
tions. Further, the motivation of the boundary conditions on the scalar sector of the U side
of the non-Abelian single species and master bosonization dualities discussed in [3.3] provides
a more satisfying picture than the Abelian analysis in [9] had suggested. Lastly, the novel
extension of the fiducial fermion prescription to SO and U Sp dualities filled out the spectrum
of 241 dimensional bosonization dualities in the presence of a boundary.

That being said, there are further questions to ask in the context of 241 dimensional
dualities involving Chern-Simons-matter theories in the presence of a boundary. As noted at
the start of this chapter, at the core of all of the bosonization dualities sits the basic level-
rank duality familiar from WZW theories. In the non-Abelian dualities, we cannot integrate
out the non-Abelian Chern-Simons terms for dynamical fields in the massive phases. Since
the dynamical fields are related by the level-rank duality rather than simply being the same,
this has resulted in slightly different boundary theories. One could then wonder whether
WZW-matter theories participate in other non-trivial level-rank dualities. To our knowledge,
there has been little work done on the effects of level-rank duality for WZW theories with

non-trivial matter sectors.
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Chapter 4

BUILDING BOSONIC QUIVERS WITH 3D BOSONIZATION

In this chapter we discuss work where we use the master duality and methods similar
to those developed in [69] to derive novel Bose-Bose dualities between non-Abelian linear
quivers. We argue that a subset of these dualities can be viewed as a natural generalization
of the bosonic particle-vortex duality to non-Abelian gauge groups since the quivers share

many of the qualitative features present in the particle-vortex duality.

Of particular interest is the application of these dualities to 2 + 1-dimensional defects
in QCD theory on R*, which will be the focus of the latter half of this chapter. It has
recently been shown that there is a mixed 't Hooft anomaly between time-reversal symmetry
and center symmetry at 6 = 7 [51]. This is rooted in the fact that SU(N) YM theory is
believed to have N distinct vacua associated to N branches of the theory. Such branches
are individually 27 N periodic and correspond to SU(N)/Zy gauge theories. This seems to
contradict the long held belief that 6 is 27 periodic in SU(N) YM theory, but the conflict
is resolved since the vacua interchange roles under a 27 transformation. More specifically, if
one tracks the true ground state of the theory, one changes branches in a single 27 period.
Thus, as theta is varied from, say # = 0 to 27n, the theory traverses several vacua. However,
this changes when one couples the one-form center symmetry to a background (two-form)
gauge field. In this case one cannot consistently choose the coefficient of the counterterm,
sometimes referred to as the “discrete theta angle”, to make the theory non-anomalous. Since
this counterterm changes as one traverses branches, a spatially varying 6 angle gives rise to
domain walls separating regions with distinct discrete theta angle. Using anomaly inflow
arguments, the effective field theory living on the interface is found to be a Chern-Simons

gauge theory (see |51} 52] for more details).



108
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Y12 Y23 Y34- Y4-5

Figure 4.1: Parent Chern-Simons matter theory at the phase transition for the special case
n = 5. Nodes represent gauge theories with the associated Chern-Simons term and links

represent matter bifundamentally charged under the gauge groups on the adjascent nodes.

Although anomaly considerations require a non-trivial theory to live on the interface,
they alone do not fully fix the theory. Among others, [SU(N)_1|" or SU(N)_,, would be
consistent choices[l] The authors of [52] argue that, at least at n < N, [SU(N)_,|" is the
appropriate description for slowly varying theta (meaning that |V6| < A where A is the
strong coupling scale of the confining gauge theory), whereas SU(N)_,, is appropriate for a
sharp interface such as a discrete jump by 27n at a given location. If these are indeed the
correct descriptions this suggests that there is a phase transition as one smooths out a given
jump in . If this phase transition is second order, the transition point would be governed
by a CF'T which is most easily realized as a Chern-Simons-matter theory. In any case, this
CF'T can serve as a parent theory from which topological field theories, describing either the
slowly varying as well as the sharp step, can be realized as massive deformation.

The conjectured CFT between the two extreme phases is schematically
[SU(N)_1]" 4+ bifundamental scalars (4.1)

which was used in ref. [52] to explain the transition between two different vacua of (3 + 1)-
dimensional Yang-Mills. This parent CF'T is based on a quiver gauge theory as displayed in
Fig. 4.1 Each node depicts a SU(N)_; Chern-Simons gauge theory, the links connecting

them represent bifundamental scalar fields, Y. The theory has two obvious massive defor-

INote that we are changing the direction of the 6 gradient relative to [52] and so have negative levels
for our Chern-Simons theories. This is in order to conform to the conventions of [70] for the stringy
embeddings.
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mations: we can give all the scalars a positive or a negative mass squared. In the former case
the scalars simply decouple and we are left with the [SU(N)_]" TFT appropriate for slowly
varying theta, in the latter case the gauge group factors get Higgsed down to the diagonal
subgroup and we find the SU(N)_, associated with the steep defect. There are also mixed

phases, where some of the Y have negative and some positive mass squared.

In this chapter, we propose a theory dual to (4.1)) which is supported by both 3d bosoniza-
tion of non-Abelian linear quivers and holographic duality. The proposed “theta wall” duality

18

[SU(N)_1]" + bifundamental scalars “ U(n)y + adjoint scalars. (4.2)

We will see that this is a special case of the more general quiver dualities derived in Sec.
which do not include matter in the adjoint. This is a special feature of , owed to
the fact that when all ranks of the SU quiver theory are equal, the U quiver contains nodes
which are confining. With the careful addition of interactions in the proposed theories, mass

deformations on either side of the duality yield TFTs which are level-rank dual to each other.

This chapter is outlined as follows. Sec. contains our derivation of the non-Abelian
linear quiver dualities, including the details of how such dualities should be viewed as gen-
eralization of the particle-vortex duality. We then specialize to quivers applicable to theta
interfaces in 3 + 1-dimensional SU(N) Yang-Mills theory in Sec. [1.2] Subsections and
contain the 3d bosonization and holographic support for such dualities, respectively.
In Sec. we discuss our results and conclude. The appendix contains several details of our

construction of the non-Abelian quivers.

As we were finalizing this work, we were made aware of [I7] which studies domain walls
in different phases of the Witten-Sakai-Sugimoto model. This has some overlap with Sec.

particularly regarding the nature of domain walls in the pure YM sector.
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® ®
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Figure 4.2: Derivation of the bosonic particle-vortex duality as a duality between two-node
linear quiver theories. On the left-hand side, we have represented each side of Aharony’s
Abelian dualities as a two-node quiver. The filled yellow circle represents the color gauge
group while the empty circle represents promoted global symmetries (which for the case of
SU(1) are placeholders). The equation numbers corresponding to the two-node quivers are
shown in red. Since the two fermionic theories are the same, one can perform a matching to
arrive at a duality between three two-node quiver theories, the top and bottom of which are

the XY and Abelian Higgs models, respectively.

4.1 Non-Abelian Linear Quiver Dualities

We now turn to constructing linear quivers using the master duality. As explained in the
introduction, we are ultimately motivated by the theta wall construction that leads to ,
but we will derive dualities for a far more general case. We will begin with recasting the
3d bosonization derivation of bosonic particle-vortex duality in a way that highlights the

relation to the non-Abelian quivers.
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4.1.1 Bosonic Particle-Vortexr Duality

To derive the bosonic particle-vortex duality we will use 3d bosonization techniques similar
to those used in refs. [83,[112]. We then show how one can reinterpret the derivation in terms
of a two-node quiver. This will be the simplest non-trivial case of the far more general quivers
we derive in Sec. [£.1.2] We will drop tildes from Abelian gauge fields in this subsection since
the distinction is not necessary.

Recall the bosonic particle-vortex duality states that, at low energies, the XY model is

dual to the Abelian Higgs model [105, [40],
1
Lxy = |DA1§ZS|2 A Lan = |DC(I)|2 —1 |:—2—Cd141:| . (43)
s

The mapping of the phases is such that positive mass deformations on one end maps to a
negative deformation on the other end, mg < —mj.

In order to derive we start by taking the Abelian limit of Aharony’s dualities, .
In particular, take the N =k = Ny =1 and Ny = 0 limit of , which yields the “scalar

+ U(1); > free fermion” duality,

Lsy = i Paytp (4.4a)
1

Ly =|D.D —i [47r

1
cde — %cdfh] : (4.4b)

with my, <> —m3. Meanwhile, the “fermion + U(1)_1/2 <> WF scalar” duality is obtained

by taking the N =k = Ny =1 and Ny = 0 limit,

1
Lsy = |Dagf” —i {—4—141051411 ; (4.5a)
m
Lo = B — i | cde — —cdA (4.5b)
v= ity ! 47TC ¢ 27TC L :

with m3 < my.
Deriving the bosonic particle-vortex duality from the above two dualities is straightfor-
ward. Note that we already have the XY model in (4.5a)) up to the additional background

Chern-Simons term. Hence, we should look for another bosonic theory dual to (4.5b)). To
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do so, add —1 [ﬁAldAl — %AldBl] to each side of (4.4) and promote the U(1) background
field to be dynamical, A; — ay. This gives the dual theories

- |1 1
Loy = Py h — [Ealdal - %a1dB1 (4.6a)
1 1 1 1
/U — |DCCI)|2 — 1 [Ecdc — %cdal —f- Ealdal — %aldBl] . (46b)

Since the action is quadratic in the newly promoted a; field we can integrate it out, which

imposes the constraint a; = ¢+ B;. Plugging this in, we find
’—|D(I>|2—z'—1ch—1BdB (4.7)
v = [Le o LT b :

After relabeling the dynamical field in as a; — ¢ and changing the background field
By — Ai, we see matches , and thus is dual to . Canceling the
common background Chern-Simons term, we arrive at the usual particle-vortex duality, (4.3)).
Note we get the relative mass flipping between the two ends of the duality since there is only

a relative sign flip between ¢ and ® masses.

We would now like to recast the derivation we just performed to motivate generalization
to a two-node linear quiver. Fig. schematically shows how we would like to view the
derivation. Each of our dual theories in (4.5 and (4.6) can be viewed as a two-node linear

quiver, with the matter bifundamentally charged under the two nodes which it connects.

This is motivated by the fact that in Aharony’s dualities (1.13)), each matter field is
fundamentally charged under both a dynamical gauge field and background global flavor
symmetry. If we were to promote said flavor symmetry to be dynamical, the matter becomes
a bifundamental and thus admits a natural description as a two-node quiver. This looks
rather trivial since SU(N) gauge groups for N = 1 are nonsensical, but will generalize nicely
for N > 2. For the Abelian case we will use SU(1) as a placeholder for symmetries that can

be gauged in the more general case.

To see this on the Abelian Higgs side, we will first shift the dynamical gauge field,
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¢ — ¢+ aq, so that (4.6b) becomes

1 1
ECdC - %aldBl . (4.8)

/(,J = |Dc+a1q)|2 — 1
In this form the scalar is bifundamentally charged under two U(1) gauge groups, which
represent the two nodes in the quiver theory. The dual to the Abelian Higgs model, ,
couples to a single dynamical U(1) gauge field, a;. This was previously the flavor symmetry
but was promoted to a gauge symmetry in moving from to . As mentioned above,
the gauge field belonging to the second node is absent only because we are working in the
Abelian limit of Aharony’s dualities. On the XY model end of the duality , ¢ couples
to two SU(1) fields, so it has no gauge couplings at allf]
The upshot of recasting the derivation in this form is that it readily generalizes to more
complicated two-node quivers. One can use the more general Aharony’s dualities to per-

form very similar steps as was done in the Abelian case. We'll see particle-vortex duality

generalizes to a duality of the form

SU(Ny)—g, X SU(N3)_g, + bifundamental scalar

“ U(k1)n,—n, X U(k1 + k2)n, + bifundamental scalar. (4.9)

The bosonic particle-vortex duality is then just the Ny = Ny = k; = 1 and ko = 0 case. In
Sec. we present further evidence of this interpretation by matching the spectrum of
particles and vorticies in in a manner similar to the Abelian case. Before we do this we
demonstrate how we can systematically construct the non-Abelian quivers for an arbitrary
number of nodes. This requires the use of the master duality when the number of nodes is

greater than two.

4.1.2  Building Non-Abelian Linear Quiver Dualities

Following the discussion in the previous subsection, our strategy in deriving dual descriptions

of quiver gauge theories is to start with the master duality and gauge global symmetries on

2For our purposes here, we are ignoring the possibility of gauging the U(1) global symmetry since its
properties are well established in the particle-vortex duality as a global symmetry.
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both sides of the duality in order to arrive at a duality for the resulting product gauge
group. Since in a quiver gauge theory the gauge group associated with a given node sees
the gauge groups associated with the neighboring nodes as global flavor symmetries, this
roughly speaking amounts to dualizing the quiver one node at a time. While not a proof,
this procedure suggests the resulting theories are dual. This basic idea had previously been
pursued in ref. [69] using Aharony’s duality, but the flavor bounds put severe limitations on
the quivers that were amendable to this analysis. In particular, the most interesting case
with equal rank gauge groups on each node was out of reach. We will see that the master
duality will help overcome many of these limitations.

To streamline the derivation it is helpful to follow ref. [69] and rearrange BF terms
to group the SU(N) and U(1) global symmetries together. Additionally, a key ingredient
in matching this analysis to the existing particle-vortex duality will be the global U(1)
symmetries on either side of the duality. As such, we will be especially careful in keeping
track of the global symmetries at every step.

We start by recalling how ref. [69] derived their quiver transformations and generalize
their method to the master duality. Starting from , one can use the fact the U(k)
field can be separated into its Abelian and non-Abelian parts, i.e. ¢ = ¢ + ¢l, to perform

a shift on the Abelian portion, é — ¢+ A;. This allows one to rewrite £y as

= N 2 . NE . -
Ly=1VD g 5V —1i {ETrk (cdc - zgcd) - EAldAl} . (4.10)

Canceling the overall factor of i%fhdfll on either side of the duality and defining the new

U(N,) background field G, = B, + A1, 1., (1.23B) becomes
Lsu = |Dyrao|® —i —ﬁTr vy — igb’?’ (4.11a)
SU b+G 1 N 3 :
- N 2
Ly=iVD.icV —i [4—Trk (cdc — 2303>} . (4.11Db)
T

The procedure used in [69] to derive new dualities is to promote the non-Abelian U(Nj)

global symmetry to be dynamical. Since both the ¢ and ¥ matter is charged under G, this
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turns the matter into bifundamentals. Schematically, we denote the promoted duality as
SU(N),]C X U(NS)O g U(k)N—NS/Q X U(NS)_k/Q. (412)

This is subject to the flavor bound N > N;.

In promoting the U(1) global symmetry to a gauge symmetry, we get another U(1)
global symmetry which couples to the new gauge current on either side of the duality. If we
wanted to make the coupling to the new background gauge field By explicit, we would add a
—i%flldél term to each side of the duality. This is completely analogous to the procedure
preformed in ref. [83], where a new BF term was included with each promotion to represent
the new U(1)-monopole symmetry on each side of the duality.

Below, we will sometimes apply this duality to strictly SU gauge fields, in which case it
is advantageous to only gauge the SU part of the flavor symmetry, so that becomes

SUN)_, x SUN)o < Uk)y—n.2 X SUN,)_/e. (4.13)

Note that in this form of the duality each side retains the original global U(1) symmetries
and we do not obtain the additional global U(1) as above.
We could apply the same procedures to the case where the SU side contains the fermion

and the U side contains the scalar, where we would then find
SU(N>_k+Nf/2 X U(Nf)N/Q e U(k))N X U(Nf)o, (414)

which matches the result found in ref. [69] up to an overall shift in the level of the background
term. This case is considered in more detail in Appendix [D.1]

Now let us perform similar manipulations to the master duality in . Since the Chern-
Simons terms on the U side are identical to , performing the same manipulations,

(1.28b|) becomes

_ N 2 -
£U - |Dc-‘rA~1-‘rC'(I)|2 + Z'\I/lz)c+ﬁ1+B+/~12\Ij + ‘ant —1 |:4_7_‘1_Trk1 (Cdc - igC?)) - —AldAl
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Again, we cancel the common A; Chern-Simons terms on either side of the duality. It will
also be convenient to perform a shift to move the A, fields onto the 1) and ® matter, so
we take 4, — A; — Ay on either side of the duality. We could now combine the U (1) and
SU(Ny) global symmetries into the definition of E, = C, + zzllu]le as we did in (4.12).
However, we will hold off on doing this since it is more convenient to keep the two global

symmetries separate for our purposes. This leaves us with a duality of the form

2 - ANy—k 2
Lsu = |Db’+B+A1¢| T WDy iy -V + Line — i [ Cm Try (b'db' - 256’3)}

N 2 NNy, - - . -
—i [—Ter ((JdC - @'-03) + (A — Ay)d(A, — Ag} : (4.16a)
4m 3 4dm
2 - T, / . N 2 3
Lo=|D,icvi,-i,® + VD, g1,V + L —i 4—Trk cdc—zgc . (4.16b)
T

At this point, we have two choices with how to treat the global symmetry associated with
A,. The first choice is to simply leave it as a global symmetry and gauge only the SU (Ny)
flavor symmetry associated with C'. In this form, each side of the master duality retains the
U(1) global symmetries associated with A, and A,. Alternatively, we could also gauge the
global symmetry associated with A,. The latter of these cases will be useful for our purposes
in this chapter, so we define a U(Ny) gauge field G, = C, — flgu]le to which v and ® couple.
After gauging the U(Ny) and SU(Nj) global symmetries, this leaves us with

SU(N)_k+Nj./2 X U(Nf)]v/g X SU<N3>0 < U(k)N_NS/Q X U(Nf)g X SU(NS>_k/2 (417)

Similar to Aharony’s duality, in gauging the U(/N;) symmetry which is associated with G, we
pick up an additional monopole U(1) symmetry on either side of the duality which couples
to the newly gauged A, field. We will denote the background gauge field associated with
said symmetry by B,. For completeness, we consider the master duality with all global
symmetries gauged in Appendix [D.1]

Note that we can modify either of the above dualities by adding additional background
flavor levels to either side of the duality before promotion. As a reminder, these dualities are

subject to the flavor bound £ > Ny and N > Ny, but (k, N) # (Ng, Ns). In the Ny =0 and
Ng = 0 limits, (4.17)) reduces to (4.13]) and (4.14]), respectively, with appropriate relabeling.
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Figure 4.3: Dualizing a linear quiver. Red nodes are SU gauge groups and black nodes
are U groups. Black (red) links are bifundamental bosons (fermions). Applying Aharony’s
duality to the leftmost link turns the scalar into a fermion. Then, applying the master
duality repeatedly moves said fermion across the quiver until it reaches the final link where

Aharony’s duality can again be used to turn the fermion into a boson.

Four-Node Example

Let us now use the dualities we’ve defined to dualize a four-node quiver. Walking through
this construction will make generalization to the n-node case straightforward. We begin with

the SU side of the theory

Theory A: SU (N1)_y, x SU (Na)_y, X SU (N3)_y,, X SU (Ny)_, (4.18)

L
This theory has the bifundamental scalars which have charges as given in Table In what
follows we will assume that Ny > Ny > N3 > N, as well as k; > 0 for i = 1,2, 3,4. Although
this is not the most general case, below we will find this is required to avoid flavor bounds
to get to the desired U theory. Each of the bifundamentals is charged under a global U(1)
symmetry which rotates its overall phase, giving this side of the duality a [U(1)]® global

syminetry.
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Theory A | SU(Ny)_g, | SU(N2)—, | SU(N3)_p, | SU(Ny)_,
Yis O O 1 1
Yas 1 O O 1
Y34 1 1 U OJ

Table 4.1: Charges of the bifundamental matter in our linear quivers. [J denotes the matter

transforms in the fundamental representation of the corresponding gauge group.

We will denote the bifundamental scalars living between nodes j and j 41 by Yj ;11 and
X j+1 on the SU and U side of the duality, respectively. The masses of the U bifundamentals
are denoted by m; ;1 while we will use M ;1 for those on the SU side.

Before embarking on deriving the duality, note that the uniform mass deformations of

(4.18) are given by

(A1) M7, >0:

i SU (N1>7k1 x SU (NQ)fka x SU (N3)fk3 x SU (N4)7k4 (419&)

(A2) M}, <0:

7

SU (N1 — NQ)_kl x SU (NQ — N3)—k1—k2 x SU (N3 - N4)—k1—k:2—k:3

X SU (Na) _p, _py—ts—ts - (4.19b)

Here we have been careful to account for which gauge group is Higgsed by each bifundamental
scalar. The bifundamental scalar Y;,; has N; x N;y; components. Below we will always
view the smaller of the two gauge groups to be associated with the “flavor” symmetry of
the bifundamentals. As such, if we assume the Higgsing to be maximal, the Higgsing can be
thought of as acting on the “color” gauge group, i.e. the group with the larger rank, while

leaving the flavor group unchanged )| Since to meet flavor bounds below we have assumed

3For example, for a bifundamental coupled to SU(N;). and SU(N2); with N7 > Ny, what occurs can
be best understood by first splitting SU(N1)e x SU(N2) s — SU(N1 — Na) x SU(N3). x SU(N3)y. Since
the bifundamental is maximally Higgsed in the SU(N3) subgroup, the unbroken part of the two SU(N2)
factors is their diagonal, leaving SU (N7 — Na). x SU (Ng)diag. Thus, saying the flavor group is unchanged
is a merely a convenient relabeling. Also note that the Chern-Simons level of the new flavor group will be
the sum of the original flavor and color Chern-Simons levels.



119

N1 > Ny > N3 > Ny, this means vacuum expectation value takes the form
aiai4+1
a;a; ]]‘Ni+1
(Vi) o (4.20)
0
with a;, b; and a1, b;11 gauge indices to SU(N;) and SU(N,y1), respectively. Reassuringly,
no gauge group acquires a negative rank with this Higgsing pattern.
Returning to our derivation of the non-Abelian linear quiver dualities, we will now show

five theories are dual to one another,
Theory A <+ Theory B <« .-+ < Theory E, (4.21)

by sequentially dualizing each node from left to right, see Fig. |4.3] To begin, we apply
Aharony’s duality (4.13) to the first node to obtain

Theory B: U (k1) y % SU (Ny) i X SU (Ng) % SU(Ny)_,. . (4.22)

Ni1—No+ —ko—ki1+

Flavor bounds are satisfied so long as N; > N,. This turns the bifundamental scalar on the
link between nodes one and two into a bifundamental fermion. The U(1) global symmetry
of the first bifundamental becomes a monopole symmetry for the Abelian part of the gauge
field which lives on the first node. This will be a common theme as we sequentially step
through nodes and the details are shown in Appendix [D.2]

Dualizing the SU(N3) node is where we will need to use something new. We could try
applying Aharony’s dualities or to the second node. However, one will inevitably
run into flavor bound issues since nodes with links on two sides require a SU(N;_1 + N;11)
flavor symmetry, which exceeds the SU(N;) color symmetry for the cases we are interested
in here.

Notice that since the master duality has two types of matter it has two separate flavor
symmetries, each subject to its own flavor bound. This is useful for dualizing the nodes with
two links and, furthermore, has the correct matter content since node two in Theory B has

both a bifundamental scalar and fermion attached to it. However, the master duality is quite
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a bit different from Aharony’s original dualities in that it requires additional interactions
terms between the scalars and fermions on a given side of the duality, as given in (1.30]). Let
us consider how we could introduce such interactions terms and how they affect the theories

we are considering.

Including Bifundamental Interactions

The interaction we need in order to apply the master duality in theory B is

Theory B:  C§7 (v 23) (Va2 ) (4.23)

aza3

Here C’Q(B) is the coefficient of the interaction on the second node in theory B and we have not
yet committed to its sign or magnitude, but we will do so later by matching TFTs. In what
follows, it will be useful to associate each interaction term with one of the interior nodes of
the quiver.

In order to give rise to , we must backtrack slightly since a similar interaction should
also then be present in theory A in its dualized form. The exact matching of the interactions
between theories A and B is quite subtle and requires auxiliary field techniques that were
originally introduced in the large N and k literature [96]. Here we will only give a schematic
overview. The full details of this matching are given in Appendix [D.3]

Recall that the purpose of the interaction term in the master duality is to ensure that
when the scalars acquire a vacuum expectation value we also gain an additional mass term
for the fermions [25] [68]. This was vital for matching the phases and TFTs on either side of
the duality. Importantly, regardless of the sign of the mass deformation, the fermions never
condense and thus there is no opportunity for a fermion condensate to influence the mass
of the scalars through the same interaction term. If the fermions did condense, this would
yield a very different looking phase diagram than that found in refs. [25] 68].

Here we identify the fermions with scalars, which can condense when their quadratic term
goes negative. In order to match the TFT phase diagrams of theories A and B under mass

deformations, we need to make sure the interaction term does not allow the Y; 5 condensate
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to influence the Y535 mass. In Appendix we derive an interaction term which has the
desired properties: this term will cause a nonzero vacuum expectation value for the Y53
bifundamental to give a positive or negative mass to Y7 o, depending on the sign of the coeffi-
cients C’Z(A). However, the opposite effect cannot occur: Y o acquiring a vacuum expectation
value cannot influence the mass of Y5 3. More generally, for the SU side of the duality, the
vacuum expectation value of a link can only affect nodes/links to its left. The interaction
term is unidirectional as it is for the original master duality.

We will schematically denote the interactions we add to Theory A as

azas3 baay

Theory A: O (}qﬁgWIY?f’) (@’;“W”) (4.24)

with the understanding that the true interaction is as given in . Eq. is equivalent
to if we simply ignore the fact that when the Y » acquires a vacuum expectation value
the interaction term gives a mass to Y 3, so we will do so henceforth for brevity. An analogous
interaction term is added to node three as well since it will be needed when stepping from
theory C to D.

Having introduced the necessary interaction term, we subsequently apply the master

duality (4.17) to the second and third nodes, this gives

Theory C: U(lﬁ)Nl_NQ X U(kl + k‘g)NQ_% X SU(N3)—k3—k1—k2+k1;k2 X SU(N4)_k4
(4.25)
ThGOI'y D: U(kl)Nl—Nz X U(kl + ]{ZQ)NQ_N3 X U(k’l —+ ]{j2 -+ kg)N?)_%
X SU<N4>_k4_k1_k2_k3+k1+k22+k3- (4.26)

These in turn require the flavor bounds Ny > N3, ko > 0 and N3 > Ny, ks > 0, respectivelyﬁ
Each application of the master duality changes a boson link to a fermion link and vice versa,

effectively driving the single fermion link down the quiver, see Fig. 1.3l As with the duality

4More precisely, this should exclude the double saturation cases where No = N3 and ko = 0 or N3 = N,
and k3 = 0. We will not make note of such special cases henceforth since they will not be relevant for our
purposes.
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relating theories A and B, the application of the master duality above changes the global
U(1) symmetry across the duality. Specifically, it changes the U(1) global symmetry under
which Y53 was charged to a monopole-like symmetry which couples to the Abelian part of
gauge field on the second node. A completely analogous transformation occurs for the baryon
number symmetry of Y3 4. The details of how this occurs are shown in Appendix .
Finally, to arrive at the desired dual theory we again apply Aharony’s duality to

the last node. Flavor bounds require k, > 0. This ultimately gives

Theory E: U (k1) j, -y XU (B1 + k) vy XU (k1 + ko + k3) y, _n, }U (k1 + ko + kg + Ka) y, -
(4.27)
Note that the fourth node does not pick up a monopole-like global symmetry for its Abelian
gauge field. This is related to the fact we have one more node than bifundamentals and is
also a feature of the dualities in ref. [69] and ABJM theory [4].
Following the mass identifications through the dualities, we see Mfl & —m?’i +1- The

uniform mass deformations of Theory E are

(B1)  miiy <0: Uk, X U(ka)y, x U(ks)y, x U (ks)y, (4.28a)
(E2) miq >0: U (k1) X U (k1 + ko) gy, X U (k14 k2 4 ks) y, _n,

X U(lﬁ + /{32 + ]{33 + k‘4)N4 (428b)

which, reassuringly, are level-rank dual to the phases considered above in (4.19). Here once
again some care is required for the Higgs phase. Since we are assuming all k; > 0 in order
to meet the flavor bounds above, the maximal Higgsing vacuum expectation value is, using

block matrix notation,
a0 ;041
(Xiigt") o ( 1k, 0 ) . (4.29)

where a;, a;,1 are gauge indices to U(K;) and U (K1), respectively and we have defined the

shorthand

;=Y ki (4.30)
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Of course, as we apply all the aforementioned dualities the matter interaction terms
are changing as well. We also end up with the interaction term between adjacent
bifundamental scalars for theory E. The interaction is such that a bifundamental scalar
vacuum expectation can only affect nodes/links to its right now. E| The analog of ,
which is a schematic stand-in for , is

Theory E:  C{” (XI?;‘“XQ’?’ ) (ng’;“BXL? ) (4.31)

asas baai

where now we ignore the fact that when X3 acquires a vacuum expectation value it gives a

mass to X o.

Effect of Interactions

We would now like to show that these interaction terms are vital for a matching the
mass deformed TFTs. Although we found a matching between phases for the completely
gapped/Higgsed phases above, these were very special cases. In order to observe the ex-
pected partial gapping/Higgsing behavior to apply to theta walls, we need to carefully treat
the interactions.

First it will be helpful to specialize to a particular sign and magnitude of interaction
terms coefficients, C’I(A) and C’}E) for I = 2,3 (i.e. all internal nodes). Specifically for the
purposes of matching onto the phases of , we take C’I(A) < 0 and C’}E) < 0. H We also
assume |C’}E)| — 00 such that ]C’}E)| > |m3,;,,|. Although not considered in [25, 6], it is
straightforward to check that a very large interaction term on one side of the master duality

implies a very small interaction term on the other side of the duality. Hence, C'](A) — 0 so

®This is most obvious to see when moving from Theory C to Theory D. In theory C, the X; » bifunda-
mental can influence the mass of the fermion on the 2,3 link, but not vice versa. Hence, in Theory D the
interaction between X; o and X3 3 should obey the same rule to get a matching of TFTs.

6We must choose the coefficients of the interactions to be the same sign for a matching of TFTs. To see
this, first note that we use the master duality once on each internal node, and under the master duality
the interaction term flips sign [25] 68]. An additional sign flip comes from the application of the master
duality for the node to the left of an internal node, which sign flip when changing the fermions in the
interaction to bosons.

"To see this, let us specialize to the notation used in [68]. Here we saw that by changing the sign of ¢,
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the hierarchy Mfz b > C’}A) > 0 holds for all mass deformations. In such a limit we can
effectively ignore the interaction terms on the SU side of the duality.

The choice of magnitudes above has the added effect of simplifying the analysis of the
interaction terms and the TFT structure. It is possible to derive quiver theories for more
general interaction coefficients and still find matching TFTs, but we leave such analysis for
future work.

Let us now consider the effect of the interaction terms on the U side of the duality. The

two interaction terms of theory E are given by

CéE) <X;r7a22a1X2,3 ) (Xg%%Xl’Q

asa3 baay

)+ o (xdgexes) (xeat) . @s)

asa4 bzaz

Consider the case when X;, acquires a nonzero vacuum expectation value as in (4.29).
This term breaks U(K3) down to U(Ks — K1), which is the usual effect of the Higgsing.
Additionally, the first interaction term (4.32]) becomes

az

1x, 0
K Xjtoa x23 (4.33)
0 0

= (e, (xfaxi ) o -

b2
Hence the vacuum expectation value of X; 5 shows up as a negative mass deformation for the
first Ky components of X, 3 and thus also breaks the U(K3) to U(K3— K7). As such, except
for the X, link, each bifundamental can acquire a mass deformation from two different
sources: its explicit mass term as well as the interaction terms to its left. As an example, let
us assume mj 5 = mj, = 0 but m?, < 0. Then X, 3 acquires a vacuum expectation value

from (4.33). The interaction term between X3 and X34 also means X34 gets a negative

mass shift,
as

1g, 0
K Xftaa x84 (4.34)
0 0

asaq4 bsasg

_ (X;f%BazX?)A ) (X;rf)j’a“XQ’g ) o~ —

bs

and ¢, one could change the location of the “singlet critical line”. Smoothly changing ¢4 — —c4 causes
the line to move from phase IV to phase ITI. Meanwhile, changing ¢j, — —c} to move from phase IV’ to
phase I'. Thus, for example, we can shrink the size of region IVb and IVb’ by decreasing the magnitude
of ¢} and increasing the magnitude of ¢4. In the limit ¢j — 0, we must take |c4| — 0.



125

breaking U(Ky) to U(K, — K7) and giving the first K; components an additional negative
mass deformation. If there are no other mass term deformations, this effect cascades to the

right across the entire quiver.

Now let us consider how this changes if Xy 3 also had a mass deformation. A negative
mass deformation would further break down the U(K3) subgroup to U(K3 — K3), and this
could also propagate down the quiver, as we just discussed. Positive mass deformations are
slightly more tricky since we need to consider them in two regimes. First consider the case
where the negative mass deformation from (4.33) is larger than that of the mass term for
Xo.3. Then the results considered above are unchanged, X 5 is still partially broken. When
the mass term has a larger positive mass contribution than that of , X3 is completely
gapped. This means none of the components have a nonzero vacuum expectation value, and
thus the interaction contributes no mass to Xs4. In other words, if the mass term
for Xy 3 is large enough, it can stop of propagation of X o’s breaking down the quiver. We
have avoided this case by assuming ‘C}E)‘ > ‘mfz 41 }, thereby forbidding large positive mass

deformations from blocking the propagation of the breaking down the quiver.

What about when X, 3 acquires a negative mass deformation but the X; 5 and X34 mass
terms are untouched? By the same reasoning above, X3, will also acquire a negative mass
shift to its first Ky components via the interaction terms, causing the breaking of U(K3)
and U(K,) to U(K3 — K5) and U(K, — K3), respectively. However, as we have been careful
to argue in Appendix Xz 3's vacuum expectation value should not be able to influence

nodes/links to its left. Hence X 5 is unaffected.

We are now in the position to consider mass deformations which are partially Higgsed.
That is, not all bifundamental masses are taken to be the same sign. Specifically, consider the
case where the bifundamentals Y; 5 and Y34 are Higgsed and Y53 is gapped (corresponding

via mass identifications to X; o and X34 being gapped and X 3 being Higgsed). This yields
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the phases

<A3) . SU(Nl — N2)—k1 X SU(NQ)_kl_kQ X SU(Ng — N4)_k3 X SU(N4)_k3_k4 (435&)

(EB) : Uv(kl)]\h,]\[2 X U(lﬁ -+ kg)NQ X [](kg)]\ﬁj,]\[4 X U(kg -+ k4)N4 (435b)

which are level-rank dual to one another! Note that the interactions are vital for us to reach
this conclusion. We have used the fact that X, 3 acquiring a vacuum expectation value breaks
the U(Ks) subgroup of U(K3) — U(k3)n,—n, X U(K2)n,—n, and also, due to the interaction
term, U(Ky)n, — Ulks + ka)n, X U(K2)n,. Without such terms we would have found the
U(K4)n, group unbroken, yielding the TFT

(ES) : U(kl)Nl—Nz X U(kl + kQ)N2—N4 X U<k3)N3—N4 X U(K4)N4 (436)

which is clearly not level-rank dual to (4.35a)).

Generalization to n Nodes

Now let us generalize this prescription to an arbitrary number of nodes. For n nodes, there

is a duality between the following two theories:

Theory A: SU(Ny)_, % H [SU(N;)_k, x bifundamental Y;_; ;] (4.37a)
=2
n—1
Theory B: H [U(K;)N,—n,., % bifundamental X; ;1] x U(K,)n,

8 (4.37Db)
i=1

where flavor bounds require k; > 0 and N; > Ny > ... > N,.. As with the above case, these
theories can be shown to be dual by systematically applying Aharony’s duality (1.13b)) to
the first node, the master duality to every two-link node, and then Aharony’s other duality
to the last node. The master duality is not needed for the two-node case.

Implied above are interaction terms on the U side of the duality of the form of .
Equivalently, we can use the schematic interaction

n—1
L@ S e (xjme i ) (e ) (4.38)
1=2

arary1 brar—
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with the understanding that such interactions can only give mass terms to the link on their
left. Here, a;, b; the gauge indices of the ith node and C}B) — —00 so that \C}B)\ > M-
In this limit, on the SU side of the duality the interaction terms are very small and have no
effect on the mass deformed phases, so we ignore them.

To summarize the interaction behavior on the U side: a bifundamental scalar X ;4
acquiring a nonzero vacuum expectation value affects nodes/links to the right but not to the
left. Namely, it causes all bifundamental scalars (i.e X;;; with ¢ > j) to acquire a similar
vacuum expectation for the first K; components. This in turn causes a breaking of all gauge
groups nodes i > j to U(K; — K;). Note this effect can compound, so if X ;11 and Xy
acquire a vacuum expectation value from their respective mass deformations, the gauge group
on node ¢ > j > ¢ undergoes breaking U(K;) — U(K; — K;) x U(K; — K;) x U(K,).

As mentioned earlier, other dualities which flow to other TFTs can be constructed by
changing the sign/magnitude of the interaction terms, but such considerations are left for

future work.

4.1.83  Self-Consistency Checks

Returning to the bosonic particle-vortex duality, it should now be clear the derivation we
outlined in Sec. is the two-node case of the more general non-Abelian linear quivers

with values
Ny =Ny =k =1, ke = 0, (4.39)

which is shown in Fig. [£.2] Note this saturates all flavor bounds and carries the minimum
value of parameters without being completely trivial, so the particle-vortex duality can be
thought of as the simplest case of an infinite class of 2 4+ 1 dimensional Bose-Bose dualities.
Additionally, it is clear that the derivation of the two-node quiver requires no master duality
since there are no nodes connected to two links.

Another helpful tool in analyzing the more general non-Abelian quiver dualities as well

as comparing them to the holographic dualities in Sec. will be comparing the spectrum
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of the two theories. To this end, let us briefly review how the spectra of the particle-vortex
duality match on either side of the duality.

First consider the case when ® acquires a vacuum expectation value in through a
negative mass deformation. It is well known the breaking of the U(1) gauge symmetry gives
rise to vortex solutions of finite mass charged under B; flux. Since there is no dynamical
Chern-Simons term on this end, there is no funny business with flux attachment or alternative
vortex solutions. These vortices carry flux charge under the broken U(1) gauge group which
can be seen by looking at the asymptotic behavior of the gauge field.

Now consider the Abelian-Higgs model but instead in the form which is more amenable
to matching onto the non-Abelian quivers (i.e. (4.8)). In this form we have two U(1) gauge
fields, one of which is redundant and can be integrated out. When (®) ~ v, it forces
the breaking of U(1) x U(1) — U(1)a, where U(1)4 is the subgroup where the two U(1)
transformations act oppositely on ®, leaving it invariant. Again, the breaking of a U(1)
symmetry ensures that there are vortex solutions which are charged under the flux of the
broken symmetry. In this case, it corresponds to a nonzero winding of both a; and ¢ at
spatial infinity, since the broken U(1) group is where they are set equal to one another (i.e.
U(1)diag). For the vortex solution where a; = ¢ energy contributions from the Chern-Simons
terms drop out, as they should since they weren’t present in . Since there is nonzero a,
flux the vortex is charged under the background B; field. Also note that the vortex has finite
mass proportional to the vacuum expectation value of the scalar. As expected, we reach the
same conclusions when working from , albeit in a slightly more complicated manner.

Due to the mass identification, the phase where ® has a vacuum expectation value should
be identified with the phase where ¢ is simply gapped. The U(1) global symmetry is unbroken
and ¢ excitations of are charged under the B; field, which are identified with the
vortices on the opposite side of the duality.

Meanwhile, for mass deformations where ¢ obtains a vacuum expectation value and
® is gapped, the U(1) global symmetry on both sides of the duality is broken. This is

straightforward to see on the ¢ side of the duality and is made clear on the ® side by rewriting
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the photon using the Abelian duality, F),, ~ €,,,0°0. Since the U(1) global symmetry is
broken, we expect Goldstone bosons on either side of the duality. For the ¢ field, we have
massless angular excitations. In this phase the photon remains gapless and it is identified
with the Goldstone boson of the ® side.

We claim the above results completely generalize to the n-node quiver case. Across the
duality we have established the fact that the global U(1) symmetry of the X; ;4 bifundamen-
tal is identified with the monopole number symmetry of the ith node. We begin with the side
of the duality where a U(1) global symmetry is unbroken, which corresponds to a positive
mass deformation on the SU side and a negative mass deformation on the U side. We will
focus on the behavior of a single bifundamental since generalization is straightforward.

When we gap the Y, bifundamental on the SU side, on the U side this should cause
the X, ;41 bifundamental to acquire a vacuum expectation value as a result of the Mfl 41 &
—m7;,, Mass mapping.

Let’s take a closer look at the breaking term to account for degrees of freedom. Schemat-

ically the interaction term can be written in the form

biait1 ‘ 2
V(Xii01) ~ Tr [(Xi,m)aiam (X;m) - v252’11 . (4.40)

With the gauge freedom we can take (X;;i1) to be of the from of (4.29). This causing the
breaking of

U(K;) x U(Kir) = U(K;)ding x Ulkisr), (4.41)

corresponding to an overall broken U(K;) gauge symmetry. Each X; ;1 field has 2K, K,
total degrees of freedom. Within the U(K;) subspace, there are K? flat directions corre-
sponding to “angular” excitations, which are consumed by the broken U(K;) gauge fields to
become (two-component) massive “W-bosons”. The remaining K? scalar degrees of freedom
represent “modulus” excitations in directions of the potential which are not flat and are
thus analogous to Higgs bosons. Additionally, these modes are now adjoint particles since

they are charged under U(K;)diag. This leaves 2K;k;; degrees of freedom, which acquire a
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mass through the double trace-like interaction term that is present for Wilson-Fisher scalars.
Hence all bifundamental scalar particles are gapped, as they should be.

As with the particle-vortex duality, we would like to show vortices on the U side should
be identified with the gapped particles on the SU side of the duality. The gapped Y; ;4
particles are charged under the unbroken U(1) symmetry and carry baryon number. Mean-
while, when the X, ;;; particles acquire a vacuum expectation value, the breaking of the
corresponding U (1) subgroup mean vortices associated to that link now have finite mass and

are topologically stable since ﬂ
T (U(KZ) X U(Ki+1)/U<Ki>diag) ~ 7. (442)

Specifically, the vortex configurations correspond to a winding of the broken U(1l)4 C
U(K;) x U(K;4+1)/U(K;)diag gauge group as well as the phase of (X;,.1) at spatial infin-
ity. Since the broken subgroup U(1)4 contains the ith node’s U(1) factor, through the BF
term of that node it coupled to the B, ﬁeldﬂ This is the same symmetry the gapped Y ;11
couple to, and thus the two modes should be identified in a manner analogous to what we
saw for the particle-vortex duality.

Unlike the particle-vortex duality, the presence of nonzero Chern-Simons terms in the
mass deformed phases means variation with respect to dynamical gauge groups imposes a

flux attachment condition on the excitations. That is, particles charged under the respective

80ne might worry that we may be able to form other vortex solutions by winding the other broken
subsets, say U(1)a C U(K;11) x U(Kit2)/U(K;)diag- Note however that the interactions force the vac-
uum expectation value of the associated U(K;) subgroup of the X, 1,12 bifundamental to be effectively
infinite. This is distinct from (X, ;11) which is presumed to be proportional to the mass deformation and
finite. Thus such vortices are significantly heavier than the vortex formed from a winding of the X, ;1
bifundamental and its corresponding gauge groups. Note for the X; ;1 vortex, no matter the mass de-
formations of bifundamentals to its left, its U(k;) subgroup will always have a finite vacuum expectation
value, and thus the topologically stable vortex solutions can always have finite energy via a winding of
this corresponding subgroup.

9Since the X; ;11 vortices contain winding under U(1)4 , which is a subgroup of the U(1) x U(1) gauge
symmetries of the ith and (i 4+ 1)th nodes, one might worry that such a vortex also carries flux under the
(i + 1)th gauge group and is thus charged under the U(1) symmetry of the (i + 1)th node. However, as
explained in Appendix the BF coupling is such that nodes to the right of a bifundamental are only
coupled via the unbroken gauge group. Hence, although the vortices carry U(1) flux of the (i 4 1)th node,
they are only charged under global symmetry of the ith node.
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symmetry must be attached to the vortex excitations. This might be modified slightly due
to the breaking of the U gauge group, since the broken gauge degrees of freedom will become
massive giving an extra term when varying with respect to the corresponding massive gauge

degrees of freedom. We leave such analysis for future projects.

4.2 Theta Wall Dualities

In this section we consider duals to the Chern-Simons theories found on defects in 3 + 1-
dimensional SU(N) Yang Mills theory when the 6 angle varies as a function of location.
Specifically, we look for a dual to (4.1)).

We begin by reviewing a few essential facts about the expected theta dependence in pure
SU(N) gauge theories. Such gauge theories are believed to have multiple vacua related to
the physics of the theta angle. In each vacuum, physical quantities are not periodic in theta
with period 27 but instead with period 2w N. The physical properties of the system are
nevertheless 27 periodic. As we change theta by a single 27 period, the true vacuum of the
system changes and the physics in the new vacuum at ¢ = 6y + 27 is the same as the physics
in the original vacuum at 6 = 6.

This picture can be most rigourously established at large N. In this limit the vacuum

energy as a function of 6 is expected to scale as [128)] [132]
E(9) = N*h(0/N) (4.43)

for some to be determined function h. This appears to be inconsistent with the periodicity
requirement

E0) = E(0+ 27). (4.44)
As claimed above, a single vacuum with energy of the form is expected to be 2N
periodic, not 27 periodic. This conundrum can easily be solved by postulating that the
theory has a family of NV vacua labeled by an integer K. In this case the vacuum energy in

the Kth vacuum is given by

Ex(0) = N*h((0 + 27 K)/N). (4.45)
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Most of these vacua are meta-stable, the truly stable vacuum for any given 6 is given by
minimizing over K:

E(0) = N? min /(0 + 27 K) /N). (4.46)

The resulting function E () has the expected 27 periodicity. While the energy of (say) the
0-th vacuum keeps increasing as we increase theta from 0 towards 27, the energy of the
K = —1 vacuum at # = 2x is exactly the same as the energy of the 0-th vacuum was at
6 = 0. One expects that a transition from the 0-th to the (—1)-th vacuum is triggered at
6 = m. While physics in any given vacuum is 27w N periodic, the system as a whole, in its
true vacuum, is 27 periodic.

We are now in a position to discuss the physics of theta interfaces and domain walls. Let
us first turn to the case of interfaces. Starting with a confining gauge theory (pure Yang-
Mills in this case), one can introduce interfaces across which the theta angle changes by an

integer multiple of 27,

A = 27n. (4.47)

The theory is assumed to be everywhere in the true ground state. This means, in particular,
that the index labeling the local vacuum state changes by —n units as the theta angle changes
by 2mn. Since the theta angle is a parameter in the Lagrangian, translation invariance is
explicitly broken in this theory and we do not expect any Goldstone bosons corresponding
to fluctuations of the position of the interface.

As we explained in the introduction, a spatially varying theta gives rise to domain walls
on which Chern-Simons theories live. However, anomaly inflow does not constrain the exact
Chern-Simons theory. Ref. [112] has argued that for |V6| < A and |V8| > A, one should
expect the TFTs [SU(N)_1|" and SU(N)_,, respectively. Assuming a smooth transition,
(4.1) was proposed as a possible CFT to describe the transition between these two extreme
cases.

The generic phase of is characterized by a partition {n;} of n, that is integers n;
with the property that >, n; = n. Each n; denotes the number of gauge group factors along
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the quiver that have been Higgsed down to their diagonal subgroup before we encounter a
positive mass squared scalar. For example, ny = n corresponds to the completely Higgsed
SU(N)_, phase associated with the steep wall, n, = 1 for ¢ = 1,...,n corresponds to the
shallow wall with [SU(N)_;]". The generic phase is given by a TFT based on

Phase {n;} : [[svv)-. (4.48)

One extra subtlety that arises concerns global symmetries. The scalar fields are bifundamen-
tals under neighboring SU(N)_; gauge group factors. This leaves an overall phase rotation

of every single scalar as a global symmetry, for a combined U(1)"™!

extra global symmetry
from the n — 1 scalar fields. If these indeed were global symmetries of the parent theory this
would lead to unexpected consequences. Most notably, in the fully broken phase the low
energy theory on the interface would not just be the topological SU(N)_,, Chern-Simons
theory we expect, but would in addition contain n — 1 massless Goldstone bosons as these
extra global symmetries are spontaneously broken in the condensed phase. The proposal of
[52] is to add extra terms to the action that break these extra global symmetries so that
there are no Goldstone bosons. The simplest option to do so is a det(Y") term for each linklﬂ,
which is indeed gauge invariant under all SU(N)_; gauge group factors but is charged under
overall phase rotations of Y. The quiver gauge theories we discussed in the last section do
not have these determinant terms added to the potential. The dualities we derive will most
naturally apply to the theory without the determinant terms. To connect to the theory of
the theta interfaces we will have to add the extra determinant term as a deformation.

In addition to interfaces a second type of co-dimension one defect we can discuss are
domain walls. These are already present in a theory with constant theta. They govern the
decay of one of the meta-stable vacua of the theory to the true vacuum. In the idealized case,

we can consider the theory in a state where we interpolate between two metastable vacua

100f course any power of det(Y) would do the job in that it is gauge invariant but charged under the

global symmetry. For small values of N we need to make use of this freedom. For example, for N = 1
det(Y) = Y and we would simply add linear potentials, whereas for N = 2 we would be adding mass
terms. Instead we should add det(Y)* and det(Y")? respectively in those two cases.
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as we move along a single direction, which we once more chose to be the x3 direction. For
simplicity we are only interested in configurations which preserve 2+ 1 -dimensional Lorentz
invariance, that is we focus on flat domain walls. If the theory starts in the 0-th vacuum as
r3 — 00, we can interpolate to the n-th vacuum at x3 — —oo. While the state of the system
at large negative 3 is not in the true local ground state, this configuration is meta-stable.
The false vacuum has to decay via bubble formation, which is governed by the domain wall
tension. It has been argued [132] that the tension of the wall is of order N, a fact that is
obvious in the holographic realization of these walls which we will turn to in Sec. £.2.2] At
large N this means that decay of the meta-stable vacuum is e~ suppressed. In addition the
difference in vacuum energies will exert a pressure on the domain wall generically causing
the wall to move. But since the pressure difference is order N°, whereas the domain wall

tension is order IV, the domain wall can be treated as static in the large NV limit.

As far as the anomalies are concerned, the analysis of [52] generalizes to the case of walls:
the gauge theory on the defect should be the same whether we are forced to jump n vacua
because of a 27n jump in 6, or whether we study a dynamical wall that interpolates between
two n-separated vacua in a theory with fixed #. The main difference appears to be that
this time the wall is dynamical with a finite tension. Most notably, this implies that we
should have (at large N) a massless scalar living on the wall whose expectation value gives
the location of the wall. It being the Goldstone boson of broken translations, the scalar
has an exact shift symmetry that protects it from becoming massive. While interfaces were
characterized by a free function 6(z3) and were only loosely characterized into shallow and
steep, for walls it is much easier to characterize the moduli space of allowed configurations.
We have a total of n discrete jumps from one vacuum to the next. When the walls are
widely separated, we should have n separate walls connecting two neighboring vacua each.
In this limit, we should have a total of n translational modes as the different basic walls can
presumably move independently. The gauge theory living on these widely separated walls
should be [SU(N)_;]" as above together with these decoupled light translational modes.

This is indeed what follows from the analysis of Acharya and Vafa in the closely related case
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of N = 1 supersymmetric gauge theories [I] (see also [44]). The other extreme is when all
n walls coincide and we have a single wall across which we jump by n vacua, presumably
governed by a single SU(N)_,, gauge theory and a single translational mode.

To summarize, note that we are still characterizing the phases by partitions {n;} of n
and the gauge theory on the wall is once again governed by the topological field theory
. In addition we have the decoupled translational modes. At finite N the walls no
longer correspond to static configurations as they will be pushed around by the pressure
differences, making them generically much harder to study than the case of interfaces. The
reason we discuss them at all as that, at large N, they have a very simple holographic

realization which we will employ in what follows to check our dualities.

4.2.1  Theta Wall Dualities via 3d Bosonization

We now consider possible duals to (4.1)) via 3d bosonization. Fortunately, such a theory can

easily be constructed from the non-Abelian linear quiver dualities['] Consider the n node

linear quiver, (4.37)), and take

N=N,=N,=---=N,. (4.49D)

This satisfies all flavor bounds of the derivation given above since k; > 0 and N = N; >

Nj+1 = N. In this case the dual quiver theories become

n—1
Theory A:  [SU(N)_4]" x [ ] bifundamental Y, .+, (4.50a)
p=1
n—1
Theory B: H [U(p)o x bifundamental X, 1] x U (n) (4.50b)
p=1

1 Ag touched upon earlier, if one tried to derive such a quiver using only Aharony’s dualities, one would
inevitably run into violations of the flavor bound. Thus it appears the interactions between links which
come from the master duality are a necessity.
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and the relevant mass deformations for all bifundamentals taken positive/negative are given

by

(A1) MP,>0: [SU(N)_4]" (4.51a)
(A2) M7, <0:  SU(N)_,x ﬁ [SU(0)_,] (4.51b)
(Bl)  mi, <0:  [U@D)]" ) (4.51¢)
(B2)  miy>0:  Uln)y X ﬁ [U(p)o] - (4.51d)

The topological sector of Theory A matches the TFTs we set to find at the outset, SU(N)_,
and [SU(N)_1]™. In addition both sides have decoupled massless modes that also match. We
assume that the non-Abelian part of U(p), confines at low energies and is therefore gapped.
This implies that the dynamics of the confining gauge group should have no effect on the
physics at scales well below the gap. The U(1) part however gives rise to a light photon for
every level 0 unitary gauge group. On the SU side these light photons map to Goldstone
bosons. In a theory with Ny < N scalars charged under a SU(N) gauge symmetry a full
global U(Njy) flavor symmetry is unbroken as the gauge group is broken to SU(N — N;) by a
scalar vacuum expectation value. The broken gauge generators can be used to compensate
any flavor rotation. In the special case of Ny = N, which is of interest to us here, the U(1)
part of the flavor symmetry however is broken and so we will get a corresponding Goldstone
boson. In order to keep track of these light scalars we denote the Goldstone bosons as
SU(0)_, theories, which continue to be “level-rank” dual to the U(p), factors of Theory
(B2); either theory denotes a decoupled light scalar mode. Including these factors we see
that there is a perfect matching both between the topological sector and the decoupled light
modes.

One should note that these extra massless Goldstone bosons are exactly the ones that in
the theory of theta interfaces have been eliminated by the det(Y’) potentials. As it stands, our
quiver duality applies to (4.1)) without these extra determinant terms. Since the global U(1)
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baryon number symmetries under which det(Y) is charged map to monopole symmetries on
the U side, the corresponding dual operator is a monopole operator. Adding this monopole
operator to the theory should lead to confinement of the U(1), factors together with their
non-Abelian counterparts and hence remove the massless photons associated to these factors
from the spectrum, just as we removed their dual Goldstone bosons on the SU side.

Given the fact that most of the gauge group factors on the U side confine, we can further
simplify the low energy description of this side of the duality. The confining groups cause
the bifundamental matter and antimatter to form “mesons”. If the matter/antimatter is still
charged under some gauge group with nonzero Chern-Simons level, the meson transforms
as an adjoint under said gauge group as conjectured in . For phase (B2), there are the
adjoints formed from ij—Lan—lm since the (n — 1)th node confines. It is difficult to say

XT

n—2,n

if bound states such as X/

e 1m Xy—2nXn—1n, which are also adjoints under the U(n)y

gauge group, would be stable or if it would split into separate particles X:Lq,an—Zn and

XT

n—1nXn-1n- If we assume the latter, there is only a single light adjoint scalar charged under

the U(n) considered above. E We also would want to conjecture that there are no additional
neutral mesons that become light together with the adjoint; such extra light matter is not
accounted for on the SU side of the duality. With these dynamical assumptions our quiver

duality boils down to the one we advertised in the introduction
[SU(N)_1]" 4 bifundamental scalars “ U(n)n + adjoint scalars (4.52)

with a det(Y") potential for all the bifundamental scalars on the SU side implied.

Unlike the quiver dualities, which we derived from gauging global symmetries, the du-
ality only follows upon making extra dynamical assumptions regarding the confining
mechanism. We can give extra evidence for this duality by, once again, looking at the phase

structure. On the U side the various massive phases are realized by adding mass squared

12Note that when the bifundamental scalars on the SU side acquire a negative vacuum expectation value,

by assumption this breaks their gauge symmetry down to the common diagonal symmetry group and
causes the Higgsed bifundamentals to become adjoint particles. Thus we get gapped adjoint particles on
both sides of the duality for phase 2 considered above.
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terms that give expectation values to the adjoint scalar (or remove it completely) together
with Tr X* terms in the potential. We can always chose a gauge in which the scalar expecta-
tion value is diagonal, so the generic expectation values is characterized by the n eigenvalues
of the scalar expectation value. Due to the presence of the interaction terms, it is possible
to have none of the eigenvalues coincide, in which case the gauge group is [U(1)y]". But
whenever two or more eigenvalues coincide, we do get an enhanced unbroken subgroup. Once
again the most general phase is encoded in partitions {n;} of n, where each integer n; denotes
the multiplicity of a given eigenvalue. The generic phase is given by n; = 1 for all ¢, whereas
the case of n coincident eigenvalues with a single U(n)y gauge group factor corresponds to

ny; = n. The generic partition corresponds to
Phase {n;} : H U(ni)n. (4.53)

Reassuringly, this is exactly the level-rank dual gauge group of what we found for the quiver
theory, (4.48). In the next section we will give further support for the validity of this duality,

at least in the large N limit, using holography.

4.2.2  Theta Wall Dualities via Holography

Now we turn to the holographic proof of the duality. Our work will follow closely the stringy
embedding of bosonization presented in [70] based on the earlier string theory realization of
level-rank duality in [49]. In this construction the holographic duality between field theory
and supergravity becomes, at low energies, the purely field theoretic bosonization duality.
One starts with a well known holographic pair. The work of [49, [70] employs the original
holographic duality [92] between N = 4 super-Yang Mills (SYM) and type IIB string theory
on AdS; x S°. We then deform the theory in such a way that all, or at least most, degrees
of freedom gap out and one is left with a non-trivial topological field theory (in the case of
level-rank) or conformal field theory (in the case of bosonization) in the infrared. Following
the same deformations in the dual gravity solution one finds that the spectrum of most

supergravity excitations also gets gapped out. The only remaining low energy excitations
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are localized on a probe brane. These probe degrees of freedom in the bulk are found to be

related to the boundary degrees of freedom by the desired field theory duality.

Review of Holography Applied to 3d Bosonization

Let us first briefly review the case of level-rank. Starting with N/ = 4 SYM one can go to
2 4+ 1 dimensions via compactifying the theory on a circle of radius R. With anti-periodic
boundary conditions for the fermions in the theory, all fermionic Kaluza Klein modes pick
up masses of order 1/R and the scalars then pick up masses of the same order via loop
corrections. At energies below 1/R we are left with pure Yang-Mills in 2 + 1 dimensions,
which is believed to confine. The theory is gapped with gap of order 1/R. This is not quite
yet the theory we want, the IR is trivial rather than a non-trivial Chern-Simons TFT.

To produce the desired Chern-Simons terms we need to introduce the theta angle. Like
all coupling constants in the Lagrangian, the theta angle in 34 1 dimensional gauge theories
is usually introduced as a position independent constant, but it can be promoted to a non-
trivial background field. What we need here is a theta angle that linearly changes by 27n as
we walk around the circle once. Since theta is only well defined modulo 27 this is consistent
as long as n is an integer. The 0F A F' term in the Lagrangian with constant theta gradient
can be integrated by parts to turn into a 241 dimensional Chern-Simons term with level —n.
So in short, N' = 4 SYM with anti-periodic boundary conditions for fermions and a constant
theta gradient gives rise to a gapped 2 + 1 dimensional theory which, at low energies, is well
described by an SU(N)_,, Chern-Simons theory.

These deformations are easily repeated in the holographic dual. The compactification
with anti-periodic boundary conditions for fermions is dual to the cigar geometry of [130)],
that is a doubly-Wick rotated planar Schwarzschild black-hole where the compact time di-
rection of the Euclidean black hole plays the role of the compact spatial directions, whereas
one of the directions along the planar “horizon” becomes the new time direction. Most
importantly, the radial coordinate in this cigar geometry truncates at a finite value r = r,

where the compact circle contracts. Consequently this geometry acts as a finite box and
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so indeed all supergravity fluctuations exhibit a gapped spectrum [130] with a mass gap of
order 1/R. In order to retain a non-trivial topological sector we still need to implement the
spatially varying theta angle. The theta angle is set by the near boundary behavior of the
bulk axion field, so we are looking for a supergravity solution where the axion asymptotes to
a ~ ny/R. Here y denotes the coordinate along the circle direction and a = ny/R is an exact
solution to the axion equation of motion in the cigar background. As long as we are only
interested in the n < N limit we can ignore the backreaction of the axion on the background
geometry and a = ny/R appears to be the full solution to the problem. The only remaining
issue is that the axion field strength f, = 0,a = n/R in the bulk has to be supported by a
source. This source can be introduced by locating n D7 branes, wrapping the entire internal
S5, at the tip of the cigar at r = r,. This stack of D7 brane introduces new degrees of
freedom in the bulk. The scalar fields corresponding to fluctuations of the D7 away from
the tip are massive due to the geometry of the cigar. Like all other geometric fluctuations
they have mass of order 1/R. The only other degree of freedom introduced by the n D7
branes is the worldvolume gauge field. The latter acquires a Chern-Simons term of level N
from the Wess-Zumino coupling to the N units of background 5-form flux through the S°.
Lo and behold, the low energy description of the holographic bulk dual is simply a U(n)y
Chern-Simons gauge theory living on the D7 branes. Comparing low energy descriptions on

both sides, AdS/CFT boiled down to level-rank duality for the emerging TFTs.

The last step in order to derive 3d bosonization rather than level-rank from this con-
struction is to add extra light matter into the theory. This can be easily accomplished using
flavor probe branes [8I]. In the construction put forward in [70] an extra probe D5 adds
fermionic matter localized on 2 + 1 dimensional defects in the 3 + 1 dimensional theory.
These defects live at points in the circle direction, so at low energies they simply become
light fermions coupled to the SU(N)_, Chern-Simons gauge fields. The same probe branes
can be argued, from the bulk point of view, to add scalar matter to the dual U(n)y Chern-
Simons gauge theory. Instead of simply giving us level-rank, in this case holography, at low

energies, reduces to the basic non-Abelian 3d bosonization duality.
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Holographic Realization of Theta Walls

To holographically realize the field theory theta domain walls we just reviewed we need to
start with a holographic duality for a confining 3 4+ 1 dimensional theory and then simply
once again follow the field theory deformation corresponding to turning on theta in the bulk.
The simplest realization of a confining 3 + 1 gauge theory with a gravity dual is Witten’s
black hole [130]. This is almost the same construction we employed previously, but lifted
one dimension up. We start with a 5d gauge theory, maximally supersymmetric YM with
gauge group SU(N), and compactify it on a circle with anti-periodic boundary conditions.
The dual geometry has once again the basic shape of a cigar, and the explicit supergravity
solution is given by
3/2
ds® = <%>3/2 (Muwdadz” + f(u)dy®) + <§> / (;igi) + u2d§22> :

2n N u?

v €1, [flu)=1- e (4.54)

3/4
eo::gS(%) , F = dCs =

Here z# are the 4 coordinates of 3 4+ 1 dimensional Minkowski space, y is the circle direction
we compactified to go from 441 to 3+ 1 dimensions. ¢ is the dilaton field, F; the RR 4-form
field strength. € is the internal 4-sphere, with dQ3, e; and V} = 872/3 its line element,
volume form and volume respectively. The string coupling g, and the string length [, are
the parameters of the underlying type IIA super-string theory. L sets the curvature radius
of the solution, it is determined by Einstein’s equations to be L3 = wg,NI3. Last but not
least u, is the location of the tip of the cigar, it is related to the periodicity 2R of the
compactification circle by R = 2L%/ 2082,

The holographic realization of turning on a constant theta angle has been worked out
in [I32]. The theta angle is dual to the Wilson line of the bulk RR 1-form C), along the

compact y direction:
/C’z@—i—... (4.55)
Sl

where the ellipses denote terms with negative powers of u, that is terms that vanish near

the boundary. The Wilson line is gauge invariant modulo 277, so theta is indeed an angle.
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Using Stokes’s law, we can rewrite the condition (4.55)) as

/ F—6+2K. (4.56)
D

Here F' = dC' is the field strength associated with the RR one-form and D is the cigar
geometry, which has the topology of a disc. Since | p I is a well-defined real number whereas
f is an angle, we have a 27K ambiguity in ' where K is an integer. For a given theta
there is more than one bulk solution for F', characterized by K. This is responsible for the
multi-branched structure of the allowed ground states which we expect to find. Physics in
any given one of the branches is only periodic in 27NV, the actual periodicity of # is 27 as it
should be. We simply jump to a different branch.

For generic theta it is non-trivial to solve the supergravity solutions subject to the con-
straint (4.56). But a very simple solution can once more be found [132, 22] in the probe limit
(0 +271K) < N, or in other words K/N < 1. In this limit one can neglect the backreaction
of the axion on the background geometry. Newton’s constant is of order 1/N? in units where
the curvature scale L = 1, whereas the axion action and hence its stress tensor is of order
1 in the large N counting. The only non-trivial equation left to solve is Maxwell’s equation
for C'1 in the background geometry subject to the boundary condition (4.56)). The
solution is

Cy M(@ + 21 K)dy. (4.57)

" 2R
The integer K is the bulk manifestation of the K-th vacuum. In fact, plugging the solution
back into the action we find that the vacuum energy density of the K-th vacuum has
exactly the expected form from (4.45) with [22]

_3 (422)2 (9 +]\2]”K>2] (4.58)

where A\ = g¥,,N = 2wg,l,N/R is the 't Hooft coupling.

2N2\

MOIN) = ~ g7

While it is not obvious to us how to realize interfaces in this setup, the holographic dual

for a domain wall has already been proposed in [132]. A jump in vacuum, according to
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Figure 4.4: Configuration of D6 branes.

, requires a jump in [ p I, which in turn requires a source magnetically charged under
the RR 1-form. The naturally stringy object carrying the appropriate RR charge is a D6
brane. The D6 brane needs to wrap the entire internal S* as well as the 3d Minkowski space
spanned by ¢, x; and xy. It is localized in the z3 direction as well as on the cigar geometry
D. From the induced metric of a D6 sitting at a fixed position v and wrapping M>! x S* is

we can infer that the D6 Lagrangian density e~?,/—g; reads
L o u’? (4.59)

meaning that the D6 brane experience a potential pulling it to smaller values of u: the D6
brane will sink to the tip of the cigar, see Fig. [4.4]

Let us first discuss the case of a single D6 brane. Without loss of generality, we can place
the D6 at z3 = 0. If we denote by D_ the cigar/disc spanned by (y,u) at a fixed negative

xg and D, the cigar/disc at a fixed positive z3, then the analog of the magnetic Gauss’ law

/D F—/F:27r. (4.60)

Comparing with (4.56)) we see that this means that (6 + 27 K) jumps by 27 as we cross, in

for the D6 brane reads

the field theory, the bulk x5 location of the D6-brane. This also implies that the vacuum

energy of the theory jumps across the D6. Furthermore, the D6 brane is clearly dynamical.
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The x5 position of the D6 brane is a dynamical field. Since the metric is independent of x3
the corresponding worldvolume scalar is massless. These facts together clearly identify the
D6 brane as the domain wall between the j-th and (j + 1)-th vacuum [I32] at a fixed theta
angle. The general wall in which we jump from the j-th vacuum to the (5 + K)-th simply
corresponds to K coincident D6 branes. We can pull apart the stack of K D6 branes to
obtain a configuration of walls where the vacuum jumps one unit at a time at well-separated

locations in the z3 direction.

It is fairly straightforward to determine the low energy physics in the bulk. The back-
ground geometry once more truncates at a finite radial position, u = u,. Correspondingly
all supergravity modes are gapped. The only degrees of freedom surviving are the ones lo-
calized on the D6 branes. For a stack of n coincident D6 branes, these worldvolume degrees
of freedom are a U(n) gauge field as well as 3 adjoint scalars corresponding to motion of the
stack into the u, y and x3 direction. The u and y fluctuations are massive due to the cigar
geometry just as we reviewed above in section [4.2.2, The x3 scalar, however, is massless. The
worldvolume gauge field picks up a Chern-Simons term of level N from the Wess-Zumino
coupling of the worldvolume gauge field to the N units of 4-form flux. So the low energy
dynamics in the bulk is governed by a U(n)y gauge theory with a single massless adjoint
representation scalar. Holographic duality implies that this is an equivalent representation
of the quiver gauge theory with the additional n — 1 translational modes associated with the

domain walls at least in the large N limit.

Note that this way we almost landed on the duality . There is however a small dif-
ference. On the quiver side, we have the extra light modes corresponding to the translational
motion of the domain walls. As we argued before, we expect these to be present at large
N. At any finite N the domain walls would no longer be static. The phases of the quiver
theory are still given by as long as one accounts for the extra decoupled translational
modes. The analogous statement on the U side of the duality is that the adjoint scalar
governing the position of the stack of probe branes this time corresponds to a flat direction.

The various phases are still parametrized by the n eigenvalues of the scalar matrix (z3). But
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this time instead of having to add deformations to the potential we have a moduli space of
vacua where we can freely dial the expectation values of x3. The eigenvalues of (z3) simply
correspond to D6 positions and the enhanced gauge symmetries we encounter for coincident
eigenvalues simply arise from coincident D6 branes. The gauge groups of the various phases
once again are given by , but since the scalar potential was exactly flat this time each
gauge group factor comes with an extra massless adjoint. In the generic case where the gauge
group is [U(1)y]" these extra massless adjoints map exactly to the n translational modes
we identified on the quiver side. Surely the exactly flat potential for the probe scalar is also
an artifact of the large N limit and any bulk quantum corrections would lift this flat direc-
tion. Furthermore, the phase where the adjoint gets a positive mass squared is not easily
realized in the brane picture. Modulo these extra light scalars, matching on both sides, the

holographic construction exactly reproduces our conjectured duality (4.2)).

4.3 Adding Flavors to Quivers

we will focus on a particular application of said dualities: flavored quiver dualities applicable
to domain walls of QCD,4 with N fundamental fermions [52]@ This is a natural extension
of previous work [8], where some of the present authors proposed a new 2 + 1 dimensional
duality relating quiver gauge theories to field theory with adjoint matter. Such quiver gauge
theories provide a 2 4+ 1 dimensional effective description domain walls and interfaces in
3 + 1-dimensional SU(N) Yang-Mills, i.e. the Np = 0 case of QCDy.

One thing we do in this chapter is to include fundamental flavors. In [52] domain walls in
QCD, were considered not just for the case of Np = 0 (i.e. pure YM), but also for the cases
Nr =1 and Ng > 1, which appear somewhat distinct. The quiver theory described above
gets augmented with extra fundamental matter on each node (see Fig. . Once more,

we can derive a dual via node-by-node dualization. We will see the Np > 1 and Np = 1

13A quick clarification on notation: throughout this chapter Ny will be used when referring to the number
of flavors of fundamental fermions in QCD, while N will be used when referring to the parameter in the
3d bosonization dualities.
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cases require use of two distinct regimes of the flavor-violated master duality we proposed in
Chapter

Holographically, the inclusion of flavor can be accomplished by adding probe D8 and D8
branes as in the Sakai-Sugimoto model [110]. Holographic theta walls in this context have
been discussed recently in [17]. While both constructions have their own subtleties, in the
end both give closely related conjectured duals for flavored quivers.

A second generalization is to extend the original construction to gauge theories based on
orthogonal and symplectic groups. The master duality is known for these gauge groups as
well, so once more we can employ a node-by-node dualization. On the holographic side, the
projection to orthogonal and symplectic groups can be enforced by orientifolds. Again we
see consistency between the node-by-node dualization and the holographic construction.

We now turn our attention to the construction and dualization of flavored quiver gauge
theories. These purely 2 + 1 dimensional theories will serve as an effective description of
interfaces in 3+ 1 dimensional QCD when one varies the 6 angle along a particular coordinate
direction. Interestingly anomaly considerations alone aren’t sufficient to pin down the 2 + 1
dimensional theory. While it is difficult to prove, it has been argued in [52] that different
theories govern the steep versus the shallow interface. Concretely, let us focus on the case
where the 6 angle experiences a net jump of 27n with an integer n. In this case the shallow
interface in a 3+1 dimensional gauge theory with gauge group SU(N) is believed to be
described by a 241 dimensional [SU(N)_1]™ gauge theory, whereas the steep wall is described
by a single SU(N)_,, theory.

At least for the shallow interface this can easily be argued based on the general expec-
tations for the # dependence in SU(N) gauge theories, at least at large N, as described in
[132]. The vacuum energy in any given vacuum at large N can be shown to be 27N periodic.
In order to reconcile this with the expected 27 periodicity of QCD one postulates that the
theory has N different vacua as depicted in figure At any given 6 the vacuum energy
is lowest in one of the N vacua. As # increases one finds that whenever it reaches an odd

multiple of © two of the vacua are degenerate. Further increasing 6 past this point triggers
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Figure 4.5: Expected behavior of the vacuum energy as a function of 6 in a large N gauge

theory. Distinct branches are shown in different colors.

a transition to a different vacuum and by the time we shifted 6 by 27 one indeed is back to

the same physics, but in a different vacuum.

This allows a very simple description of the shallow interface, where the gradient of
is small compared to the strong coupling scale of the theory. All the interesting physics is
localized at the points where 6 passes odd multiples of 7. Since the gradient of # is small,
these loci are widely separated and we expect the total topological field theory to be simply
n copies of the theory living on a single interface, which then can be argued to be SU(N)_;
based on anomalies [I, [44]. For a steep interface there is another theory that can carry
the correct anomaly — a single SU(N)_,,. If the transition between the steep and shallow
interfaces is second order, it should be described by a conformal field theory. This is the
quiver gauge theory of . If we give all the scalars a large positive mass, we simply remove
all bifundamental scalars leaving behind the product gauge group of the shallow interface.
On the other hand, giving all the scalars a large negative mass drives the gauge groups into

the Higgs phase, breaking them down to the single gauge group of the steep interface. We
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wish to see how this picture changes with the addition fundamental fermions[”¥] This will
require the use of the flavor violated master duality developed in the previous section.

To construct the flavorless quivers, we used the fact that one can identify and gauge
the SU(Ny) x SU(Ny) flavor symmetries of (multiple copies of) the master duality to get
bifundamental matter charged under various gauge symmetries. Adding flavors to the nodes
can be achieved if we only gauge a part of the flavor symmetry instead of the entire global
flavor symmetry. The leftover global symmetry and the corresponding field components then
become additional matter on each node.

We employ the aforementioned procedure in order to engineer a quiver with SU gauge
theories and scalar matter on the links. Node-by-node duality in general turns this into an
equal length quiver with U gauge theories on the nodes and once again scalar bifundamental
matter. We add extra fundamental representation fermions on the original SU side, which
we will see necessitate extra scalar matter on the dual U side. Intermediate steps involve
theories with bifundamental fermions as well, but they are present neither in the initial nor
in the final theory. The U side can be argued to collapse to a single gauge group when the
ranks of the gauge groups on all nodes are equal in the original SU type theory. This pattern
is what we previously found in the case of the unflavored quivers, and we will see it again
once flavors are included.

While we can construct these quiver dualities for generic ranks and levels on the nodes
(subject to certain bounds) there are special values of these parameters for which certain
nodes confine. While in this case uncontrolled strong coupling dynamics is important, holog-

raphy suggests that in this case a much simpler duality emerges. We will argue that
[SU(N)_14nz/2)" + bifundamental scalars + Np fundamental fermions per site  (4.61)
with certain potential terms is dual to

U(n)y + adjoint scalar + Np fundamental scalars. (4.62)

“For a discussion on interfaces in QCDy, see Appendix A of [52].
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Clearly this is a intuitive generalization of (4.1)) and (4.2]). Let us justify these results again

using node-by-node duality and holography.

4.8.1 Node by Node Duality

Before deriving the dual description for flavored quivers, let’s remind ourselves of some
notation. We will index the nodes by ¢« = 1,...,n. The bifundamental scalars between the
ith and (7+1)th node in the SU and U theories are labeled by Y; ;1 and X, ;1 1, respectively.
The bifundamental fermions of the intermediate theories will be labeled by 1; ;1. We'll call
the flavored fermions belonging to the ¢th node ;. Meanwhile, the scalar flavor degrees
of freedom which are the dualized 1; are denoted by ¢;. All levels used in these notes are
equivalent to the “bare” levels used in [86].

The most general 3-node quiver with flavor degrees of freedom on each node is shown in
Fig. . Its dual can be derived as in Ref. [§] using the master duality and its Ny = 0 and
Ny=0 limits.ﬁ In particular, if one gauges the flavor symmetries of the master duality, one

arrives at the following two and three-node dualities,

SU(N)_g x [SU(Ns)o] < U(k)n-n,/2 X [SU(NS)_W} (4.63)

SU(N),]HNJC/Q X [U(Nf)N/Q] ad U(k’)N X [U(Nf)o] (464)
SU(N)—sn,j2 X [U(Ng)nj2 x SU(N)o] T U(k)n—n,2 % [U(Ng)o x SU(Ng)_y2] -
(4.65)

Each of these is subject to particular flavor bounds, but let us ignore them for a moment.
Stepping from Theory A to Theory B we use (4.65) with the U(Ny) symmetry ungauged
(i.e. the master duality with only the SU(Ny) symmetry promoted to be dynamical). From
Theory B and Theory C, again use but gauge only part of the background flavor
symmetry such that the U (k; + F3) background fermion flavor symmetry becomes a U (k)

15Tn Ref. [§] the Nz = 0 quiver was derived with no regard to distinguishing between ordinary and spin,
connections. In Appendix [D.4] we elaborate on how such quivers can be consistently formulated on spin,
manifolds.
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gauge symmetry and the remaining SU (F3y) x U (1) are still global symmetries. Finally, use
to go from Theory C to Theory D, again with a split flavor symmetry with a part
which is gauged and another which is untouched.

It is straightforward to see how this pattern generalize to the n-node quiver. Let Ny, ...,
N,, denote the number of colors on the nodes and kq, ..., k, the levels of the corresponding

Chern-Simons terms. The duality for the n-node quiver reads

[SU(NI)_M% + fund 2/11] <1 [SU(MLM% +bifund Yi_p; + fund ;| (4.66a)
=2

n—1

& [TV NN, + bifund Xy + fund ¢;] x [U(K,)y, + fund ¢,].  (4.66b)
i=1
The ranks of the gauge groups in the U quiver are given by

This is very similar to the relation as was found in the unflavored case [8]. As in the 3-node
case depicted in Fig. we can also keep track of the level of the flavor groups. These can
always be shifted by an overall background Chern-Simons term added on both sides, but if
we chose the levels to be SU(F;)n, 2 on the SU side, they end up being SU(F;) on the U
side.

Now let us specialize to the case where Ny = ... = N, =N, k= ... =k, = 1, and
Fy =...=F, = Np. If, in addition, we add a det X, ;1 potential term on each link, this is
the theory that describes the physics of interfaces in QCDy. Recall, the determinant term
was needed in order to eliminate the additional U(1)"~! global symmetry present on the
quivers [8, 52], and its U side equivalent is a monopole operator. It is easy to see that only
the Nrp = 0 case does not violate any flavor bounds. This is because all the levels must
satisfy k; > F; and in addition we must avoid the double-saturation limit of the master
duality. Since we have already saturated the N; > N;,; flavor bound, Nr = 0 is the only
way we can avoid violating such bounds.

The flavor-extended master duality and double saturated master we laid out in the previ-

ous section allows us to proceed. The Nr = 1 case corresponds to use of the double-saturated
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red/black nodes correspond to U and SU gauge groups, respectively. The red and black

links are fermions and scalars. The white nodes are background flavor symmetries.
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master duality. As discussed in Sec. [2.3] the introduction of the determinant terms allow
extend the validity of the master duality to this limit. We will discuss the Nr > 1 in detail
in what follows below, but let us summarize here the essential points for general Np > 1.
We saw that for one sign of the mass the flavor extended duality is just the same as we had
when the flavor bounds were obeyed (see and ) , SO we can just continue to use
the duality above if we stay in such phases. On the SU side, each of the nodes has a

SU(N),lJrNF/Q with NF 'QD (468)

theory on it. We also see that in this special case of equal N; we get a dual quiver on the
U side where all but the last node have a level 0 Chern-Simons term. This is once again
completely identical to the case of the un-flavored quivers considered in [8]. The non-Abelian
factors with level 0 confine. Lo and behold, all but the last node disappear from the low
energy spectrum. To pin down the remaining charged matter under the last gauge group,
we need to make some dynamical assumptions for this confinement mechanism. In [§] it was
argued that the only light remnant of the bifundamental matter is an adjoint “meson” made
from the bifundamentals on the last link. This assumption gave rise to a duality conjecture
that agreed with the holographic construction and passed several non-trivial consistency
tests. If we make the same assumption here, we are lead to the duality conjecture of egs.
and . Once again, we will see that this is also what the holographic construction
tells us.

Similar dualities can also be derived if the extra flavors on the SU side are taken to be
scalars, but the patterns that emerge are more complicated than in the fermionic case and

do not appear to yield any simple interesting new dualities.

Constructing the Np > 1 Quiver

Let us now use the flavor extended master duality to construct quivers. This will allow us
to extend the validity of our dualities to Np > 1. As we have seen, this will be complicated

slightly by the fact one needs two theories to describe the entire phase diagram of the U



153

side. Since there are even more mass deformed phases in the quivers, we should expect the
number of theories needed to ultimately describe all possible mass deformations of the U
side to be quite large. Every time one uses a flavor violated duality the number of scalar
theories needed to describe the entire phase diagram doubles. For our three-node case we can
consider 2% = 8 separate theories to capture all possible mass deformations of the original
fermionic theory. However, all eight theories should be equivalent descriptions of the same

Grassmannian manifold.

In this section we will only consider two of the eight possible descriptions of the U side
of the quiver. These will be the cases which are valid when all masses of the quivers are
deformed such that we are in phases III and IV or I and II of the flavor-extended master
duality. These correspond to the extreme cases in the original SU theory where all the
fermions are tuned to large positive and large negative mass, respectively. It is possible

construct quivers for mixed phases, but we do not consider them here.

In what follows, we will first apply this general strategy to the special case of n = 3 nodes.

After considering the three-node case, we will generalize such extreme cases to n-nodes.

my, < 0 Duality

The special case where all masses are negative is especially easy since in this case the duality
map is formally still given by . That is, the entire derivation shown in Fig. in
principle still holds since the initial theory is the same and the extended master/Aharony
dualities are also the same. Thus much of the same conclusions we made there can be
applied here. The primary difference is that the identification between the two sides of the
phase diagrams is shifted from the flavorless case. Following the mass mappings through
the derivation, for the bifundamentals we still have mg, , <> mj, , > —m%, ,. For the flavor

degrees of freedom we have

My, + M —mi. (4.69)
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Zero mass for the fermion no longer maps to zero mass for the boson. In particular, the
my, = 0 region now corresponds to the méi < 0 region, and this “mass offset” will introduce
certain complications.

Let us discuss in detail how the analysis of interfaces changes in the presence of the
additional flavors due to this mass offset. Once more we specialize to the values relevant for
QCDy, namely N; = N, k; =1, and F; = Np > 1. We'll begin by assuming no deformations
of the matter on the SU side, i.e. my, = 0 and mgfm,ﬂ = 0. First off, note that because
Np > 1 each node in the initial SU theory has Grassmannians. Thus, this should ultimately
map to something on the U side of the duality which also produces Grassmannians. Since
the U side only has scalars, in order to produce said Grassmannians some of said scalars
must be in their Higgs phase. This is already very different than the flavorless case where
theories with no mass deformations were mapped to one another.

It will be useful to keep in mind which matter is “responsible” for the flavor violation and
presence of the Grassmannian description. Recall, per the conjectured of [86], this can occur
from either having too many light fermions or too many scalars with a negative mass. The
culprit is obvious in the SU theory: without the additional flavors on each node we have the
flavorless case which we know meets all flavor bounds. Thus, it is the additional fermions of
each node which are responsible.

This is complicated in (say) Theory B, where we now have two subgroups of fermions
connected to the second node, corresponding to SU(F,) and SU (k1) (see Fig. [4.6). The
former are the additional flavors that were on that node to begin with, the latter are the
bifundamental fermions which were previously scalars. If all such fermions were light for the
portion of the phase diagrams we are interested in, the Grassmannian manifold of the second
node may have changed, and this would be problematic since we claim it is dual to Theory
A.

To resolve this issue, first note that in Theory B the flavor degrees of freedom on the
first node have been converted into scalars, and because the mass offset these scalars have

a negative mass. This is consistent with there being a Grassmannian on the first node.
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What we have neglected are the interactions introduced by using the master duality that
are now present in Theory B. Since the scalar flavors on the first node are now Higgs’d, the
interactions cause the v 5 fermions to be gapped. Meanwhile, the 1)y remain light. Hence
the only light fermionic degrees of freedom are those which were already present in Theory
A, so the Grassmannian on the second node also remains the same.

Generalizing this argument down the quiver, we see that it is always either the 1; or ¢; (i.e.
the flavor degrees of freedom on each node) which break the nodes down to Grassmannian
descriptions. This might have been expected, since these are the new ingredients relative to
the flavorless case, but it is nice that the quivers get it right.

As in Ref. [§], the phase corresponding to mﬁ(i’m < 0 causes a breaking of the Chern-
Simons terms in the theory to [U(1) N]3. Thus on the U side of the theory we ultimately end
up with

U(1l)n with Ng ¢; (4.70)

on each node, with m%m < 0, as we would have expected.

Critical Theory Formally the duality map is only valid when we tune the fermion
mass to it’s critical value, the scalar mass to zero and apply the map . In this case the
dualized scalars ¢; are massless and the interactions terms introduced through the master
duality do nothing to the mass of the fermions. This is okay since we would not expect Grass-
mannians at this location in phase space. Additionally, since the number of bifundamental
fermions is less than the level of the corresponding node, we do not get any Grassmannians.

The duality thus states

[SU(N)_1 + Np fundamental fermions with my, = —m,]" + bifundamental scalars

> U(n)n + Np fundamental scalars + bifundamental scalars. (4.71)

It is interesting to consider deformations of the bifundamentals in this phase. Luckily,
almost all of the analysis performed in [§] holds here as well. That is, on the SU side gapping

the bifundamentals simply removes them from the spectrum. Higgsing the bifundamentals
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leaves the gauge transformations which transform two adjacent nodes equally unbroken. This
causes the levels of the two nodes to add. The mass identifications of the bifundamentals
on the U side are still opposite of those on the SU side. Thus for gapped scalars on the SU
side we have Higgsing of the U groups down to U(1). Meanwhile, the first n — 1 nodes on
the U side are confining for full Higgsing on the SU side.

Let us consider this latter case in a little more detail. Consider sitting at the critical
point where all my, = —m, and all m%,i’m = 0. Now give all Y; ;41 a negative mass, so the
Chern-Simons term on the SU side is SU(N)_,. All bifundamentals are gapped on the U
side, and the only non-confining node is all the way on the right, given by a U(n)y Chern-
Simons theory. Now consider tuning the masses of the flavor degrees of freedom. Move the
fermion on the last node, 1, to a slightly larger mass (but smaller in magnitude), —m, + €,
which causes us to get a M(Np,n) Grassmannian. On the U side this causes the dual scalar
¢n, to acquire a negative mass, breaking down the node flavor symmetry to M(Ng,n). Thus

both sides are consistent.

One needs to be slightly more careful when tuning the masses of any other matter, say
Y; for j < n. Moving to a larger mass my, = —m, + € again causes the corresponding ¢,
scalar to get a negative mass, which due to interaction terms present on the U side gives
the X ;41 bifundamental a negative mass. Although the interactions are finite, we will only
focus on the case when they are stronger than mass deformations. The scalar then breaks the
corresponding the U(j + 1) gauge group and this propagates down the quiver similar to the
flavorless case. Ultimately this causes a breaking of U(n)y — U(n—7)n XU (j)n. On the SU
side of things this is reflected in the fermion condensing, causing a breaking of the gauge group
and a M(Ny, j) Grassmannian on the jth node, and a leftover SU(N)_,,+;. This is consistent
since the breaking from the negative mass bifundamental scalar, Y ;;1, is inconsequential for
corresponding node since it is instead now broken by the fermion condensate. To summarize,
tuning the masses of flavor degrees of freedom on nodes 7 < n undoes the effects of Higgsing

the bifundamental scalars on the SU side/gapping the bifundamental scalars on the U side.
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Figure 4.7: Flavored quiver with fermions on the SU side and scalars on the U side. This
is an alternate theory in the flavor extended case. Here we have introduced the notation

my, > 0 Duality

Now let us instead look at the case where all masses are positive. In this case we need to
use the my = m, theory of (2.6)), which is spelled out explicitly in (C.12), to derive the
flavor extended quiver. We consider again the three node quiver for the most general set of
parameters. It will be useful to introduce a new notation ¢; = F; — k;. The derivation is
shown in Fig.

Note since we are using the m, = m, duality, the interaction in this phase is slightly
different. Namely, the interactions are now in the m% < 0 and mg > 0 phase and prevent
the fermions from getting a positive mass. That means that the interaction term comes with

a negative sign out front.



158

4.3.2  Holographic Construction

Having generalized the node-by-node construction in order to motivate the duality between
and , let us now turn to the holographic derivation. The holographic construc-
tion used in [§] is in spirit similar to the one first introduced in [70] for the study of 241
dimensional bosonization dualities, which is based on the even earlier holographic realization
of level /rank duality in [49]. The key idea here is to embed the Chern-Simons matter theory
of interest inside a larger gauge theory with a known holographic dual. In the UV we have
the full set of degrees of freedom of the larger gauge theory, dual to a theory of gravity in
the bulk. Upon suitable deformation on both sides the gauge theory and its gravitational
dual develop a gap for most degrees of freedom, only a small subset survives in the infrared.
The original field theory is engineered to reduce to a Chern-Simons matter theory in 241
dimensions. In the bulk most degrees of freedom are gapped out as well, including all the
fluctuations of the graviton and its superpartners. The only degrees of freedom that survive

are localized on a probe D-brane.

More specifically, in [70] the basic bosonization dualities were reproduced by compact-
ifying N/ = 4 super Yang-Mills on a circle with antiperiodic boundary conditions for the
fermions and a # angle wrapping non-trivially around the circle direction. The low energy
theory yielded a gapped Chern-Simons theory, with extra light matter added via probe
branes. In order to obtain quiver gauge theories one needs to start with a slightly more
complicated construction. Fortunately, most of this framework has been laid out in [132] in
the context of the simplest holographic dual for a confining gauge theory: Witten’s black
hole [I30]. Witten’s black hole describes the gravitational dual of 4 + 1 dimensional super
Yang-Mills compactified on a circle with anti-periodic boundary conditions for the fermions.
This procedure gives masses to all matter fields and so, at low energies, one is left with
pure Yang-Mills in 3 + 1 dimensions, which itself is gapped. Topologically Witten’s black
hole solution is R*! x D, x 8%, where the first factor is 3 + 1 dimensional Minkowski space

and the disc or “cigar” D, contains the radial direction of the holographic dual as well as
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a compact circle direction which smoothly shrinks to zero size at a critical value r, of the
radial coordinate. The relevant holographic dual for the interfaces we are seeking are D6
branes sitting at the bottom of the cigar, wrapping all of the internal S* and being localized

in one of the three spatial directions of the R*! factor.

One subtlety here is that the D6 branes were argued in [I32] to be dual to a domain
walls between two vacua at a fixed # rather than a 6 interface. At a given 6 we still have
N vacua, with all but one of them being only meta-stable. The energy difference between
vacua however is of order 1 in the large N counting, whereas the tension of the domain wall
is of order N. So in the large N limit these domain walls are long lived and approximately
stationary. To truly describe an interface, we should turn on a 6 gradient in addition to
the D6 branes, which corresponds to a RR 1-form in the bulk that depends on the radial
direction in the bulk as well as the spatial direction orthogonal to the domain walls, call it z.
The simplest such supergravity solution is an RR 1-form that grows linearly along x. In this
case the RR 1-form equation of motion is solved without giving the 1-form any dependence
on the holographic radial coordinate. This solution as it stands corresponds to increasing
6 along a spatial direction without adjusting vacua, but instead staying on a meta-stable
branch. This is clearly not the physical vacuum of the theory. In order to truly correspond
to the interfaces of [52] we need to still include D6 branes in addition to the spatially varying
theta angle in order to ensure that the field theory always is living in the locally true vacuum.
At least in the simple case of a linearly varying # angle it is easy to see that the D6 branes
experience a potential that will automatically localize them where 6 crosses odd multiples of
7. To see that this is the case, recall that the backreaction of the D6 branes induces an RR
1-form field ~ (6 + 27 K) which gives rise to an energy density of order (0 + 27K )?. Here K
labels the different vacua. Let us look at a spatial region in which 6 varies over a 27 range.
Let us chose this range to be 0 to 27 with K = 0. This can always be done by the way we
label vacua in terms of K. Let us assume that the change is 6 is taking place over an interval

of length L with 6§ = 27z /L. There is a single D6 brane located at zo with 0 < xq < L across
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which the vacuum jumps to K = —1. The vacuum energy associated to this configuration is

2 _ 4m?(L* — 3Lxg + 323)
3L

E~ /0 dx (2%37 — O(x — x¢)2m) (4.72)

where © is the step function that is 1 when its argument is positive and 0 otherwise. Mini-
mizing with respect to o we indeed find xy = L/2. The D6 brane wants to sit at the middle
of the interval where 6 = 7. Note that these energies are all of order 1 in the large N count-
ing. This is due to the fact that they involve the brane backreaction. When determining
the leading order in N physics on the brane, we can neglect these potentials. The upshot
is that irrespective on whether we describe interfaces or domain walls, the holographic dual
description is given in terms of a stack of n D6 branes at the bottom of the cigar as long as
we jump n vacua across the co-dimension one object.

Interestingly, this holographic dual at low energies does not give back the quiver gauge
theory (4.1)), but its dual incarnation (.2): The theory on a stack of n D6 branes is a U(n)
super-symmetric gauge theory. Due to the Wess-Zumino terms on the worldvolume coupling
to the 4-form flux supporting Witten’s black hole the gauge field picks up a Chern-Simons
term of level N. The worldvolume fermions get mass from the compactification on the
internal S*. The worldvolume scalars correspond to geometric fluctuations of the D6 branes.
The two scalars corresponding to fluctuations of the D6 on the disc are massive due to the
warped geometry of the spacetime: there is a non-vanishing potential energy cost associated
with fluctuating up the cigar. The only light matter on the D6 branes is a single massless
adjoint scalar corresponding to the fluctuations in the x directions. To leading order in N
it is massless, even though we’ve already seen above that a non-trivial potential will surely
be generated at order 1. Lo and behold, the gauge theory on the D6 branes exactly realizes
as advertised.

The inclusion of extra flavors is now conceptually straightforward but the details are
somewhat daunting. Many aspects of this construction have been discussed nicely in [17].
On the field theory side, our flavored quiver gauge theory from indeed already appeared

in the study of interfaces alongside its flavorless cousin. If instead of studying # interfaces
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in pure Yang-Mills one studies them in a confining SU(N) gauge theory with fundamental
fermions, the correct gauge theory on the domain walls is exactly the flavored quiver [52]. In
the holographic dual, we need to augment Witten’s black hole with Ng flavor D8 branes in
order to describe holographic QCD [I10]. The D8 branes are localized on the compact circle
but their worldvolume extends in all other directions. In particular, the D6 branes dual to the
domain walls are entirely embedded inside the D8 worldvolume. That is, the D6/D8 system
constitutes a Dp/Dp+2 brane system with 2ND directions. Correspondingly, the 6-8 strings
connecting the two gives rise to extra scalar matter in the fundamental representation of the
U(n)n gauge theory on the D6 worldvolume. Indeed we have found that the flavored quiver of
has a holographic dual description in terms of the theory in . When asking more
detailed questions, lots of open problems emerge. The scalar at a 2ND brane intersection is
tachyonic. So in order to find the CF'T dual to the flavored quiver, we need to let the scalars
condense. The result is outside of the range of perturbative string theory, so the outcome is
somewhat inspired guesswork. The fact that this condensation is happening is presumably
related to the fact that in the field theory we passed the flavor bound. The extension of
the duality into this regime moved occurrence of the conformal field theory in the phase
diagram from zero mass to the edge of the chirally broken regime with its Grassmannian
pion Lagrangian as already argued in [I7]. So qualitatively holography supports our duality

conjecture.

4.3.3 Phase Matching

As a final check we want to confirm that the possible phases match in the duality of
and . Recall how the matching of phases worked in the flavor-less case. On the SU
side the bifundamental scalars could either acquire an expectation value or a mass. In the
latter case they just disappear from the low energy spectrum, in the former they break two
neighboring nodes to the diagonal subgroup. The corresponding levels add. The allowed
phases were hence given by partitions {n;} of n, that is integers n; with >, n; = n. Each

ny specified how many consecutive nodes were broken down to the diagonal subgroup before
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encountering a scalar that became massive. So n; = n corresponds to the case were all
bifundamentals acquired an expectation value, whereas n; = 1 for I = 1,...,n is the case
where all bifundamentals get a mass. The generic partition led to a phase governed by a

topological field theory based on a gauge group
[[sv@)-,. (4.73)
I

The phases of the U(N),, gauge theory were parametrized by the expectation values of the
adjoint scalar. Latter can always be diagonalized, so we have to specify N eigenvalues.
Enhanced unbroken gauge groups arise whenever eigenvalues coincide. Using again the
partition {n;} to denote to multiplicities of repeated eigenvalues the phases of the U(N),
plus adjoint theory gave

[TUm)x. (4.74)

Eqgs. and are level-rank duals, so both sides have the same phase diagram.
Now let us see what happens in the presence of flavors. Let us first take a look at the U

side of the duality. Under the gauge symmetry breaking of triggered by the adjoint

scalar the fundamental matter multiplets decompose into fundamental matter under each of

the product factors, so that we obtain a theory

H [U(nr)n + Np fund scalars] . (4.75)
T

For each gauge group factor we now can, as usual, drive the fundamental scalars to condense
or to become heavy and decouple. We know that the dual description of all these phases is
captured by:

H [SU(N)_p,+npj2 + Np fund fermions] . (4.76)

I

This is indeed a theory we can get out of the flavored quiver, but it requires a non-trivial
potential. Note that in the quiver without potential we would find that whenever two nodes
with their SU(N)_14n, /2 gauge groups and Ny fundamental fermions each get broken down

to their diagonal subgroup, we would get a SU(NN)_31n, and 2Np fundamental fermions and



163

an enhanced flavor symmetry. In order to get we need a quartic potential which gives
one of the two sets of N flavors a negative mass so they decouple and shift the Chern-Simons
level back to Ng/2. Generally, when we break down n; nodes to their diagonal factor, we
need n;—1 sets of Ng flavors to get a negative mass from the n;—1 bifundamentals. This can
be accomplished by the appropriate quartic potential, but it is crucial that this is included.
Apparently the limit of no interactions on the SU side that we have mostly been working

with in the flavorless case is inconsistent with the confinement scenario where we are left

with the theory of (4.62) on the U side.

4.8.4  Enhanced Flavor Symmetries

A crucial feature of the new flavor-violated master duality is the presence of finite interac-
tions on the SU side of the duality. These interactions ensure that when one Higgses the
bifundamental scalars they give a gap to all but the very last node’s flavor degrees of freedom.

Explicitly, the interactions enter in the form[™|

n—1
Lcd Z (YJ@'H%) (?ziYi,z'H) : (4.77)
i—1

Thus, when we Higgs the Y, ;41 bifundamentals, the ; for j = 1,...,n — 1 all acquire a
finite positive mass. Since only the v, remains light, we effectively have an SU(N)_, 4~y /2
theory coupled to only Ng fermions. If these interaction terms were not present, all 1; would
remain light. This would lead to an SU(N)_pn, /2 theory coupled to nNp fermion, which
gives a Grassmannian which does not agree with the pure 3 4+ 1 dimensional analysis [52].
Although the 1); acquire a mass from interaction terms, this can be canceled by an explicit
mass deformation for all the ¢;. This is what occurs on critical lines corresponding to II-III,
II-VI, and ITI-VI. If this is done for all 7;, then we once more have n N light fermions, which

can lead to enhanced symmetries and strange looking Grassmannians. For consistency, these

I6For consistency we must also include finite interactions for scalars on adjacent links, however we are
only focusing on the part of phase space where these interactions are small compared to any given mass
scalar mass deformation. We leave a full mapping of the phase diagram with finite interactions for future
work.
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Figure 4.8: Explanation of interaction and enhanced flavor symmetries which arise due to the
flavor-violated master duality and its finite interaction terms. We are using green/blue arrows
to denote the (unidirectional) interactions. The green arrows represent finite interactions
between the flavor degrees of freedom and adjacent bifundamentals. The light blue arrows
represent interactions between bifundamental scalars, which were also present in the pure
YM case of [§]. We assume they take the very same form they did there. The right-hand
side shows how one arrives at enhanced flavor symmetries on the adjacent node at each step

of the duality.
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flavor enhanced Grassmannians should be present on the U side of the duality as well. This
is indeed what occurs. The procedure is summarized in Fig.

First let us review what occurs in the fully SU theory, denoted by A in Fig. 4.8 When
one Higgses the Yis bifundamental, this effectively ties the gauge theories of the first and
second node together. We have denoted this mass deformation in A’ by representing said
nodes as a single node. From the point of view of Fig. [2.4] this corresponds to moving along
the II-IIT critical line. Now, when one gauges the SU(N;) global symmetry, one gets a Grass-
mannian around where this line was previously. This is because the non-Abelian background
terms have Chern-Simons levels which violate the flavor bounds. This Grassmannian will be
M (2Np,2), where the 2Np comes from the Np fermion flavors which were already tied to
the second node, and another N flavors which previously belonged to the first node.

Now let us discuss how this is matched in B of Fig. 4.8] To do so, it is helpful to reference
what occurs in Fig. along the II-III critical line when the SU(Ny) global symmetry is
gauged. Note that, prior to the gauging of said symmetry, we also get N;N light fermions
along said line, which we will call ¢ E From Fig. [2.4] we get the same behavior when we
give U5 a negative mass deformation. The 1), lead to an enhanced flavor symmetry on the
second node, shown in B’ of Fig. [£.8 If we took the 15 and ¢, to be light, we would again
arrive at the Grassmannian M (2N, 2). Everything seems consistent so far, which shouldn’t
be too surprising since we have only used the flavor-violated master duality once, and it can
be confirmed this is consistent when gauging the SU(Ny) symmetry.

In moving from B to C we have used the flavor-violated master duality on the second
node. This changes the fermions W5 and 1y to scalars. Strictly looking at C and gapping
the X5 scalars, which via mass mapping is analogous to Higgsing the Yo, it is difficult to

see how we again get the enhanced flavor symmetry on the second node. This isn’t too

17As a quick aside, notice that it is difficult to see from the point of view of just the blue scalar theory

where these light fermions come from (as opposed to the III-VI critical line, where all kN fermions modes
are simply light). Said light fermions are needed to explain the change in background Chern-Simons terms
between phases II-III, which gives us confidence their number is correct. Abstractly, they can be viewed
as the two critical lines II-VI and ITI-VI merging together, but these singlet fermions are described by the
two distinct scalar theories (i.e. the red and blue ones).
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surprising, because even in moving from B to B’ it was difficult to explain where the NyN;
s came from. Instead, consider applying the master duality to B’ (i.e. B with W, already
deformed to large negative mass). This would change the N light ¢ and Ng light 14 to
corresponding light scalars in C’. Thus from this point of view, it makes sense that we get Np
light ¢o, but also Ng light ¢, leading once more to an enhanced flavor symmetry. Similar
to 1, the we can conjecture the ¢, are light by some cancellation between the interaction
terms and the explicit mass deformations. Since we now have 2N light scalars, if we take
them to negative mass we once more find the M(2Np,2) Grassmannian.

To see this continues to occur as we move to more general quivers, note that we can
continue to use these very same arguments used above to see enhanced flavor symmetries
in U theories. In particular, in Fig. [.8 the part of the quiver in the dashed box of C’
is identical to that of B, except for the fact the former has 2Np light scalars instead of
only Np light scalars. Thus, repeating the very same arguments used in moving from B
to B’ above, we come to the conclusion that as one takes Wo3 to negative mass, we should
again get light 1, fermions bifundamentally charged under the scalar and fermion flavor
symmetries. However, now those symmetries are SU (Ny) x SU (2Ng). This would then lead
to an SU (3Np) symmetry on the third node.

Lastly, let us propose where the extra light ¢)s and ¢s we saw above in theories B’ and
C’ arise. There are very natural bound states which have the exact quantum numbers to

match these bifundamentals, namely

Vs = o1V, ¢s = p1X1s. (4.78)

Furthermore, the corresponding U node under which each component of these bound states
is charged (i.e. node one) is confining. Thus we conjecture that some combination of con-
finement and mass deformations somehow makes said bound states light. This procedure
generalizes as one moves down the quiver. For example, the additional light scalars one gets
on the third node for certain mass deformations could correspond to bound states ¢ X715 X93

and ¢9Xo3. Along with ¢3, said scalars can lead to an enhanced flavor symmetry.
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4.4 Orthogonal and Symplectic Gauge Groups

4.4.1  Node-by-node

We can generalize the duality for quiver gauge theories to the case of symplectic and orthog-
onal gauge groups. The node-by-node construction generalizes in a straightforward fashion.

According to [3] the basic bosonization dualities in this case are

SO(N)i, + Ny real scalars “ SO(k)-nin;j2 + Ny real fermions  (4.79a)

Sp(N)i, + Ny real scalars “ Sp(k)_nyn, /2 + Ny real fermions.  (4.79b)

Both of these can be extended to the case of “master dualities” with fermions and scalars
on both sides [25] [68]; in any case, note that the assignments of the matrix size (which is
now twice the rank) as well as the levels on the dual side exactly match the corresponding
assignments in the unitary group. So going through the exercise of dualizing node by node
we get exactly the same answers as in the unitary case, except for the fact that SU and U
both get replaced with all SO or all Sp respectively. Let us focus here for simplicity on the
case of unflavored quivers, the flavored case follows straightforwardly. We get the following

two dualities in direct analogy with the unitary case:
n n—1
H SO(Nz)_kl is dual to H SO(Ki)Ni—Ni+1] X SO(Kn)Nn (480)
i=1 i=1

and
n

mn—1
H Sp(Nl)—/ﬂ is dual to H Sp(Ki)Ni—NHl] X Sp<Kn)Nn' (481)
Li=1

1=1

Once again we can use these node-by node duality chains to argue for the special case that
all N; = N and all ranks are k; = 1. In this case the original theories become quivers with
equal rank and level nodes analogous to [4.1} In the dual theory we get all but the last node
to be at level 0. Appealing to a confinement scenario as in the unitary case, we would argue
that the last bifundamental gets replaced by a meson gauge invariant under the second to

last node. This is a symmetric combination in the case of orthogonal gauge groups and an
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anti-symmetric combination in the symplectic case. Correspondingly we should conclude

that
[SO(N)_1]" + bifundamental scalars “ (4.82a)
SO(n)y + symmetric rank-2 scalar (4.82Db)

and
[Sp(N)_1]" + bifundamental scalars < (4.83a)
Sp(n)y + antisymmetric rank-2 scalar. (4.83Db)

When we add flavors, we face same the complications as the unitary case. Fortunately these
dualities can be extended into the flavor violated regime in exactly the same manner as the
SU theories. The main difference is the Grassmannians become

SO(Ny) and Sp(Ny)
SO(R) % SO(N; — ) Sp(k) % Sp(N; — k)’

(4.84)

These changes introduces a whole slew of interesting physics which is discussed in great detail
in [86]. For our purposes, we simply note that the story of flavored quivers goes through in

the same manner as in the SU case.

4.4.2  Phase Matching

The phase matching in the symplectic and orthogonal cases also directly mimics their unitary
counterparts. Let us focus first on the orthogonal case. In the quiver we can once again
express the phases by partitions of n, determining whether the bifundamental scalars get

positive or negative mass squareds. The generic phase of the quiver is given by

[[s0(V)-., (4.85)

in direct analogy with (4.73)) of the SU quiver. The phases of the U(N),, gauge theory were

parametrized by the expectation values of the adjoint scalar, a hermitian matrix that we were
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able to diagonalize with the unitary gauge transformation. This time we are having a scalar
in a symmetric matrix, exactly the object that can be diagonalized by our orthogonal gauge
transformations. So once again the phases of the dual theory can be parametrized by the
eigenvalues of the matrix and enhanced unbroken gauge groups arise whenever eigenvalues

coincide. The phases of the dual theory hence become
[T 50, (4.86)

indeed a level /rank dual representation of (4.85]). In the symplectic case the antisymmetric
matrix plays exactly the role of the symmetric matrix in the orthogonal case. It can be
brought into normal form by symplectic transformations, breaking the gauge group down

into products of smaller symplectic groups.

4.4.83 Holographic Construction

Holographic QCD was generalized to the orthogonal and symplectic case in [62]. An orien-
tifold O6 plane is introduced into the D4/D8 system in order to project the original unitary
group down to either an orthogonal or symplectic subgroup. Both O6 and D8 are localized
on the circle; if both are present they need to be offset from each other by an angle 7/4
so that the stack of D8 branes gets mirrored onto the antipodal stack of anti-D8 branes by
the orientifold projection. The two options for the gauge group are distinguished by exactly
what type of O6 we add, the two options are usually denoted O6~ for orthogonal and O67*
for symplectic groups, the superscript indicating the sign of the RR charge associated with
the orientifold plane. The full brane content both in the flat embedding space picture as
well as in the dual geometry is enumerated in Tables and [4.2b] Included in Table
is also the D6 brane that acts as the domain wall.

In order to understand the theory in the bulk, we simply need to determine the effect
of the O6 plane on the gauge theory living on the domain wall D6s. As is apparent from
Tables and the O6 planes have 4 relative ND directions with both the D4s of the
flat space embedding and the D6s in the black hole geometry. What this means is that the
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(a) Brane realization of the gauge theory in 10d flat (b) Embedding of the probe branes in
space. X4 is a compact direction. Witten’s black hole.

Table 4.2: Brane realization of holographic QCD with symplectic or orthogonal gauge group.
In a) N color D4 branes intersect an orientifold O6 to project to a real gauge group. In b)
the same branes are embedded in the dual R®! x Dy x §* geometry, together with D6 branes
dual to the #-interfaces. Also indicated are flavor D8 branes that would be needed to add

additional flavors. ¢, z1 53 are the coordinates on R*!, and r and 6 the coordinates on Ds.

worldvolume theory on both D4s and D6s experience the same type of projection: the gauge
groups is either orthogonal on both or symplectic on both. This is exactly as we would

expect from our node-by-node procedure.

Last but not least we need to determine what happens to the formerly adjoint scalar
corresponding to motion of the stack of D6s in the x3 direction. Let us start with the case
of an orthogonal gauge group. For a scalar describing motion transverse to the orientifold
one finds that branes have to move off in mirror pairs, with a U(1) gauge theory on each
pair that can enhance to U(n;) for n; coincident branes on one side. This is the breaking
pattern we would expect from an antisymmetric rank 2 tensor. On the other hand, a scalar
corresponding to motion inside the orientifold allows the stack of n branes to completely
separate into n individual branes - since they are inside the orientifold they need no mirror
partner. Each brane has an SO(1) gauge group on its worldvolume that can get enhanced

to SO(n;) for coincident eigenvalues. Since the motion of the D6s into the x5 direction is
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inside the O6, this corresponds to a symmetric rank-2 tensor. Reassuringly this is exactly
what we are supposed to find according to our duality conjecture in (4.82b|). For symplectic
gauge groups, the role of symmetric and antisymmetric rank-2 tensors is reversed. So the
bulk physics yields indeed in that case.

In order to fully realize our dualities we would need to find and to be the
corresponding field theories living on the boundary. For the case of symplectic gauge groups
this appears indeed to be the obvious guess for the theory on the domain walls of a confining
Sp(N) gauge theory generalizing the discussion of [52] in the unitary case. In the orthogonal
case this is certainly incorrect for the case of SO(IN) gauge groups, but it appears reasonable
if the gauge group is instead Spin(N). Since the stringy realizations of these gauge groups
always involve heavy spinors, it is entirely reasonable to assume that the relevant gauge
theories living on the branes were actually Spin(N) groups all along. Unfortunately, these
global issues are often not considered carefully in the orientifold literature. Somewhat con-
fusingly, the node-by-node dualization above seems to be literally working with SO groups,
not Spin groups. So while a coherent and self-consistent duality story seems to emerge on
the symplectic side, a complete understanding of the orthogonal case would require solid

control of these global issues.
4.5 Discussion

In this chapter, we have developed the methodology for dualizing linear quiver gauge the-
ories with bifundamental scalars and argued that they can be viewed as the non-Abelian
generalization of particle/vortex duality. Crucial to this is the interaction terms, which cou-
ple scalars living on adjacent links and propagate the symmetry breaking pattern down the
quiver in a unidirectional manner. This is required to ensure the mass deformed phases are
level-rank dual to each other.

We then specialize this general framework to the study of domain walls that arise in
3 4+ 1 dimensional Yang-Mills theory with a spatially varying theta angle. In addition, we
embed this special case in string theory and study the duality holographically. We find a
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novel duality between a theory with bifundamental matter and one with adjoint matter,
schematically given by . Let us comment on the similarities and differences between
these two approaches.

From the setup in ref. [52], we expect the bifundamental scalars on the SU side of
the duality to interpolate between a smoothly varying and a sharp domain wall/interface.
However, the pure field theoretic quiver approach of Sec. makes opaque the geometric
interpretation of a physical wall located in space. The complementary geometric approach
of Sec. makes this manifest: Higgsing a bifundamental is literally removing a D6 brane
(i.e. domain wall) from a stack and moving it to a different physical location in space.
Widely separated D6s correspond to the smoothly varying phase, reinforcing our intuition
of the theory at small |V6)].

When the walls on top of one another in the holographic duality we have new light
matter one both sides of the duality, but it manifests itself in a very different manner. On
the U side the extra matter enhances the gauge symmetry. Meanwhile, on the SU side the
bifundamentals just become additional massless scalars. This may seem peculiar given the
fact the bifundamental degrees of freedom match quite nicely when the walls are separated
(albeit by construction). But this is precisely the behavior we would expect in our 3d
bosonization duality. As we learned from the particle-vortex duality generalization, it is
not actually the bifundamental degrees of freedom which should match on either side of the
duality but rather particles and vortices. The very same mismatch of particle degrees of
freedom is present in the bosonic particle-vortex duality as well.

In fact, the matching of the particle and vortex degrees of freedom is very nicely realized
in the holographic duality. The dual of the baryons in the bulk are based on the standard
holographic construction of the baryon vertex [131], very similar to what was found in [70].
Namely, they are D4 branes wrapping the S* and also extended along the time direction. In
order to be neutral, fundamental strings run from the D4 branes to the D6 branes on which
they live. Furthermore, the D6 branes dissolve the D4 branes turning them into magnetic

flux (it is more energetically favorable and has the same quantum numbers). The attachment
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of N fundamental strings is analogous to particle/flux attachment. It can be argued that
the N fundamental strings cannot end on the same D6 brane. Hence when the D6 branes
get separated, the monopoles must also pick up a mass since the fundamental strings must
stretch from one D6 brane to another — providing more evidence that lines of flux can end
on domain walls. This is also in nice agreement with the behavior which occurs on the SU
side where the bifundamentals are interpreted as strings which stretch from one brane to

another and thus both acquire a mass proportional to the separation between branes.

One may wonder whether our quiver dualities can be useful in the context of deconstruc-
tion, following the recent work of [14]. There it was shown that Abelian quiver dualities can
be lifted to dualities in 341 dimensions. It would be very interesting to do this in the non-
Abelian case. One important ingredient in this construction is the use of “all scale” versions
of the duality, following the construction of [79] in the supersymmetric case. We’d like to
point out that at least for two-node quivers, our method of gauging global flavor symmetries
does allow us to give all scale versions of the non-Abelian duality. Say we want a dual for
SU(N)y, with Ny fermionic flavors with a finite gauge coupling. Since the gauge coupling
is dimensionful we are describing a theory with a non-trivial RG running. It interpolates
between a free theory in the UV and a strongly coupled CFT in the IR. We can obtain this
theory by starting with NNy free fermions and gauging a SU(N) subgroup of the global
SU(NNy) flavor symmetry. At this stage we can add both the Chern-Simons as well as the
Maxwell kinetic terms. The original theory of NNy free fermions has dual descriptions in
terms of a U(K'); gauge theory coupled to NNy scalars. Modulo flavor bounds K is a free
parameter. The global flavor symmetry simply rotates the scalar flavors in this dual. Pro-
moting a SU(N) subgroup to be dynamical we end up with a U(K); x SU(N); gauge theory
with Ny bi-fundamentals. While the U(K) factor has infinite coupling, the SU(N); factor
has a finite Maxwell term which maps directly to the Maxwell term of the same SU(N )y
factor on the dual side. This way we did construct a non-Abelian all scale dual to SU(N)y
with fermions. Unfortunately it is not yet clear how to generalize this construction to more

interesting quivers.
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Using the flavor violated master duality, we constructed a dual for a flavored quiver
with bifundamental scalars on the links and fundamental fermions coupled to each node
via node-by-node dualization. Such a theory describes interfaces in 3 + 1 dimensional QCD
as discussed in Ref. [52]. The resulting dual theories were qualitatively supported by a
holographic construction with D6 branes in the Sakai-Sugimoto model. We then extended
our work to orthogonal and symplectic gauge groups, both in the node-by-node dualization
and in holography. More interesting directions would be exploring other gauge theories with
different matter contents. It is widely believed that infrared phase of three-dimensional
theories describes effective worldvolume theory of walls/interfaces in corresponding four-
dimensional theories [56, 1, [86], 52, [§, 17, B4], 23, 80]. It would be nice to understand what
kind of quiver gauge theories with its phase diagram and stringy constructions would emerge
when analyzing phase transitions of multiple walls/interfaces in various cases similar to what

we’ve done in the case of QCDy,.

There are some limitations to our approach, however. First, the analysis in Appendix A
of [52] seems to indicate a periodicity of the Grassmannian as a function of the number of
nodes, n. That is, the most general Grassmannian is not M(N;,n) but instead M(Ny,n
mod Ny). Our quiver theory seems to indicate that this is not the case — if the number of
nodes n is greater than Ny, the full Higgsed regime gives SU(N )_n+¥ with Ny +. This
is flavor bounded and so does not exhibit a quantum regime. The case examined in [52]
is valid for n < Ny. The analysis just seems to point to this periodicity, but an explicitly
demonstration of it has not yet been completed. Perhaps there is some subtle strong coupling
dynamics in the 3 + 1 dimensional theory that causes the Grassmannian to disappear. Or
maybe our quiver theory is only valid for n < Ny and there is some extension of our work
that can bring us into the n > Ny regime. We hope to report on this interesting question in
future work.

We have also found that the quivers corresponding to Np = 1 and Nrp > 1 require
the use of two very different versions of the master duality — the double-flavor saturated

and flavor violated cases, respectively. In Ref. [52], it was found these two cases also
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separated themselves quite distinctly due to the lack of an enhanced symmetry when the
3 + 1-dimensional fermion mass disappeared in the Ny = 1 case. It is not obvious to the
authors if these two facts are somehow related.

The holographic side of things is ripe with interesting puzzles. For instance, it is still
unknown what the exact form of the orthogonal duality is we derived in this manner. As
briefly commented on in the end of Sec. [£.4] the duality derived from the orientifold pro-
jection onto the orthogonal subgroup seems to be insensitive to the global properties of the
gauge group. That is, we know that there are multiple different types of orthogonal gauge
groups in 2-+1 d that differ by the required background terms and the gauging of various Zs
global symmetries [37]. Can these global issues be understood in string theory? Moreover,
how does one even see a quantum phase in the holographic construction of SU(N) gauge

theories with fundamental fermions in holography? We leave these questions for future work.
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Chapter 5

FERMIONIC QUIVERS

Thus far, we have worked primarily with 3d bosonization dualities involving fundamental
or antifundamental representations, i.e. rank-one matter. Schematically, these dualities are
given by . There also exists conjectures for dualities very much analogous to ,
but instead involving adjoint, symmetric, or antisymmetric representations, i.e. rank-two
matter [50, [33].

Using the master duality, the single-species dualities of , and the Abelian limit of
, a large web of rank-one dualities has been constructed, see Fig. 183, 112}, 69, [8, [7].
Although the rank-two dualities bear a strong resemblance to the rank-one 3d bosonization

dualities, they have so far remained disconnected from aforementioned web.

The usual duality web construction involving adding a background term/decoupled theory
and gauging global symmetries was explored within the context of rank-one dualities in the
work of [69, 8, [7] (and Chapter [4)) to construct bosonic quivers. That is, by gauging non-
Abelian global symmetries the rank-one dualities can be used to derive dualities between
theories with product gauge groups coupled to each other with bifundamental scalar matter.
Such quiver dualities were generalized to an arbitrary number of nodes. The two-node case
was shown to be a generalization of the bosonic particle-vortex duality [105], 40]. A special
case of the general quiver was shown to have application for dualities of interfaces in QCDy
[52].

In this chapter, we follow a similar methodology but instead construct two-node quiver
dualities which have fermionic matter on both ends. We will start by constructing said
dualities using only the flavor-bounded 3d bosonization dualities. As one might expect from

previous work [§], such quivers provide a generalization of Son’s fermionic particle-vortex
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Figure 5.1: Web of bosonization dualities in 2 + 1-dimensions. The contributions discussed
in this chapter are shaded in red. Specifically, we show that the rank-two adjoint matter
dualities can be connected to the rest of the web of dualities (red arrows). We also conjec-
ture several new rank-two dualities including a duality with both fundamental and adjoint

representation matter.

duality [IT9]. Nevertheless, such quivers are much more strongly constrained compared to
their bosonic counterparts as already noted in Ref. [69].

This motivates us to consider the construction of such two-node dualities using the flavor-
violated 3d bosonization duality. This relaxes constraints on parameters at the cost of a more
complicated phase diagram. A special case of these flavor-violated two-node quivers exhibits
a Zo symmetry under interchange of its two nodes.

Our main focus of this chapter will be a novel procedure of deriving new and old fermionic
dualities using this Zs-symmetric quiver. In particular, we combine said quivers with an
orbifolding procedure, which allows us to connect the rank-one 3d bosonization duality to
dualities with rank-two matter, see Fig. [5.1] This links the rank-two dualities to the rank-
one bosonization dualities [83] 112], meaning the web of 3d bosonization dualities is larger

than previously thought.
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After demonstrating we can recover the aforementioned rank-two dualities, we derive new
dualities involving rank-two matter. The first of these closely resembles the known rank-two
dualities with the U(1) factors shuffled around. We also explore the possibility of adding
fundamental matter on each of the nodes, which gives rise to a new duality involving both

adjoint and fundamental matter.

The chapter is outlined as follows. In Sec. we first construct the flavor-bounded
two-node quiver, and then the flavor-violated version. Sec. introduces the orbifolding
procedure to derive new and old fermionic dualities. Finally, we discuss possible extensions

of these constructions in Sec. 5.3l

Many details of this chapter can be found in the appendices. Specifically, Appendix
contains the details of the two-node derivations. Appendix discusses how the flavor-
bounded two-node is connected to the fermionic particle-vortex duality of Ref. [I19]. In
Appendix [E.3] we summarize the generalization of the flavor-violated fermionic quiver du-
alities for orthogonal and symplectic gauge groups. Finally, we illustrate the gravitational

counterterm matching as a consistency check for the two-node quiver dualities in Appendix

[E.4

5.1 Two-Node Fermionic Quivers

It has been shown in Refs. [8, [7] that we can use two-node quivers to create generalizations
of the bosonic particle-vortex duality. In this section we construct the fermionic equivalent.
Flavor constraints will imposes tighter bounds on the possible theories we can create, since
the intermediate quivers contain scalars. This will motivate us to also consider two-node
fermionic quivers which use the flavor-violated version of 3d bosonization. In this section
we will mostly stick to schematic notation for brevity. Details of this derivation at the

Lagrangian level can be found in Appendix [E. T}
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Notation

In this chapter it will be important to be careful about the representation of matter fields
under various gauge groups, both dynamical and background. We will thus slightly change
our notation for covariant derivatives such that the covariant derivatives terms in, say, (|1.23)

are rewritten as

(Dy_ca), ¥ = [au —i (b;]le + Oy + Am]lNNf)] Y, (5.1a)
o

= [0, — i (culn, + Culy)] @, (5.1b)

where U, and ¢, are fundamental representations and C), is in the anti-fundamental repre-
sentation of their respective gauge groups. That is, antifundamental representations will be

denoted by a minus sign in the subscript of the covariant derivative.

5.1.1 Flavor-Bounded

The general procedure for constructing two-node quiver dualities involves promoting the
SU(Ny) and/or U(1) global symmetries after adding appropriate background Chern-Simons
terms [69]. For example, promoting the background flavor symmetries to be dynamical, the

schematic form of the 3d bosonization dualities in ((1.13)) is given by

U(/{?)N X SU(Nf)o-f—(I) A4 SU(N)_k+Nf/2 X SU(Nf)N/Q—f—w, (5.2&)
SU(k’)N X U(Nf)0+q25 <~ U(N)_k+Nj./2 X U(Nf)N/2+\I/. (52b)

Each side either has a single bifundamentally charged fermion or boson, e.g. the right-hand
side of has fermion in the (N, N) representation. In the latter of these dualities we
have also promoted the U(1) global symmetry. When we do this we introduce a new U(1)
global symmetry whose corresponding background field couples to the promoted A; via a

BF term.

Relabeling parameters and adding background terms (before promotion), the duality
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(5.2a)) conjectures the following two theories are dual

Theory A: SU(Nl)_k1+N2/2 X SU(NQ)_k2+N1/2 + @D, (53)
Theory B’: U(ki)n, X SU(Ng)_g, + O, (5.4)

which is subject to the flavor bound k; > N,. Now also rewrite the second duality, ((5.2b)),

again with a special choice of added background terms and relabeling,

Theory B”: U(ki)n, x SU(Ng)_g, + &, (5.5)

Theory C: U(k1)ny—koy2 X U(k2)ny—1y 2 + 0, (5.6)

subject to the flavor bound Ny > k.

Theories B’ and B” are identical, so we will collectively call them Theory B. Since Theory
A and Theory C are both dual to Theory B, they must also be dual to one another. That is,
we have a fermion-fermion duality between and . Each side has a bifundamental
fermion coupled to two gauge fields with Chern-Simons terms. Note simultaneously satisfying
both of the flavor bounds requires Ny = ky, but Ny and k5 are unbounded. At the Lagrangian

level, this is a duality between the theories

. 7 | No—k / 31/ -2/
ﬁA:zwb,_c,+A1¢—z[ 247T LTy, <bdb —ng?’)}

Ny —k 2 Ni{Ny ~ -
N e 2TrN2 ddd —i=c® ) + 2 A,dA, |, (5.7a)
4 3 4m
= |V 2 Ny 2
Lo = z\IJIDfCJrﬁAI\IJ -1 {ETrkl (gdg - zgg?’) + ET% (cdc - 1503)1 : (5.7b)

where V' € su(Ny), ¢ € su(Ns), g € u(ky), and ¢ € u(kz). The quiver construction is
summarized in Fig. [5.2]

In Appendix we will discuss more details about this fermion-fermion duality con-
structed from the flavor-bounded bosonization duality. This includes showing Son’s fermionic
particle-vortex duality [119] is simply the Ny = Ny = k; = ko = 1 limit. For now, we move

onto deriving a two-node fermionic duality without such tight flavor constraints.
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SUM)_,

SU(Nz)_y,

Theory A &
Uk,
TheoryB @
U(kl)rvl—%
TheoryC @

U(kz)Nz_k_l
2

Figure 5.2: Generalized fermion quiver duality of (5.7]) with flavor-bounded dualities. Theory

B represents both Theories B’ and B” since they are identical. Our quiver notation is

such that we use filled red (black) nodes to represent dynamical SU (U) gauge groups.

The red (black) links between said circles represent fermions (scalars) charged under the

corresponding gauge groups. This duality is subject to the flavor bound Ny = k;.

SUCATA

Theory A my >0 { @

U(N, — ky)_y, SU(N)y,~k,
Theory B, [ ] O
U(Nz = kl)_N2+N2;k1 U(Nl o kZ)—N1+N1;k2
Theory C, o o

SU(N.
( 2)_k2+%

. \mw<0

Uk, SU(N3) -,

& Theory B,

U(kl)Nl—ﬁ U(kz)Nz_ﬁ
2 2

@ Theory C,

Figure 5.3: Generalized fermion quiver duality with flavor-violated bosonization duality.

The first step uses the flavor-violated 3d bosonization duality, while the second step uses

the flavor-bounded version. The diagram is valid for the ky < Ny < N, (Na, k1), ky < Ny <

N.(Ny, ks).
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5.1.2 Flavor-Violated

Above, we saw the derivation of the two-node fermions was constrained by the flavor-bound
of the 3d bosonization dualities. It is also possible to derive two-node quivers using the
flavor-violated duality proposed by Ref. [86]. This comes at the cost of the full phase
diagram of Theory B being described by two distinct dual theories. We then apply a flavor-
bounded bosonization duality to Theory B, which means Theory C’s phase diagram requires
two fermionic theories. This construction is summarized in Fig. [5.3]

In more detail, we start with the same Theory A as we did for the flavor-bounded version
above, . We now use the flavor-violated bosonization duality, which lifts the earlier
flavor-bound constraint, k; > Na, to k; < Ny < N,(Ns, kq) instead. Here, N, is some
unknown function of N and k as discussed in Ref. [86]. This yields a Theory B which must
be described by two distinct scalar duals. One of these scalar duals, corresponding to the
my < 0 side, is identical to . The my, > 0 side is in general distinct. Schematically, the

full phase diagram is described by the theories

Theory A: SU(N1) -ty 8572 X SU(N2) -y 8,2 + ¥, (5.8)
Theory By:  U(ki)n, X SU(Na)—g, + ¢1, (5.9)
Theory BQI U(N2 — kl)—Nl X SU(NQ)Nl_kQ + ¢2, (510)

where subscripts 1, 2 correspond to the m, < 0 and m, > 0 theories, respectively.

Next, we can use flavor-bounded 3d bosonization to find a fermionic theory which matches
the intermediate scalar theory. Since there are two scalar duals in the intermediate theory,
we will also need two fermion theories to describe the full phase diagram. Once more, the
my < 0 side is identical to what we found above in (5.6). A subtlety is that, due to the

flipping of the sign of the level, on the m, > 0 side we must use the time-reversed version of

(5.2a)). This yields the theories

Theory Cli U(kl)Nl_kQ/Q X U(kQ)NZ_kl/Q + ‘Ifl, (511)

Theory CQI U(Nl — k2)7N2+(N27k1)/2 X U(N2 — k1)7N1+(N17k2)/2 + \I’Q. (512)
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Thus we again arrive at two-node fermionic quiver theories on either end. Once again they
are conjectured to be dual to one another, but the flavor bound of Ny = ki has been replaced
by k1 < Ny < N.(Ng, k1) and ks < N7 < N,(Ny, ks), which allows us a little more freedom
in choosing parametersﬁ

The explicit form of the Lagrangians for Theories B, and C, are given in . Note the
presence of the mixed BF term between ¢ and ¢, which arises from the fact that dual fermion
is charged under both U(1) groups. Since the m, < 0 side is identical to the flavor-bounded
case, L¢, is given by . The BF term between dynamical gauge fields ¢ and g is also
present in ([5.70]), but is hidden due to our convention of n-invariant terms (see footnote 1).

Finally, it is slightly subtle to see how the quantum phases described by Theories C;
and C, are dual to one another. We denote a level 1 BF term between two unitary gauge
fields c and ¢, e.g. i%Trkl (¢)dTrg,(g), as “£BF”. The intermediate quantum phase is then
described by the exact duality,

Uv(k’l)]\h,]€2 X U(l{Q)NQ,kQ — BF = U(Nl — kQ),kl X U(NQ — k‘l)*k’z -+ BF. (513)

This is obtained from gauging the diagonal U(1) symmetry of two copies of the level-rank
duality (L.11)), which is described in more detail in Appendix [E.1]

5.2 Adjoint Dualities via Orbifolding

We now consider the two-node quiver we derived in Sec. [5.1.2) with N; = Ny = N and
ki1 = ko = k where N > k due to the flavor bound. These parameters are more constrained
for the flavor-bounded case where k; = N, was required, which would imply N = k. What
is special about these particular values is that the fermionic theories of this quiver have an
explicit Zs symmetry, which can be thought of as interchanging the two nodes. In this section

we will argue this special class of quivers allows us to re-derive the rank-two bosonization

1 An important point is that we need further condition ks < N; < N, (N1, k2) to have mutually non-local
dual descriptions as the ungauged version. The main reason for this additional constraint is that since we
have two dynamical gauge groups, we can equivalently view the first gauge group as the flavor symmetry
group and second as originally dynamical gauge group before constructing the quiver.
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Figure 5.4: Phase diagram of the 3d bosonization duality with real adjoint matter [56].
Distinct theories are shown in different colors. The region shaded in purple corresponds to

the quantum phase.

duality with real adjoint matter on each side [56]. First, let us briefly review the adjoint

matter dualities.

5.2.1 Adjoint 3d Bosonization Duality

Ref. [56] conjectured the phases of QCD3 adjointﬂ Schematically, the fermion side is
SU(N)_k+n/2 With adjoint ), (5.14)

with N > k. Mass deforming the adjoint fermion gives SU(N)_; and SU(N)_jyn. When
N < k, these two TFTs are conjectured to have no quantum region in between them.
However, when N > k an intermediate Grassmannian phase is conjectured to exist between

the asymptotic semi-classical regions. The claim is that once again two different dual theories

2Ref. [56] uses a slightly different notation than we use here. Their results can be recovered by k —
k — N/2 with the overall time-reversal which flips the signs of the Chern-Simons levels.
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describe the fixed points at the edge of the Grassmannian. These U side theories are

U(k)Nfg’N with w3%Y Myadi = —1M,

SU(N)_piny2 with ¢4 & (5.15)

UN —k)_x_»

. &
Y with W5 myad = m,.

This is qualitatively similar to the flavor-violated bosonization duality and is summarized in
Fig. |5.4l For the quantum phase, we find the TFTs U(k)y_n and U(N —k)_j _n, which as
expected are level-rank dual by . Note the quantum phases on the SU side has no good
description in terms of the SU theory — it is best described by the U side of the theory. This

is also a feature of the flavor-violated duality (2.2]) and we will see similar features below.

5.2.2  Adjoint Duality via Orbifolding

As mentioned in the introduction, what is special about the Ny = No = N and ky = ko = k
subclass of two-node quivers is that they present a possible means of constructing the rank-
two matter dualities. More explicitly, since both sides of the dualities exhibit “theory space”
Zo symmetries, we can orbifold said symmetries on both sides of the duality to obtain a new
conjectured duality. In this section, we show the rank-two dualities involving adjoint matter

can be obtained by orbifoldinﬂ different two-node quiver theories.

Fig. [5.5 summarizes the full phase diagram of the Z, symmetric quiver, including the

30rbifolding is a technique which projects a theory with a certain symmetry onto an invariant subspace.
It is perhaps most familiar in the string theory literature, but such techniques have also been adapted to
quantum field theory [75 [90] in the context of planar equivalence between mother and daughter theories
[27, 87] or in the context of constructing manifestly supersymmetric lattice gauge theories [35]. In a
quantum field theory orbifolding is simply a procedure to produce a new theory (the “daughter”) from an
old one (the “mother”) by projecting out all degrees of freedom not invariant under a specified discrete
group. If two theories flow to one and the same IR fixed point and this fixed point possesses a Zs symmetry,
then obviously after orbifolding we once again obtain a unique IR theory and so we inherit a duality of
the daughters from the duality of the mothers. The only way this could fail is if the Zy symmetry of the
IR is not manifest in the UV theories or different from the apparent UV symmetries.
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Figure 5.5: Phase diagram of the two-node quiver with explicit Zs symmetry. Distinct
theories are shown in different colors. Note the splitting of the bottom two phase diagrams

which results from the use of the flavor-violated 3d bosonization duality.

intermediate scalar theories. The phases of Theory A are given by

(I):  SU(N)_y x SU(N)_, (5.16a)
(ID):  SU(N)_pen x SUN)_pin (5.16b)
(IIT) : Better described by U side. (5.16¢)

Meanwhile, theories C; and C, describe the U side, given by

M: Uk x Uk)y (5.17a)

(I): U —k)_y x UN —k)_y (5.17b)
(1 Cy):  U(k)y_x x U(k)y_g + BF (5.17¢)
(II1 Cy):  U(N —k)_j, x U(N — k)_, — BF. (5.17d)

Similar to what we saw in Sec. the BF terms in the phase III make the phases

(IIT Cy) and (III Cy) level/rank dual to one another, as shown in Appendix [E.1l Observe
that these phases already resemble “two copies” of the phases of the adjoint duality, up
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to certain subtleties in the qunatum phase, see Fig. [5.4 Schematically, orbifolding causes
the bifundamental fermions to become Majorana adjoint fermions and takes the TFTs from
Gp x Gp — Gp, where Gp is a gauge group GG with Chern-Simons level P, up to subtleties
with Abelian levels. Orbifolding a Z, symmetry to change a bifundamental to an adjoint
representation has been previously explored in Ref. [88], [122].

More explicitly, the Zy symmetric theory describing the m,, < 0 half of the phase diagram

is given by
- AN =k 2
L= zwlpbhbﬁglw — 1 { = Try <b1d61 - z?ff)]
N —k 2 N2 . .
—1 |: - TI'N (bgdbg — Zgbg) + EAldA1‘| , (518&)

= N 2 N 2
Lo, = z\Iflqu_cQJrAl\Ill —1 {ET@ <cldcl — z§c§’> + ETY}C (czdcg — zgcg)} . (5.18b)

where we have relabeled the gauge fields belonging to the first and second node of the SU
: 1 2 - : 1 2

side as b, and b;;, respectively. On the U side, ¢, and c;, are the gauge fields of the first and

second nodes. A; is the background gauge field associated with the U (1) global symmetry.

The bifundamental fermion is in the representation (N, N). The Z; symmetry acts as
Zy: ==yl bbb by (5.19)
Similarly, on the U side, the theory is invariant under the symmetry transformation

Zsy - U, — —0 CL —c = ci (5.20)

for a = 1,2 corresponding to Theories C; and C,. If we orbifold with respect to these Z,
symmetries on either side of the duality, the resulting daughter theories should continue to
be dual.

We can arrive at the new Lagrangians describing the daughter theories by projecting the
terms in to those invariant under and . On the SU side, this effectively
ties the b; and by fields together, meaning the bifundamental now transforms as an adjoint,
as desired. Note that this orbifold also breaks the U(1) global symmetry associated with the
phase of the matter to Zsy, i.e. ¥ — —).
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The behavior of the Chern-Simons terms under the orbifold is slightly subtle. Since the
action of orbifold projections on matter is well-known, it will be helpful to view the Chern-
Simons term as arising from integrating out heavy fermions. This is directly analogous to the
“fiducial fermion” presecription used to analyze the 3d bosonization dualities in the presence
of a boundary [9] [15]. For example, the U(k)y Chern-Simons term of a given node can arise
from N “fiducial” fermions with a large negative mass. In this case, the Chern-Simons term
in the Lagrangian is replaced with

N 2
—i {4—Trk (cdc — igcg)l & lim  ix™ Doxar + my XM xu (5.21)
s

x| =00

where Y, are the fiducial fermions with M =1,..., N ﬁ

Adopting this prescription for the Lagrangians in , each of the two nodes on the
SU (U) side picks up an extra N — k (N) fundamental-represention fermions, which we
will collectively denote y; for ¢ = 1,2. The Zy symmetry transformations of and
(5.20) must then be supplemented with x; — x2 and x2 — xi1. The orbifold projection
reduces these additional matter fields to a single group of fundamental fermions under the
invariant gauge group. If we then restore the Chern-Simons term one gets from integrating
out the fiducial fermions, we see that we simply lose one of the Chern-Simons terms under
our orbifold, i.e. U(k)ny x U(k)xn — U(k)y. Note this is fairly different than naively setting
c1 = ¢y in , in which case one would arrive at a U(k)sy Chern-Simons term.

Another important subtlety is one needs to orbifold the Pauli-Villars regulators as well.
Hence, what was effectively a bifundamental Pauli-Villars regulator under SU(N) x SU(N)
becomes a real adjoint PV regulator under SU(N). All this means is that the n-invariant
terms obey a similar relation to the Chern-Simons levels discussed above.

Thus the orbifolding reduces the “two copies” of the Chern-Simons terms to a Chern-
Simons matter theory with a single dynamical gauge field resembling the adjoint duality.

However, in the adjoint bosonization duality the TFTs found in the quantum region have

4For brevity, we have neglected the Pauli-Villars regulators which also accompany fiducial fermions. See
Refs. [9, 15] for more details regarding this construction.
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the non-Abelian levels shifted relative to the Abelian levels, see Fig. [5.4l For example,
for the mysq < 0 side, as we mass deform U3 we move from U(k)y to U(k)y_gy. This
is contrast to the Z, symmetric quiver, where we see no such effect because fundamental
representation fermions shift Abelian and non-Abelian levels on equal footing. To see how
such a change can arise from orbifolding, consider the bifundamental fermion on the U side.
One can clearly see that the bifundamental fermions remain invariant under the subgroup
where Tr(c;) = Tr(cg). Thus, since we a projecting to precisely this subgroup via our
orbifold, the remaining U(1) part should decouple.

To see this at the Lagrangian level, note the coupling of said fermion is giving by

WD, s+4, ¥, and so for negative mass deformation we get the Chern-Simons term

-1 - N
1 Lnise = ETI‘;Q [(Cl]lk —Tpco + ]lszl) d (Cl]lk —Tpco + ]lk2A1) + .. :|
5 der = eyden + LTy (e0) d Ty () + (5.22)
= —— - — —Tr T o .
47T01 C1 4702 Co o k\C1 E(C2

7

where “...” represents additional terms not relevant for the cancellation. Absolutely vital to
the story is the additional BF term we get from the cross term of the two dynamical U (k)
gauge fields. Under the orbifolding procedure, we have ¢; = cy. Notice that when this is
enforced the BF term precisely cancels the Abelian Chern-Simons terms. The net result is

that the Abelian part of the Chern-Simons level gets no overall shift. The same effect occurs

in the PV regulator. This means the quantum phase description

orbifold
I

U(k)]\[,k X U(/{)N,k U(k)N,ij (523)

This exactly matches the quantum phase of an adjoint fermion described in Sec. [5.2.1]

Putting this altogether, we arrive at the orbifolded Lagrangian description

Ly = ithPyh — i [N —k Try (bdb — z‘gbi’)} (5.24a)
47 3
Ly =iVPV —i {ﬂm (cdc — z’gci”ﬂ (5.24b)
4 3

where we have defined the Z, invariant subgroup as by = b, = b and ¢; = ¢ = ¢. We have
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Figure 5.6: Phase diagram for the novel real adjoint bosonization duality.

dropped the A; background field, because as mentioned above, the orbifolding breaks the
U(1) global symmetry down to Zg.ﬂ

5.2.8  Novel Adjoint Dualities

We saw above that we can recover the rank-two duality of Ref. [56] by considering the
two-node fermionic quiver when one of the 3d bosonization dualities is in the flavor-violated
regime. In particular, in Sec. we considered the case where the Theory A to B duality
was flavor-violated, while the Theory B to C duality was flavor-bounded, which brought
us into the regime of £ < N < N,. A natural next step is to consider the opposite case,
where now the Theory B to C duality is flavor-violated and the Theory A to B duality is
flavor-bounded. This corresponds to the regime N < k < N, and gives a new Z, symmetric
quiver.

Working though the same construction we performed in Sec. [5.1.2] but instead begin-

®Because there is a decoupled U(1) Chern-Simons theory, it may look like there still should be a U(1)
global symmetry associated with its monopole current. However, this is not the case because there is
no matter charged under said U(1) Chern-Simons theory. Said another way, it is not possible to create
gauge-invariant monopoles because there is no matter to cancel the GNO charge.
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ning on the U-U side, we can construct a general flavor-violated two-node quiver and then
specialize to the Z, symmetric case. The fact that we are starting with a U-U theory on
one end complicates things slightly because of the presence of mixed BF terms coming from
the p-invariants in the mass deformed phases. The A, C;, and Cs theory again exhibit a
manifest Zs symmetry. If one again orbifolds with respect to said Zy symmetry, we arrive at
a new adjoint duality, given by

, SU(N)_jin/2 with % Miygadi = My
UK)nopjon with g2 ¢ o : v (5.25)

U(k — N)g—(k—n)j2,y With \I/;dj Myadi = —1,
where now we require k > N. The phase diagram for said duality is shown in Fig. [5.6] Once
more, the Zy projection causes some of the BF terms to cancel U(1) Chern-Simons terms,
making the U(1) Chern-Simons theories decoupled from the adjoint matter.

What is unique about this adjoint duality is that one side of the phase diagram is described
by both an SU and U theory. One can see this is necessary from the start. Mass deforming
the original U theory gives the TFTs U(k)yn and U(k)n—_in. Via the level-rank dualities,
and , the first of these is dual to an SU theory while the second is dual to a U
theory. Despite this difference, the two theories agree in the quantum region, since the U
theory yields a TFT which is level-rank dual to an SU TFT.

There is an alternative way to arrive at this duality which also lends insight into the
relationship between and (5.25). The Zs-symmetric quiver of Fig. has a U(1)
global symmetry at every step, which we call A;. If we gauge said symmetry, we would
pick up a new U(1) global monopole symmetry which couples to A; through a BF term,
which we call By. If we also gauge this U (1) symmetry, we claim we arrive at the very same
Zo-symmetric quiver which produced Fig. up to a time-reversal and label interchange
N < k.

How this occurs is straightforward to see qualitatively. On the SU(N)_jin/2XSU(N)_gsn/2
side of the duality, the two additional U(1) gauge symmetries allow us to rewrite the theory
as U(N) _k1n/2 X U(N)_pi+ny2. Similarly, for the U(k)n x U(k)n theory, integrating out the
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two additional U(1) gauge symmetries cancels the existing U(1) C U(k) gauge groups, giving
an SU(k)n x SU(k)y theory. Theory Cs follows in a similar manner ]

Having considered Zs-symmetric quivers in the N < k and k£ < N regimes, the very
last case we can consider consists of taking N = k. This corresponds to using two flavor-
bounded dualities to derive the two-node quiver, and thus brings us back into the regime of

the flavor-bounded duality of Sec. Again, we can Zs-orbifold, and we find
SU(N)_nya with 14 & U(N)njon with w24, (5.26)

Note there is no quantum phase for these theories, which is expected because no flavor-

violated duality was needed in the construction of the relevant Z, symmetric quiver.

5.2.4  Dualities with Extra Flavors

We might try to use this procedure to see if we can derive qualitatively different dualities.
Because we required Z, symmetry we have considered all relative values of N and k, we need
to look at new quiver configurations. Following Ref. [7], a natural generalization is to add
flavors on each of the two nodes. We do this in such a way to maintain the Z, symmetry,
but this could of course be done more generally. Starting with fermion flavors on each node,
the quiver diagram for this procedure is summarized in Fig. [5.7]

On the SU side, we begin with the theory

SU(N)_k+(N+F)/2 X SU(N)_k+(N+F)/2 + bifund. ’QD + le + Fl/JQ, (527)

where we have denoted by the extra flavor degrees of freedom belonging to node 7 by ;. This
can then be dualized using a flavor-violated version of Aharony’s duality. The application
of said duality changes one of the nodes to a U group and both the bifundamental and

corresponding flavor degree of freedom into scalars.

6Here, we remark that the adjoint duality with unitary gauge group can also be achieved by
consistent S and T' operations along the phase diagram of SU(N)j 4 adjoint theory in Ref. [56]. Although
there is no U(1) global symmetry acting faithfully, we could still introduce the U(1) gauge field and couple
it only to the gauge fields. Consistency of the result supports that the mapping of the Zs symmetries
along the orbifolding quiver is correct.
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Theorya My >0 ‘ u ‘ My < 0

SUWN)_, Wi SU)_,

Theory B, | | | | Theory B,
UN+F—k)_y SUN)y—ic+F/2 U(k)y SU(N) _k+r/2
Theory C, | | | | Theory C,

UN+F - k)_mN%p_k UN+F— k)_N+N%p_k U(k)N_g Uk, «

Figure 5.7: Phase diagram of the two-node quiver with extra flavors on each node and
explicit Zs symmetry. Here the white nodes represent global flavor symmetries of the extra
matter. Once more, the splitting of the bottom two phase diagrams results from the use of

the flavor-violated 3d bosonization duality. We assume N > k and F < k.

Since the second node has both fermionic and bosonic degrees of freedom, one can make
use of the master duality to dualize[] Before doing so, a subtle point is that having both
scalars and fermions charged under the same node naturally gives rise to scalar-fermion
interactions. These are identical in form to the interaction of the master bosonization duality

[68, 25]. Specifically, these are interactions of the form

Ling O (quaQ ) (62, 5,67%) . (5.28)

with a1, 51 indices of the SU(N) gauge symmetry associated with the first node, ag, fs
indices of the second node, and A, B flavor indices.

Dualizing the second node also turns it into a U group, and changes the scalars (fermions)
degrees of freedom to fermions (scalars). Hence, we ultimately end up with a two-node quiver

coupled via a bifundamental fermion with each of the nodes having scalar flavor degrees of

"See Refs. [8][7] for more details on how to dualize quivers using the master duality.



194

freedom. Once more, the scalar and fermion degrees of freedom of each node have interactions

of the form

Lint 0 (&aulgq)?lA) ((I)EiAwﬁlaQ) + (@Z_}Oqoaq)gxcm) <q),24Tﬂ277Z)a152) (529)

with the same convention for coefficients used above. In order for the asymptotic phases to
match the interaction must come with a positive coefficient. The net effect of this term is
that when the scalars acquire a vacuum expectation value, a subgroup of the bifundamental
fermion acquires a positive mass. In particular, with the assumption of maximal Higgsing,
we have a breaking of U(k) — U(k — F) x U(F) (ot UUN+ F —k) - U(N — k) x U(F) on
the m, > 0 side) . The mass term is of the form

[e%) (65)]

1 7 B
[’int ) ¢a1a2¢ 12 4

0 0
B1 B2

Yoy, (5.30)

so that it is the U(F') subgroup which acquires a mass. Note from the Higgsing pattern
above, these fermions are no longer charged under the dynamical symmetry and thus are
sometimes referred to as “singlets”. Such interactions are necessary to get a matching of the
phase diagrams across the duality, see Fig. [5.8]

We now orbifold with respect to the very same Zs symmetry we used above of the adjoint
case, with the additional identifications i, < 15 and ®; < ®5. This is analogous to the
orbifolding of the fiducial fermions used earlier. We arrive at a duality which has both adjoint

and fundamental representation matter on each side,

SU(N) gy (nsmy2 With 9*Y and F ¢ <

U(k)N—ky2,v with Ui%and F ¢, Myadi = —1My,
/ 1 Y (5.31)

UN+F — k) _nynerrye-n with Ws¥and F ¢y myes = m,.

Note the interactions between the adjoint matter and the scalars is still present, e.g. <\if?ﬁ¢¥A) X

(ngIaA %), with «, 8,7 the U(k) gauge indices and A the U(F') flavor index.
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Figure 5.8: Phase diagram of the 3d bosonization duality with both adjoint and fundamental

representation matter. Here we assume N > k and F' < k.

The phase diagram for this duality is shown in Figure [5.8, The phases on the SU side

are given by

(V), (V) :

Meanwhile, the theories on the U side are given by

()
(IT) -
ULE

(V) :
(VI) :

)
)
(IV) :
)
)

SU(N)_jir (5.32a)
SU(N)-psp+n (5.32b)
SU(N)_jin (5.32¢)
SU(N)_y, (5.32d)
Better described by U side. (5.32¢)
(5.33a)

(5.33b)

(5.33¢)

(5.33d)

& UWNA+F—k)p kN (5.33e)

& UN—k) N (5.33f)
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Figure 5.9: Symmetric and antisymmetric representation phase diagram.

5.3 Discussion and Further Work

In this chapter we showed that we can connect the rank-one matter bosonization duali-
ties to many dualities which contain adjoint matter for the unitary group case. It turns
out that generalization of the two-node quiver dualities to the orthogonal and symplectic
group is straightforward using both flavor-bounded and flavor-violated bosonization duality
in Refs. [3, B6]. We describe these results in the Appendix The dualities of ad-
joint fermions in the orthogonal /symplectic group cases are distinguished from the unitary
group case since the matter representation of the dual theory is not adjoint but symmetric-
traceless/antisymmetric-traceless, respectively. Thus the natural next question is whether
or not we can connect them to the rank-two matter dualities which contain symmetric and
antisymmetric matter.

Ref. [33] conjectured a similar duality between symmetric and antisymmetric matter for
the unitary group case, the phase diagram of which is summarized in Fig. [5.9] Note the
difference in the levels on the SU is determined by (twice) the Dynkin index, T(S/AS) =

%(N +2). In order for all the levels to match on the U side, one must introduce the opposite
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type of matter, giving the dualities

. U(k)N—l(k;Q) N—(kF1) Wlth \I/AIAS/S mw = —m,
SU(N)_jpL(vaey With 9348 o i AS/S
U<N +2-— k)fN+%(Ni2+k12)¢1,k with \112 My = My
(5.34)

where the superscript S/AS denotes symmetric/antisymmetric representation under the
gauge group.

The analog of orbifold producing daugther theory with symmetric or antisymmetric mat-
ter is called an “orientifold”. For the bifundamental fermion in the (N, IN) representation,

corresponding Z, symmetries of the orientifold projection is given byﬂ [122]

Zy: =t by—=b, b= by, (5.36)

Zy5: ==yt b= b, b by (5.37)

Constructing two-node quiver dualities with (N, N) representation matter is straightforward.
Much of the derivation of the (N, N) case is mirrored here, but now the matter will simply
be fundamentally charged under both gauge groups at every step of the way.

The naive application of the above procedure is not successful. The difficulty lies in
realizing O(1) shifts of the rank of the gauge groups which are required for the daughter
dualities. We have not yet been able to find where the required finite shifts in the gauge
group come from. Similar subtleties arise in the case of the SO/Sp gauge theory with rank-
two fermions. It would be interesting to analyze the orbifold/orientifold equivalence in the
Chern-Simons matter theories up to the subleading O(1) order to resolve the issue. Another

interesting question is why the unitary group rank-two dualities map representations as

8Note that even in the (N, N) case there exists another Zy symmetry
o
ZyV: sl by bk, b by (5.35)
In this respect both cases are on an equal footing. The difference here is the fact that in the (N, N) case

it doesn’t matter which Zs we orbifold with respect to on either side; both lead to an adjoint rank-two
tensor.
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adjoint to adjoint and symmetric to antisymmetricﬂ It would be nice to understand the
origin of this mapping carefully from the orbifolding point of view. We leave these puzzles
for future work.

Despite the difficulty in connecting such dualities to the two-node quivers, we can follow a
similar procedure as we did above for constructing new adjoint dualities to slightly generalize

the symmetric/antisymmetric dualities. For instance, we can conjecture the new duality

U(k>N—%(k:tQ),N—k::Fl with /A

SU(N)_p1 with WS/ My = —m,
o FHa(VE) : v (5.38)

which must obey & > N 4 2. This passes many of the same consistency checks as the
original symmetric/antisymmetric duality. Furthermore, limiting case k = T'(R) gives the

new symmetric/antisymmetric duality with no quantum phase,

SU(N)—(n+2)/2 with ¢%/* < U(N +2)n/251 with UA/5, (5.39)

which is qualitatively similar to the new adjoint duality found in (/5.26]).

9The symplectic (orthogonal) dualities follow this latter pattern since in this case the adjoint is the
symmetric (antisymmetric) to begin with.
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Chapter 6
MOVING FROM 3D TO 4D

Thus far in this work, we have discussed several aspects of the 3d bosonization dualities.
While some potential applications arise in the context of quantum Hall physics [119], the
impact of these dualities on our understanding of nature is still somewhat hampered by
the fact that these low-dimensional dualities do not describe the 3+1 dimensional world we
live in. Unfortunately, as far as 34+1 dimensional dualities in interesting gauge theories are
concerned, our understanding has not evolved much beyond the realm of supersymmetry.

One may wonder whether some of the recent progress in 241 dimensions can be lifted
to 341 dimensions. One promising avenue to pursue is the idea of deconstruction [19].
Deconstruction allows one to write a product gauge theory in d dimensions which, in an
intermediate energy regime, mimics a gauge theory in d + 1 dimensions. The Lagrangian of
the d dimensional gauge theory is essentially the d + 1 dimensional theory put on a circle
of radius R with the compact direction discretized on a one dimensional lattice of lattice
spacing a with N sites so that 27R = Na. At energies a=! > F > R~! the theory behaves
as a d+ 1 dimensional continuum field theory. In the UV the lattice spacing becomes visible
and the theory reverts to the d dimensional product gauge group. At energies below R~!
the theory of course also becomes d dimensional due to the circle compactification.

In this chapter we will deconstruct maximally supersymmetric electromagnetism that
is a simple N/ = 4 supersymmetric U(1) gauge theory. The 2+1 dimensional field theory
accomplishing this is a U(1)" quiver gauge theory with bifundamental matter and N = 4

supersymmetry.[] Such supersymmetric 2+1 dimensional quivers are well known to have a

!'Note that A" = 4 supersymmetry in 2+1 dimensions is half the supersymmetry of the 3+1 dimensional
theory we are aiming for, 8 instead of 16 supercharges. This is a well known phenomena in deconstruction:
together with the broken translation invariance along the circle direction due to the discretization we lose
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dual description [64]: Mirror symmetry maps the quiver to supersymmetric QED with N
flavors. Given that the quiver gauge theory realizes 34+1 dimensional maximally supersym-
metric electromagnetism, mirror symmetry implies that QED with NV flavors also has to have
a 3+1 dimensional window, at least when the parameters are dialed appropriately. In this
chapter we will demonstrate that this indeed the case. The mirror theory in 2+1 dimensions
realizes the electromagnetic dual, or S-dual, of the 3+1 dimensional theory we started with.

A summary of the various theories and their relations is shown in figure [6.1]

Many of the techniques used in deconstructing 3+1 dimensional S-duality easily import
into the non-supersymmetric case. From a base duality, we derive new all scale quiver
dualities consisting of Wilson-Fisher scalars (WF) on one side and QED with N flavors
on the other; both theories containing Chern-Simons terms. The quiver now deconstructs
a non-supersymmetric U(1) gauge theory in 3+1 dimensions, which implies QED with N
flavors must also have a 341 dimensional description. Up to order one factors hidden by
strong coupling, this again appears to be the case, and it further motivates the conjecture
that 24+1 dimensional bosonization realizes non-supersymmetric electromagnetic duality of

the original 341 dimensional theory.

The organization of this note is as follows. In section [6.1] we will review the essentials of
deconstruction and, in particular, exhibit the 2+1 dimensional deconstruction of maximally
supersymmetric 3+1 dimensional electromagnetism. In section [6.2] we recall the basics of
mirror symmetry. We will see that in order to construct the mirror of deconstructed N = 4
electromagnetism we need its all scale version [79]. In section we present our main
result: we demonstrate that the mirror theory indeed reproduces the S-dual realization of
341 dimensional electromagnetism in the continuum limit. In section [6.4, we consider a
non-supersymmetric version of deconstructing 3+1 dimensional Abelian dualities through

the all scale version of bosonization. We conclude in section [6.5]

half of the supersymmetry for every compact dimension. The full supersymmetry of the 3+ 1 dimensional

theory only emerges in the continuum limit, that is at energies below a~!.
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S-Duality
N = 4 supersymmetric ( ) N = 4 supersymmetric

U(1) with coupling g, U(1) with coupling g,
. Analysis of

Deconstruction ¥
Spectrum

Mirror
U(DN quiver with € Symmetry > U(1) + N HM with
Maxwell term Thirring

Figure 6.1: Summary of the relationship between the various supersymmetric theories we

consider.

6.1 Deconstruction

The action for a pure 3+1 dimensional gauge theory with one of the spatial dimensions
compacitified on a circle of circumference 27w R and discretized into N lattice sites of lattice

spacing a reads [19]

N N
1 1
S = /d3“’ <_4_G2 D F+ T > (DuUiis1) (D"Uyis1) +> . (6.1)

i=1 =1

Here i labels the N lattice sites. There is a 241 dimensional gauge theory with field strength
F; = db; living on each site with the same gauge group as the 3+1 dimensional parent. In
this chapter we will be mostly concerned with the Abelian case, but deconstruction works
equally well for any gauge group. From the 241 dimensional point of view we are describing a
U(1)Y gauge theory. G is the 2+1 dimensional gauge coupling on each site with its standard
dimension of Length~'/2. The diagonal U (1) decouples completely since no matter is charged
under it, but the corresponding photon is part of our dynamical fields. This is different from
how quiver gauge theories are typically treated in discussions of mirror symmetry, where the
diagonal U(1) gauge boson is removed from the spectrum completely and one only keeps the

non-trivial U(1)" /U(1) part of the gauge theory.
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The group valued matrices U live on the links, so they are labeled by (i,7 + 1), the
two sites they connect. From the 3+1 dimensional point of view the kinetic term for U
simply is a discretization of —F,3F*3/(4G?) and so the two terms combine into the standard
gauge kinetic term. From the 2+1 dimensional point of view the U fields can be thought
of as “non-linear sigma model fields” in the bifundamental representation. Under a gauge

transformation g; the U fields transform as
Uiiv1 = 87 Usis18i1- (6.2)
The covariant derivatives of U, ;1 are given by
DyUsi = 0,U; 01 — i, Usia + iU; 10 (6.3)
For our Abelian case we can think of the U’s as pure phase variables,
Upiyr = €%+t (6.4)

¢ can be interpreted as by, the component of the gauge field along the circle direction. The
non-linear sigma models described by the U fields are not UV complete theories in d = 2+ 1
dimensions all by themselves. The non-linear sigma model has a strong coupling scale,
fr Y2 = 4G. But the non-linear sigma models can be UV completed entirely within the
2+1 dimensional theory. The original work of [19] envisioned two scenarios to do so. One
option is to introduce an extra quiver node in the middle of every link. Furthermore, the new
link fields will just be bifundamental fermions. As long as all the extra nodes are dialed to
confine at an energy scale A > a™!, the relevant degrees of freedom at scale a™! are simply
the pions of that confining gauge group, which are well described as non-linear sigma model
fields. The alternate option is to replace the non-linear sigma model fields with linear sigma

model fields, that is with un-constrained bifundamental scalar fields X;;;;. As long as we

force the scalar fields to have a vacuum expectation value

(Xiis1) = Xo (6.5)
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i+1
by,

Xii+1

Figure 6.2: Quiver diagram for the 2+1 dimensional deconstruction of maximally super-
symmetric electromagnetism. Nodes (white circles) correspond to U(1) gauge groups, links

(black arrows) to bifundamental hypermultiplets.

the low energy degrees of freedom are once more given by the phase variables, X; ;1 =
Xoe!*®ii+1 . In general this second option requires one to carefully choose quartic potentials
to ensure that we get the desired X,. However, in supersymmetric gauge theories, especially
those with extended supersymmetry, this second option is in fact very easy to implement.
Such theories often have moduli spaces of vacua: the scalar potential is exactly flat and we
simply can dial the vacuum expectation value Xy as a free parameter.

Using this second purely 241 dimensional UV completion, we can present the deconstruc-
tion of a pure N/ = 4 supersymmetric U(1) gauge theory in 3+1 dimensions. The relevant
theory is a 2+1 dimensional N' = 4 quiver gauge theory with N nodes connected according
to the quiver diagram in figure . Each node corresponds to a U(1) vector multiplet: a
dynamical photon together with two adjoint Dirac fermions and three adjoint real scalars.
Since we are considering only U(1) gauge groups, adjoint here simply means neutral. Each
link corresponds to a bifundamental hypermultiplet, that is 2 complex scalars and 2 Dirac
fermions with charge (41, —1) under the two U(1) factors they connect.

Besides N, the basic parameters are GG, the coupling of each U(1) factor, and Xj, the

vacuum expectation value for scalar fields in the bifundamental hypermultiplets. This theory
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indeed has a moduli space of vacua, so X can freely be dialed and different values of X
correspond to different super-selection sectors. More precisely, X, is a parameter along
the Higgs branch of the theory, where the gauge group gets broken down to the diagonal
subgroup,

Umy —u(). (6.6)

The moduli space in principle also contains a Coulomb branch where X, vanishes but instead
the scalars in the vectormultiplets living on the nodes get a vacuum expectation value. The
Coulomb branch will make an appearance in the dual theory, since mirror symmetry maps
the Higgs branch of one theory to the Coulomb branch of the other. But to use the standard
deconstruction procedure we need to be on the Higgs branch.

This quiver theory deconstructs a 3+1 dimensional pure N' = 4 gauge theory with U(1)

gauge group on a circle of radius R with parameters of the 3+1 theory given by

N R 1
R = g=27 = .
X, “™Tax, TN T Gx,

(6.7)

gi =

The identification of a comes from looking at the kinetic term for the scalar. The mass term
the gauge bosons pick up from the Higgs mechanism reads Xg (bi;' —b/,)*>. Comparing this to
the desired action tells us that we need to identify X2 = (aG) 2. The circumference 27 R
is Na, the number of lattice sites times the lattice spacing. To identify the 4d gauge coupling
we can simply look at the massless mode of the gauge field. From the 341 dimensional
point of view this is the constant zero mode along the circle, so its coupling is given by
performing the integral over the circle in the action and hence g3, = (2rR)g;> From
the 2+1 dimensional point of view the zero mode is the unbroken U(1) that remains after
breaking U(1)Y — U(1), so its coupling is given by g¢,3, = NG~2. Equating the two
expressions for the zero mode gives us the identification of g, in terms of G and X,. This
construction follows exactly the one outlined in [20] where maximally supersymmetric gauge
theories in 4+1 and 5+1 dimensions were deconstructed in terms of 3+1 dimensional gauge
theories.

As described in the introduction, the theory behaves 3+1 dimensional in the energy
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window a=! > F > R~!. To take a genuine continuum limit we want to send a — 0 while

keeping g4 and R fixed. So we need:

G
G, Xo, N = 00, — fixed,

N
fixed. :
X ax. xed (6.8)

One important aspect of this limit is that we can not take G to infinity from the get go.
Since the ratio of G and Xj is fixed, a = (GX;)™! is really the only basic length scale in
the problem. If we work at strictly infinite coupling, this scale vanishes identically and so
we never see a finite radius circle. We only want to take a to zero as we take N to infinity.
Infinite GG corresponds to the IR limit of the theory. In order to understand what happens
to our theory as we take the limit we need to be able to control excitations away from the
strict IR limit.

Since the 341 dimensional theory lives on a circle, the only massless gauge boson is
the zero mode, in full agreement with the fact that at low energies we only have a single
2+1 dimensional U(1) gauge theory. Note that this low energy theory is actually N' = 8
supersymmetric since it is just the circle reduction of maximally supersymmetric electro-
magnetism. The fact that we are really studying a 34+1 dimensional theory on a circle is
encoded in the spectrum of Kaluza-Klein (KK) modes. Since X is the vacuum expectation
value for bifundamental matter we see that the mass matrix for the massive W-bosons takes

the standard balls-and-springs form

2 1 0 0 -1
12 -1 0 0

Mz —cexz| 0P | (6.9)
: o -1 . 0
0 2 1
10 0 -1 2

with eigenvalues

m2 = 4G*X? sin? % (6.10)
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where n is an integer with —N/2 < n < N/2. These are in fact the expected momentum
modes on a discretized circle. Our classical calculation of the W-masses unfortunately is
only valid in the weak coupling limit, whereas our continuum limit involves a strong coupling
limit. In a supersymmetric theory one might hope that the W-masses could be protected by
supersymmetry. As pointed out in [20] this is almost true here: while the W-bosons are not
BPS states in the full quiver gauge theory, they do become BPS states from the point of view
of the low energy N' = 8 gauge theory. What this means is that while we can not guarantee
that the full spectrum of W-boson states remains to be given by at strong coupling,
we can trust the formula for the low lying states with n < N where m2 = n?/R? exactly
as we expect in the continuum limit. We have in fact successfully deconstructed maximally
supersymmetric electromagnetism in 341 dimensions.

Let us close this section with noting that there is an alternate way of thinking of the
parameter Xo. We can force the bifundamental scalar fields to have a non-vanishing ex-
pectation value by adding an Fayet-Iliopoulos (FI) terms to the theoryP] A FI is a term
linear in the auxiliary D field in the vector multiplet, Lp = £D/n. After integrating out
D it corresponds to a new scalar term in the potential together with the fermionic partners
that are needed for supersymmetry. In terms of the moduli space, the FI term imposes a
“D-term” constraint that ensures that the modified potential vanishes. A FI term & on any
of the individual nodes would give a D-term demanding that the expectation values of the 2

complex scalar fields X;,;; and )E'MH on each site obey

[ Xiina]” = [ Xiia | = X + 1 Xiaal® - % =0. (6.11)

This is not what we want. It would force a non-vanishing difference between the expectation
values of the incoming and outgoing link at each node. We do want to work with & = 0
for all ¢ so that all scalars can have the same expectation value Xjy. Fortunately there is a

different U(1) symmetry we can use in the problem. Rotating all matter fields by an overall

2In our conventions we follow [79], where all normalizations are clearly spelled out. The Maxwell term
has a prefactor of (4G?)~!, Chern-Simons like terms have an integer coefficient times (4m)~!, whereas FI
terms have a coefficient of =1,
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phase,

Xijiy1 — €ia/NXi,i+1, Xi,iJrl — €7m/NX'i,¢+1 (6.12)

gives a global symmetry rather than a gauge symmetry. We can introduce a background FI

term for this global symmetry as a parameter in our Lagrangian, giving us a D-term

1 S §
y (Kol = Rsal?) - 2 (6.13)
For £ = X this gives us the desired X; ;.1 = Xy as the simplest solution. Thinking of Xj

as being imposed on us by a FI term will help us with the parameter mapping to the mirror.
6.2 All-Scale Mirror Symetry

6.2.1  Mirror Symmetry

Mirror symmetry as introduced in [64] is an IR duality, that is it is only valid at infinite G.
Mirror symmetry relates two different supersymmetric gauge theories that flow to the same
conformal field theory in the infrared. In terms of deformations due to giving scalar fields
vacuum expectation values, it maps the Coulomb branch of one theory to the Higgs branch
of the other and vice versa. While mirror symmetry is well established also for non-Abelian
gauge groups [64], [42], 41, the general dual pair is easiest to construct in the Abelian case.
For Abelian mirror symmetry all possible dual pairs can be derived from a single base pair
[79]. This is in complete parallel with the derivation of the non-supersymmetric duality web
[83, [112] from a single seed duality. In fact, it was the supersymmetric insights that served
as a template for the non-supersymmetric web. In the N' = 4 supersymmetric case the base

pair demands the following equivalence (HM=hymermultiplet):
Base pair (BP): U(1) + 1 charged HM = free HM

Both sides of the base pair have a global U(1) symmetry and the corresponding conserved

current can be coupled to a background source B,,. Here and in what follows we will denote
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dynamical gauge fields with lower case letters and background fields with upper case lettersﬁ
We use a, for the dynamical gauge field on the left hand side of (BP) and denote its field
strength by f,..

On the right hand side of (BP) we see a free hypermultiplet. The global symmetry
is simply particle or baryon number, counting the number of scalars and fermions. The
corresponding background field couples via the standard minimal coupling in the kinetic
term. On the left hand side baryon number is gauged, so it is not a global symmetry.
Instead we have a topological global symmetry, monopole number, whose conserved current
is j, = e"Pf,,. j* is identically conserved due to the Bianchi identity. The background field
couples to the theory via a BF term

1
Sprla, B] = 2—/d3x e"a,0,B,. (6.14)

™

Once again, this is a story that has recently resurfaced in the context of non-supersymmetric
dualities but had been well appreciated in the supersymmetric context long ago.

Last but not least let us recall how we can use (BP) to derive mirror duals for arbitrary
Abelian gauge theories. Starting with N copies of the right hand side we can realize any
Abelian gauge theory by promoting r of the N global baryon number symmetries to gauge
symmetries. Which linear combination we gauge is up to us, so we can chose our N matter
fields to have charges R{ under the r gauge groups. This construction has been nicely laid

out in [120]. We end up with

Theory A: N =4 U(1)" gauge theory with N hypermultiplets of charge RY.

3Readers familiar with the non-supersymmetric duality web may wonder whether our gauge and back-
ground fields are genuine U(1) connections or rather spin. connections. For the supersymmetric duality
all our background fields are in fact U(1) connections and not spin connections. Symmetries under which
a whole multiplet is charged manifestly violate the spin/charge relation that is required to hold for spin,
connections. Both fermions and bosons in the multiplet carry identical charges. The only exception to this
rule are R-symmetries, under which the supercharges themselves are charged and so bosons and fermions
within a given multiplet transform differently. The A/ = 4 supersymmetric gauge theories we consider have
an SU(2)r, x SU(2) g R-symmetry and treating background fields for these symmetries as spin, connections
would allow us to study the theories on manifolds which aren’t spin but only spin.. For our purposes here,
turning on background fields for R-symmetries is not needed and so all our dynamical and background
fields are U(1) connections.
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Here i runs from 1 to N as before, whereas a runs from 1 to . The dual theory starts
with IV copies of the left hand side, that is N copies of SUSY QED with 1 flavor coupled to
background fields via BF couplings. Promoting r of the background gauge fields to dynamical
gauge fields gives masses to both the r background gauge fields and the r» dynamical gauge
fields they couple to via the BF couplings. We are left with the N —r gauge groups (labeled
by p running from 1 to N — r), that is with

Theory B: V' =4 U(1)¥™" gauge theory with N hypermultiplets of charge S? with
>, RSY =0 for all @ and p.

The quiver is a special case of this general duality. Usually it is considered to be the r = N—1
case with charges assigned according to the quiver of figure with the overall U(1) modded
out (so that the N nodes only give rise to N — 1 gauge groups). The overall U(1) completely
decouples from the theory. It can be added back in on both sides in the end to obtain our
deconstructing U(1)Y theory of figure . The dual is simply a single U(1) gauge group with
N flavors, that is N' = 4 supersymmetric QED. This duality between the Abelian quiver
theory with N nodes and QED with N flavors was in fact the very first example of mirror
symmetry uncovered in [64].

This particular instance of mirror symmetry can also be very easily understood in terms
of Hanany-Witten style brane setups [59]. Introducing branes as displayed in table we
can suspend snippets of D3 branes between NS5 branes in the xg direction. As long as this
direction is compactified on a circle, we can realize the quiver gauge theory of figure [6.2
via a single D3 brane wrapping the entire z¢ circle with N NS5 branes along the circle as
displayed in the left panel of figure [6.3]

Each D3 segment connecting neighboring NS5 branes corresponds to a U(1) gauge group
factor. The bifundamental hypermultiplets arise from strings connecting D3 brane segments
across the NS5 branes. The coupling constants G; of the individual U(1) factors is encoded
in the length L; of the D3 segments, since the 2+1 dimensional gauge theories arise from

compactifying the 341 dimensional gauge theory living on the D3 branes on the segment,
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NSHh|[x x X x X X O O O o
D3 |x x x o o o x o 0 O

D |x x x o o o 0 X X X

Table 6.1: Brane realization of 2+1 dimensional quiver gauge theories and their mirrors.

so G > = L;g;%. The configuration in figure corresponds to the theory which we need
for deconstruction with the NS5 branes equally spaced along the circle so that all gauge
couplings are equal, G; = G for all 7. This is not the point at which mirror symmetry is
valid. The conformal field theory which has the two mirror symmetric descriptions is only
realized when all N NS5 branes sit on top of each other. The equally spaced configuration
can be viewed as a deformation of the CFT by the irrelevant Maxwell terms corresponding
to the NS5 brane separations. Once again we see that for the application to deconstruction

we would like to understand the theory away from the strict IR limit.

Electric theory Mirror dual

S-duality . = NS5-brane

“ . = D5-brane

mm=m = D3-brane

Figure 6.3: Brane construction of the quiver gauge theory and its mirror dual.

To find the mirror dual from the brane setup we simply perform S-duality in type IIB
string theory. This takes the D3 brane back into itself, but exchanges NS5 branes with D5
branes. To stay within the configurations made out of the objects displayed in table we

need to combine this transformation with a relabeling of the 3 45 and 275 ¢ directions. This
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relabelling captures the fact that mirror symmetry exchanges the two SU(2) R-symmetry
factors, which correspond to rotations in 789 and 345 respectively. In the field theory the two
R-symmetries act on Higgs and Coulomb branch respectively and so exchanging them also
means we are exchanging the two branches. The dual of the quiver gauge theory is displayed
in the right panel of figure|6.3] This time there are no NS5 branes present, so we have a single
U(1) gauge group. The N D5 branes give rise to N charged hypermultiplets. So indeed we
see that the mirror is QED with N ﬂavorsﬁ We saw that in the quiver gauge theory, the CFT
point corresponds to coincident NS5 branes and the configuration relevant for deconstruction
involves turning on the irrelevant deformations corresponding to the NS5 separations. In the
electric quiver theory these corresponded to the gauge couplings, the concrete identification
of the corresponding “magnetic couplings” on the mirror side has long been known to be
non-trivial. Fortunately in the Abelian case a full resolution is known, as we will explain in

the next subsection.

Let us close this discussion with noting that the brane pictures we just introduced im-
mediately generalize to the non-Abelian case. If instead of a single D3 brane we use K D3
branes, the quiver gauge theory will be U(K)" with bifundamental matter. The overall
U(1) again decouples, but this time all N SU(K) factors are interacting. This quiver theory
nicely deconstructs N =4 SYM with U(K) gauge group. The mirror dual theory is U(K)
with IV flavors. The main reason we restrict ourselves to the Abelian case in this chapter is

the identification of the magnetic couplings which we are about to review.

4As noted before, the U(1) gauge theory living on the D3 brane is in fact an N’ = 8 gauge theory,
supersymmetry is only broken to A/ = 4 by the charged matter hypermultiplets. That is, there is an
additional adjoint (=neutral) hypermultiplet present. In the U(1) case, this adjoint hypermultiplet is
completely decoupled. A free hypermultiplet is equivalent to a free vector multiplet (after dualizing the
photon into a dual scalar) and it is this extra hypermultiplet that, in the brane picture, is dual to the
decoupled overall U(1) on the electric side. The non-trivial U(1)" /U(1) quiver gauge theory is dual to
N =4 QED with N flavors.
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6.2.2 All-Scale Duality

Mirror symmetry as it stands is only valid in the deep IR, that is when the U(1) factors are
infinitely coupled. We have argued before that in order to properly understand the dual of
deconstructed maximally supersymmetric electromagnetism, we seem to require being able
to keep track of both theories even at finite coupling. Fortunately this is easy to do, at least
in the Abelian case, using the same techniques that we used to derive new mirrors from
a single base pair. We can start with (BP), gauge the global U(1) baryon number on the
right hand side, but this time add a F?/(4G*) Maxwell term to it, with F the field strength
of B,. Since B, started out as a background gauge field, we should feel free to add such
contact terms before we promote it to a dynamical gauge field, B, — b,, as long as we do
so consistently on both sides of the duality. This gives us the theory on the left hand side of
(BP) but with an extra Maxwell term. Whatever this same procedure does on the original
left hand side of (BP) has got to be the new right hand side, that is the all-scale dual to U(1)
+ 1 charged HM + Maxwell term. On the original left hand side of (BP) the dual monopole

U(1) couples via a BF term, so we have, schematically
Sins = Hyper[a] + Sprla,b] — 35 [ F*.

Hyper[a] denotes the action of the hypermultiplet minimally coupled to a, and Spp is
the BF coupling of . Integrating out a, and b, gives a (supersymmetric version) of
the Thirring model: a hyper with a quartic fermion interaction. This is irrelevant in 241
dimensions, but so is a Maxwell term. The Thirring interaction is the dual to the Maxwell

term. After exchanging left and right hand side, this gives an all-scale version of (BP):
all scale Base pair (aBP): U(1) + 1 charged HM + Maxwell = free HM + Thirring

While (aBP) is useful as a mnemonic to understand what all scale mirror symmetry does,
we will find it more useful in what follows to keep both the massive gauge fields around on
the Thirring side of the duality in order to correctly capture the physics of this irrelevant

deformation.
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Applying this philosophy to the U(1)Y quiver gauge theory we want for deconstruction,
we need to start with N free hypermultiplets and gauge N linear combinations of the global
baryon number symmetries. Denoting the original baryon number symmetries by B;, we

form the bifundamental linear combinations
B; = b1 — by, (6.15)

and also promote the b; to dynamical fields. Here the index ¢ is defined modulo N, that
is byy1 = b;. At this step we can introduce a Maxwell term with coupling G for each of
the U(1) factors b;. Repeating the same steps as in the case of a single U(1) above, we can
find the all scale dual for the quiver, including the irrelevant coupling G. The dual has N
QED gauge bosons a; from the N decoupled factors of QED with 1 flavor we started out
with. These couple to the same N dynamical gauge fields B; = b;; 1 — b; we newly gauged.

Somewhat schematically, the mirror action (M) reads

Sn = Z Hyper;[a;] + Z Sprlai, biy1 — Z 4G2/ (6.16)

Once again, we could integrate out the massive gauge fields a; and b; to reduce to QED
with NV flavors (and a decoupled center of mass factor). The coupling constant G would
imprint itself as a current-current Thirring like interaction. But for the purpose at hand it

will prove more convenient to directly work with (M).

6.3 S-duality from mirror symmetry

In the previous section we identified the mirror (M) of the quiver gauge theory responsible for
deconstructing maximally supersymmetric electromagnetism in 3+1 dimensions. We found
that at the conformal point the non-trivial part of the dual is just QED with N flavors.
Turning on the irrelevant Maxwell coupling G induces a particular pattern of current-current
interactions which is best captured by the introduction of an extra 2N — 2 massive gauge
fields. There is one more step we need to take in order to implement the theory described by

the matching in (6.7): we need to turn on the vacuum expectation value Xy for the scalars
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Figure 6.4: Higgs branch deformation of the quiver gauge theory and the dual Coulomb

branch deformation of its mirror.

in the quiver theory. Recall that in the original quiver this expectation value took us out
onto the Higgs branch, where U(1)" is broken to the diagonal U(1). In the dual theory
(M) this same expectation value takes us out onto the Coulomb branch. If we integrate out
the massive vectors and simply look at QED with N flavors going on the Coulomb branch
amounts to giving masses to all flavors. Writing N' = 4 in N' = 2 notation, the adjoint chiral
multiplet X that is part of the N' = 4 vector multiplet couples to the chiral multiplets Q,

and @); in the hypermultiplet via a superpotential coupling
W~ X Qi (6.17)

That is giving a vacuum expectation value (X) = X, to the vector multiplet scalar is
equivalent to adding mass X to all N matter fields.

The effects of moving out onto this branch, both in the original and in the mirror theory,
can once again be best understood from a brane picture as displayed in figure [6.4}

Turning on X, to move onto the Higgs branch in the original quiver corresponds to
moving the D3 brane off from the NS5 branes into an orthogonal direction (say z7). This
brane picture makes it manifest that the low energy physics is just the 3+1 dimensional
N =4 U(1) gauge theory living on the D3 brane. The continuum limit is exactly achieved
by taking the limit where the D3 brane gets infinitely removed. The KK modes living on
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the D3 brane appear as W-bosons from the UV field theory. In the S-dual picture we see
the same low energy physics: a single D3 brane far removed (this time in the x3 direction)
from a stack of D5 branes. Since the two pictures are related by type IIB S-duality, which
acts as electro-magnetic duality on the D3, the U(1) on the D3 brane this time is the S-dual

of the theory we originally deconstructed.

The D-brane realization of the gauge theory also allows us to make one more important
point. In addition to the W-bosons we expect from the deconstructed circle, our theory also
has BPS vortices. In the string theory construction they correspond to D1 strings connecting
the D3-brane to one of the NS5 branes. In the mirror theory they map to F1 fundamental
strings connecting the D3 to one of the D5s. The mass of these states is proportional to the
length of the string, so it grows linearly with Xy. In the continuum limit, where X, — oo,

these states become infinitely heavy and decouple.

To confirm that the lessons the brane picture teach us about the mirror are indeed realized
in the field theory we need to confirm that the low energy physics of theory (M) along its
Coulomb branch indeed realizes a tower of KK modes. Instead of integrating out the massive
vector bosons in (M) to study the spectrum of the massive large N Thirring-like model that
is left behind, we find it more convenient to integrate out the N massive matter fields instead.
After all, the limit we are taking is the one in which the flavor fields get infinitely heavy.
Integrating out the flavor fields in the action leaves behind, at low energies, 2N vector
bosons a; and b; with masses induced from the topological BF terms. The effects of the
massive flavors is to modify the kinetic terms for the gauge fields they couple to, that is the
a; fields. This is encoded in an effective metric on the Coulomb branch, which fortunately is
tightly constrained due to the high supersymmetry in the system and we can directly borrow

the results from [113], [111] to read off the answer.

To understand exactly how X is related to the hypermultiplet mass it is easiest to use the
FI terms to force the expectation value. ¢ is an FI term for the D-term of the background

gauge field coupling to the baryon number global symmetry. On the magnetic side this
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symmetry is mapped to the monopole number of the overall U(1) field

. 1

a couples to the background field via a BF term whose supersymmetric completion couples
the scalar superpartner T of a to the auxiliary field D of the background multiplet. Together
with the FI term this means that the terms in the action containing D simply read D(z—¢)/;
so D acts as a Lagrange multiplier that forces T to get expectation value equal to £&. Or
in other words, the hypermultiplets pick up mass m = £. This is the standard parameter
mapping in mirror symmetry: FI terms map to mass terms. So our task is to determine
the correction to the gauge couplings of the gauge fields under which the hypermultiplets
are charged due to integrating out a massive hypermultiplet of mass m = £ = 7 X2. The
hypermultiplets are neutral under the b; gauge fields, so the latter are unaffected and their
gauge coupling remains GG. Each a; has exactly one charged hypermultiplet. The quantum
corrections to QED with 1-flavor are indeed well understood [I13], TT1]. This theory has no
Higgs branch (quartic potentials prevent the hypermultiplets from getting expectation values)
but has a one (quaternionic) dimensional Coulomb branch. Corrections are usually phrased in
terms of the metric on this branch which encodes the kinetic terms in the low energy effective
action along the branch. Classically the Coulomb branch is simply R?® x S!, parametrized by
the 3 scalars in the vector multiplet together with the dual photon. Quantum mechanically
the Coulomb branch picks up a 1-loop exact correction turning it into Taub-NUT [I13]. This
metric has no singularities, which would signal extra massless particles, in accordance with
string theory expectations [ITI]. But the correction can be interpreted as including a shift
in the effective gauge coupling which has been shown in [109] to read (in the normalization

of [79] we have been using all along):

9 1

2AX) =g+ ———— 6.19
02X =3 (6.19)

where X is the triplet of the scalars contained in the hypermultiplet and m is the triplet of

the allowed supersymmetric mass terms. Note that the classical value of the gauge coupling,
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Jel, 18 not G. In the derivation of all-scale mirror symmetry adding a Maxwell term on the
electric side with coupling G induced a Thirring term or equivalently a Maxwell term for b;,
but not for a;. The latter remained infinitely strongly coupled throughout, g,;*> = 0. The
U(1) gauge couplings of the a; fields is entirely due to integrating out the hypermultiplets of
mass m = TXZ:

Yo, = 21 Xo. (6.20)

With this the mirror action (M’) on the Coulomb branch reads

1 2 1 2
Sw = —;m/ﬁ + ; SBF[az'7bi+1 _bi] _; 4_G2/Fz (6‘21)

where f; is the field strength of a;. To calculate the spectrum of massive fluctuations we can

27 Xo

rescale f; — fi = 7

fi so that all 2N gauge fields have the same kinetic term. The newly
rescaled fields of course would not be properly quantized, but for the purposes of determining
the spectrum of small fluctuations this is irrelevant. Maxwell’s equations for the 2N gauge
fields pick up an effective mass matrix from the BF' terms, which can be written in block

diagonal form

0 C
My = GX, . (6.22)
cT o0

0 denotes an N by N block vanishing entries and C' is the N by N matrix given by

+1 -1 0 -~ 0 O
0 +1 -1 0 0
0 0 +1 -1 :
C = _ . (6.23)
0 +1 -1
-1 0 --- 0 0 +1

Note, in particular, that comparing to the W-boson mass matrix of we have

My

oTC = .
G2X?

(6.24)
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So the eigenvalues of the magnetic mass matrix My, indeed are just the square root of the

W-boson mass squareds from (6.10)), that is
m2 = 4G*X? sin? %” (6.25)

where once again n in an integer with —N/2 < n < N/2. Note that in M), each eigenvalue
shows up twice. That is due to the fact that we are really working out the masses of a
single polarization of a gauge field, whereas M3, was already fully accounting for the 2
polarizations of the massive gauge boson after “eating” the corresponding scalars. So the
spectrum of massive KK modes completely agrees, the mirror Thirring theory indeed grew
an extra dimension!

Looking at the massless modes, we see two massless vectors on the mirror side. One of
those has all a; = a with b; = 0 and the other one has all b, = b with a; = 0. On the
electric side we had a massless vector and a massless hyper (the “Higgs boson”) combining
into an A/ = 8 vector multiplet. As we alluded to before, a decoupled massless vector can
be rewritten as a massless hyper and, indeed, the two sides are completely equivalent. As
we pointed out above, the fact that we needed to dualize a single free hyper into a vector is
also manifest in the brane picture.

Last but not least let us look at the coupling constants in the magnetic theory. The
coupling constant G plays the role of a magnetic coupling in the mirror theory, as expected.
The electric coupling is what governs the Maxwell term of the zero mode a from ,
which was induced from the massive hypermultiplets. Since each a; had coupling X, we

have that the corresponding coupling of this zero mode is given by
701 = N(27Xo) ™ (6.26)

from which we can obtain the gauge coupling of the deconstructed 341 dimensional theory

as before:

M — (gwyﬁ — (QW)Q, (6.27)

i = (2 R)gzy = (Na)
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As expectedP| [129], the coupling constant of the dual theory is (27)? times the inverse of the

coupling of the electric theory! We successfully deconstructed S-duality.

6.4 Deconstruction with Abelian bosonization

Let us take above analysis and apply it to a more conjectural setting: non-supersymmetric
Abelian dualities. Taking stock of the key ingredients needed in the supersymmetric case,

we are motivated to consider the Abelian duality

BP’: WF Scalar = Fermion + U(1)_

N

as a starting point. Quivers valid in the IR limit can be constructed in a manner similar
to those found in [82]. The philosophy behind deriving the all-scale Base Pairs remains
intact. That is, all of the quantities appearing in the process of arriving at the aBP relation
used in deconstruction are simple supersymmetric generalizations of terms that can be easily
identified in the non-supersymmetric context: The N = 4 U(1) gauge theories nodes with
hypermultiplet links of the quiver become Chern-Simons theories coupled by bifundamental
Wilson-Fisher (WF) scalars, and the dual picture becomes N flavors of Dirac fermions with
flux attachment in the form of a U(1)_ N Chern-Simons theory. That is, the single node

non-supersymmetric version of aBP reads

aBP": WF + (U(1) + Maxwell) = U(1)_1 + Fermion + (U(1) + Maxwell).

1

The main concern is what becomes of the Chern-Simons terms in the quiver theory in
the 3+1 dimensional limit. Naively, one would guess that they become some form of linearly
varying f-angle [52]. To understand what happens, let us consider the case where all of the
scalars acquire the same vacuum expectation value (X; ;1) = X, such that we again arrive

a linear sigma model for the phase variable, U; ;11, i.e. X, ;41 = XoUi;41. The discretized

®Note that the g2 as defined in [129] is twice the coupling squared we have been using here.
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scalar theory becomes

N N
y 1 1
_ 1 . 3 2 t
Sscalar =k ]SCS[biv bj] + /d z <_4G2 ;:1: Fz + 2G2q2 ;:1: (DuUi,iH) (D“Ui,z‘ﬂ) + .. > )

(6.28)

where we use
1
SC’S[Ai7 AJ] = E /d3x EWPAfa'/A? (629)

to denote both Chern-Simons and BF terms and the coeflicients take on a form reminiscent

of the balls-and-springs mass matrix we saw earlier

2 -1 0 0 -1

-1 2 -1 0 0

. o -1 2 -1 :
kY = . . (6.30)

: 0o -1 °-. 0

0 2 -1

-1 0 0o -1 2

The form of (6.28]) is very similar to the supersymmetric case with the exception of the
Chern-Simons terms, which we will now argue have no effect on the continuum deconstructed
theory. The discretized Chern-Simons term take the form of a combination of forward and

backward hopping terms on the lattice:

N
biy1 — b;
J _ = 24l ‘ 31
kY Scg[bi; bj] 4ﬂ§j< )db 47T§j( - )dbz, (6.31)

=1 =1

where periodicity b; = b,y has been imposed. What is immediately obvious is that in the
continuum limit the two hopping terms become equivalent and cancel one another. Thus
despite being important for the functioning of the quiver duality, the Chern-Simons and

BF terms do not affect the duality in the limit to a continuum theory in 3+1 dimensionsﬁ

50ne might also worry that the additional Chern-Simons terms in the 2+1 dimensional theory will give
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Indeed, if the bifundamental scalars all pick up the same vacuum expectation value, then
the dynamical gauge bosons acquire the same mass matrix as in , and taking limit
as in , we find simply that the scalar side of the duality has deconstructed pure 341
dimensional Maxwell theory compactified on an S*

1

S=——
492 R3x 81

d*z F? (6.32)

with Fj the 341 dimensional field strength. Note that our non-supersymmetric theory no
longer has a moduli space, so Xy is not a parameter we can dial. We expect that adding a
large negative mass squared to all WF scalars will force them to pick up a large expectation
value, but due to the the strong coupling limit involved we have no control over the order
one factors.

The question now is what becomes of the fermionic side of the quiver dual picture in the

continuum limit, which also comes with additional Chern-Simons terms,
6 . ij . ! 2
Sfermion = — Z Stlti, ai] — 7503[061', a;] — 6 Scs [ai; by — bj] — Z e F7.o (6.33)

On the scalar side, the continuum limit corresponds to a large negative mass squared for
the matter fields and, through the identification of mass deformations in the single node
context my, > —m%, we expect that continuum limit in the fermionic theory corresponds to
opening a large gap in the fermion spectrum. Integrating out heavy fermions in QED3 not

only cancels out their respective n-invariants but also gives to one loop [109] [39] the coupling

of the 3+1 dimensional theory

2= g2 . 34
ga¢ gcl + 127””1/1 (63 )

We note again that clasically g(f — 0 as Abelian bosonization is, like BP, a relation in the

competing mass contributions to b;. Although the Chern-Simons induced masses scale as G2 ~ GXj in
the continuum limit, the Chern-Simons mass matrix also comes with two factors of k. Diagonalizing each
factor of k% gives sin?(mn/N) ~ n?/N? for n < N. Thus, the Chern-Simons masses are 1/N? suppressed
relative to those due to Higgsing. This is consistent with the 341 dimensional point of view that effects
due to the Chern-Simons terms are suppressed in the continuum limit.
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deep IR, and so g,, = \/127mm,. The gapped theory is then described by

Slgermion = 24 2 / f _5USCS [au j-‘rl Z4G2/ F2 (635)

Canonicalizing the kinetic terms, diagonalizing the mass matrix for the gauge fields, and

computing the mass spectrum of Kaluza-Klein modes gives

2
5 Ggal . o TN

7

Analogous to the supersymmetric case, we can postulate m, ~ Xgﬂ Then, with ,
g2 ~ X§ and hence is the same as (6.25)), up to an O(1) factor. Similar arguments
follow for the non-supersymmetric generalization of , i.e. g2 ~ (2m)%g; 2. So while the
basic construction seems to work just as in the supersymmetric case, it is difficult to confirm
this duality quantitatively. It’s not even clear that the spectrum of KK modes survives the

strong coupling limit unless one can find a large N argument that suppresses corrections.
6.5 Discussion

Let us take stock of what has been accomplished. We used a well established yet still
somewhat conjectural duality between strongly coupled field theories in 241 dimensions in
order to rederive a somewhat trivial statement about a free theory in 3+1 dimensions. What
is this good for? For one, the procedure we followed is a nice additional check of mirror
symmetry, in particular its somewhat less well studied all-scale version. But, of course,
more interesting is that this demonstration can serve as the existence proof that potentially
new dualities in 3+1 dimensions can indeed be derived from established dualities in 2+1
dimensions.

A fairly straightforward generalization of the work we have done here is to study the
non-Abelian case in order to establish the less trivial S-duality of N' =4 SYM. The brane

construction is identical to the one we used here and so we expect exactly the same pattern of

TAt least for negative scalar mass squared this is the more basic version of the parameter map in
bosonization, where the fermion mass is directly identified with the scalar expectation value.
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masses in this case. The new complication is that this time we do not know of a Lagrangian
description of the magnetic coupling. Unlike the Abelian U(1) monopole number symmetry,
which is visible at all scales and can be coupled to via a BF term, the corresponding non-
Abelian symmetries only arise as accidental symmetries in the IR. As long as we take a
formal definition of the magnetic coupling as an irrelevant deformation of the IR fixed point,
the brane picture demonstrates that the mirror theory will again grow an extra dimensions
if we chose the electric theory to deconstruct SU(K) SYM in 341 dimensions.

One other obvious generalization would be to include a 6 term in the gauge theory;
one would hope that it should be possible to find the full SL(2,Z) invariance of the 341
dimensional theory and not just S-duality.

More interesting will be to return to the recent progress in our understanding of 3d
bosonization dualities. While the original set of dualities were established for theories with
single gauge groups [2] the generalization to Abelian [82] and even non-Abelian product gauge
groups [69], including those based on quivers, appears to be straightforward. In either case,
the 241 dimensional dualities typically include Chern-Simons terms which aren’t present in
the straightforward application of deconstruction and their role needs to be clarified. For the
Abelian case we were able to demonstrate that the basic construction carries through, even
though the lack of control over the strong coupling regime makes it difficult to make quanti-
tative comparisons in this case. The non-Abelian case presents extra complications. Beyond
the problems with the magnetic couplings we already encountered in the supersymmetric
case, the flavor bounds inherent in the dualities of [2] make it difficult to derive dualities for
some of the most interesting non-Abelian quivers we might want to study. Nevertheless, the
fact that in the simplest, most supersymmetric example deconstruction allowed us to derive
a well established 3+1 dimensional duality from 2+1 dimensional mirror symmetry makes

us hopeful that progress along these lines can be made.
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Appendix A
REVIEW OF CHERN-SIMONS THEORIES

In this appendix we collect information about Chern-Simons theories which will be useful
throughout the main text. Much of the material here follows Refs. [46], 121] and the reader
can refer to said references for a significantly more detailed discussion of such theories.

A Chern-Simons term in Minkowski spacd] is defined to be

k k
= — B AV p = —
ECS 47T€MVPA 8 A 47TAdA7 (Al)

where in the second equality we have written the term in form notation, which is used
throughout the body of this work. For now, the gauge field A is Abelian and can either be
a dynamical or background gauge field. The coefficient k is referred to as the “level” of the
Chern-Simons term. Under a gauge transformation A, — A, + d,A a Chern-Simons term

changes by a total derivative

SLes = 43(9” (A2, A,) . (A.2)
7

Thus, so long as we can neglect boundary terms, then the action with a Chern-Simons term
is gauge invariant.

A Chern-Simons term can be defined in any dimension, but in 2 + 1-dimensions they
are on special footing because the operator is dimension 3 and is thus relevant. Since the
Maxwell term in 2 + 1-dimensions is irrelevant, Chern-Simons terms are the most natural
Lorentz- and gauge-invariant term that is quadratic and local in the gauge fields.

The level of the Chern-Simons theories must be quantized, i.e. k € Z. This is easiest

to see in the non-Abelian case that we discuss below. The argument can be generalized to

In the body of this text we will work in Euclidean space. This amounts to including an extra factor of
—i with every Chern-Simons term in a Lagrangian.
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Abelian Chern-Simons terms with a little more effort, see Ref. [121].
If we introduce a source term to (A.1)), i.e. Log = Log — A, J*, the equations of motion
are

k
I, = ", (A.3)

Using the usual definitions of electric and magnetic fields, this reduces to

P = %B, J' = %E’jEj, (A4)

with J* = (p, J ). The first of these equations states that wherever there is charge there
must be nonzero magnetic field, inversely proportional to the Chern-Simons level. The
latter equation simply ensures the former relation does not change under time evolution.
For this reason, Chern-Simons terms are said to exhibit “flux attachment”.

A very important consequence of flux attachment comes into play via the Aharonov-
Bohm effect. Consider a particle of charge 1 moving along some contour C' around an

identical particle in the presence of a level-k Chern-Simons term. Due to the flux of each

particle, the nonrelativistic wavefunction picks up an Aharonov-Bohm phase,

exp (z fc di - A’) = exp (%) : (A.5)

If we were, say, considering with the statistics of such particles under interchange, we can
take C' to be a half-circle, in which case the additional phase due to flux attachment is
Ay attachment = /K.

For the case of either k = 41, the additional phase is the same one would pick up from
interchanging two fermions. If we call this exchange operation O, we then have the schematic

relation
O |boson + flux) = O |fermion) , (A.6)

O |fermion + flux) = O |boson) . (A7)

Thus, the statistics of bosons and fermions can be interchanged in the presence of a Chern-

Simons term.
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Of course, there is no reason why we need to consider a theory of gauge bosons with
only a Chern-Simons term. A Chern-Simons term can be combined with a Maxwell term, in

which case the Lagrangian is

1 k
EMCS = _4_G2F;LVFHV + EE#VPAHaVAP . (AS)

The equation of motion is now given by

kG?
OMF“” + ﬁeVﬂﬂFl‘p = 0 . (Ag)
It is straightforward to show this expression describes a single (transverse) degree of freedom
with mass mycs = kG?/2m [46]. Thus, in the IR limit where G* — oo, the gauge degrees of
freedom are infinitely massive and do not propagate.

The generalization of Chern-Simons terms no non-Abelian gauge fields is given by

Los = e, (A“&”A” - %A“A”AP) = 4ﬁ (AdA - ¢§A3) : (A.10)

A7 7

where once more in the second equality we have adopted form notation. One can see that if A
is Abelian, the second term vanishes. Much of the results for the non-Abelian Chern-Simons
terms are directly analogous to what was found above for their Abelian counterparts. This
includes the flux attachment condition we found above.

Under a gauge transformation, A, — ¢~ 'A,g + ¢~'0,g, the Chern-Simons term trans-

forms as [40]
k v ,1 k v 71 71 *1
Los — Les + EGH PO, tr (8,,gg Ap) — me“ Ptr (g 0,99 0,99 8,)9) . (A.11)

Similar to the Abelian case, the first term vanishes when we can neglect the boundary. The
second term is a well-known topological invariant known as the winding number density of
the group element g, defined as

1 _ _ _
w(g) = @e’“’ptr (g 18Mgg 19,99 18,09) ) (A.12)
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It can be shown that with proper boundary conditions w(g) is integer valued [46]. As such,

for a transformation with winding number N, we have under a gauge transformation
SCS — SCS — 271']6]\77 (Al?))

which ensures the amplitude in the path integral remains unchanged under gauge transfor-
mations so long as k € Z. Thus we have arrived at our quantization condition.
A slight generalization of the Chern-Simons terms is one for which the two gauge fields

are not the same, e.g.

k k
= —¢,,,B"0"A? = — BdA. A14
£BF 27T€,uup 0 o d ( )

If one rewrites F' = dA, one can see why this term is often referred to as a “BF term”, which

is the vocabulary we adopt in the main text.
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Appendix B
3D BOSONIZATION DUALITY SUPPLEMENTARY

Alternatively, one can think of the Wilson-Fisher scalar by introducing an auxiliary scalar
(Hubbard-Stratonovich) field, o, such that
2

. g
SWF[‘P; o, B] = /dsx (|<au - ZBM)QOP - U|90’2 + %) (B'l)

Integrating out o produces . Treating o as a background field, it functions as a mass-
term source. Relating the operator insertion sourced by o through either of the dualities
yields the map: o < —1). The way that we will interpret this map for mass deformed
theories is that the scalar and fermion mass terms are mapped into one another under the
duality as

Emilol® o Fmgyy. (B.2)

Consistency of the dualities (3.5)) and (3.6)) for positive and negative mass deformations will

be a guiding principle in what follows.
B.1 Spin Considerations

A large portion of the subtleties involved in extending these dualities to include manifolds
with boundaries comes from the differences between spin and spin, valued U(1) connections.
We will now take a brief detour to review some of these concepts. The discussion here
will be largely heuristic, while more mathematically oriented treatments can be found in
[114, 112, [94].

Consider an arbitrary manifold, M, and turn on a background gauge field, i.e. a U(1)
connection A. Suppose that we want to ask questions about the dynamics of a system of

fermions on M that couple to A. We first must ensure that it is sensible to define the Dirac
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operator on M. This requires us to define an appropriate connection, wuab, that consistently
parallel transports a local Lorentz frame over all of M, allowing us to meaningfully talk
about placing a spinor anywhere on M. An M that admits a global definition of wﬂab is
called a spin manifold. On a spin manifold the full covariant Dirac operator is given by

1
D, =0, +-

4%“”%% +iA,. (B.3)

However, certain topological constraints imply that not every manifold admits a global
definition of w,ﬁb. The topological obstruction to defining w everywhere on M can be com-

pensated by a non-standard choice for quantization of A:

L dA € 2Z, (B.4)

21 s

where ¥ is an oriented co-dimension 2 surface in M. Within this quantization scheme, the

covariant Dirac operator

1
(n) —
D,u == 8# + Zw“

Py +inA, (B.5)
is well defined for odd n. An M whose topological obstruction to a global definition of the
Dirac operator is compensated by the unusual quantization of A is called a spin. manifold,
and the A obeying will be referred to as a spin, valued connection.

Further, we can impose even if the manifold admits a global definition of wuab,
which implies that spin and spin. valued connections can be defined spin manifolds. Thus
since R*! and Ri’l are spin manifolds, the distinction that we must make is at the level of
fermions being coupled to either a spin or spin, valued connection.

The restriction to odd n gives rise to the spin-charge relation of condensed matter physics;
particles with integer spin have even charge and half-integer spin have odd charge. While this
does not appear to be a fundamental law of nature, it is believed to be valid for systems made
up of protons, electrons and other charged (quasi-)particles. This motivates the distinction
between spin and spin. valued connections in our notation and further implies that our

background field appearing in (3.5|) is spin. [114].
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As an example of how this distinction can enter into the seed dualities, consider pure a
U(1); theory with spin valued connection, b, on M =T 3E] Further, consider that M is the
boundary of a four-dimensional manifold X. Upon quantization, we find that there is just

one state such that the path integral is
Z = / Db eSesltl — =i (B.6)

where () denotes “framing anomaly”

1
0=2 CSerav =— | RAR, B.7

and CS, is the gravitational Chern-Simons term.

If the same U(1) theory with dynamical gauge field b is defined with respect to a back-
ground spin, structure with connection A on M, we must couple our dynamical U(1) field
b to the background connection A through a BF term. As with the previous case, there is
only one state, and the theory is uniquely determined. The difference is that the partition

function evaluates to
Z[A] — /Db eiScs[b}-l-iSBF[b,A] — e—iQ—ié fAdA. (Bg)

Accounting for these extra terms will prove to be a useful guiding principle for keeping track

of edge modes across the duality.

IThis discussion follows Appendix B of [I12] where more details can be found.
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Appendix C
FLAVOR-VIOLATED MASTER DUALITY DETAILS

In this appendix we work out the Lagrangians of the flavor extended master duality
coupled to background fields, which provide important consistency checks for the phase
diagram of the extended master duality proposed in section [2.2] We mostly analyze the case
of N > N; (Fig. and briefly comment for the case of N = N, (Fig. [2.4). Finally we
discuss gauging of flavor symmetry and description of flavor-violated quivers which are used

extensively in the section {4.3|

SU side

First, we discuss the SU side of the duality. The Lagrangian corresponding to the SU side
of flavor-violated master duality (2.6]) is given by

- . Ny —k / 71/ -2 /
£SU: }Db’+B+A1+A2¢|2+ZwlDb'+C+A1¢+£int_Z |: C_L']r TI'N (bdb —Z§b3>:|
N 2 N(Ny—k) ~ <
—i [ETer (CdC — z§C3> +————AdA 2N NfCSgrav] (C.1)

which we denote using

SU (N)_ppx, 2 X [SU (Nf)nga X SU (NJ)o X U (D) g, sy X U (1)0} N+ Nyp (C.2)
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where again the terms in the [- - - | are global symmetries. In the mass deformed regime where

|my| > m.., phases are straightforwardly obtained from SU side as followsﬂ

(D) SUN)_psn, x [SU (Ny)yxSU (Ny)ox Ji] (C.3a)
(I :  SU(N = NJ)_gyn, X [SU (Np)y % SU (No)_ppy, X JH} (C.3b)
(IIT) :  SU(N — Ng)_x [SU (Ny)yx SU (Ny)_1. % J111] (C.3c)
(IV):  SU(N)_yx [SU (Ny),x SU (Ny)g % Jrv] - (C.3d)
where
Ji = Jfbiflad[lb (C.4)

is the Chern-Simons term for the Abelian background gauge fields in the ith phase in for

a,b=1,2. For the asymptotic mass phases, the J* are

N(N;—k) 0
Jeb = (Ny =) (C.5a)
0 0

N(N;—k) [ N N
Jab = N(N; — k) (C.5Db)
N — N N, N,

. —NE [ N N
Jit = N_N. N, N, (C.5¢)
7 C.5d
v = : (C.5d)
0 0

For the region of small fermion mass |my| < m., corresponding to phases V to VIII, we
are in the quantum regime and flavor symmetry is expected to be spontaneously broken by

the non-perturbative fermion condensate,

"'We are suppressing gravitational Chern-Simons terms for brevity. They are straightforward to restore
using level-rank duality.
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We now move on to the U side of master duality, which describes quantum regime of SU

side as well as the semiclassical regimes

U side

The Lagrangians for the U side of the flavor-violated master duality can be fixed by de-
manding that they yield the same TFTs and background Chern-Simons terms as the SU
case for phases I to IV. As mentioned in the main text, this is achieved via two different scalar
theories, one of which is identical to the flavor-bounded case. Explicitly, the Lagrangians

corresponding to ([2.6)) are given by

['mw<0 |Dc+C(I)1| + 'L\I/llbc_;_B_f_Az‘;[jl + [;,(1)

int

N 2 N -
—1 L—Trk (cdc — igc?’) — 2—Trk(c)dA1 + QNk’CSgraV} (C.7a)
L7 = |Desc®of* +i0a,, 5,V + Lity
[—N + N; 2 4
—i _TTrNF K (cdc —ige ) +2(Nk — Ny(Ny—k))CS grav]
[N 2 N, —k
—i|~Trw, (CdO—i§C3) + L STy (BdB—z B3)]
T
I N - N, NJ(N;—k) =
—1 _—%TI'Nf,k (C) dAl - gTer,k( )dAQ <TA dA :| (C?b)

In general, dynamical gauge groups for these two theories are distinct, so the number of
degrees of freedom in the matter fields is different. The reason the m, > 0 Lagrangian looks
significantly more complicated is largely a result of our convention for n-invariant terms (see

footnote 2). Schematically, these theories can be denoted by

my < 0: U (k)n_n, 2 % [SU (Np)g x SU (Ns) _ypp x U (1 )NNf/z X U(D—NNS/Q]
+ NS\IJI + qu)l (CS&)
my >0 U (Ny— k)_N+Ns/2 X [SU (Ng)y x SU (N, )( k+Ny) /2 x U (1), x U(l)NNS/2:|

+ N, Uy + N, (C.8b)
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Reassuringly, the procedure laid out in [68] gives background terms for the asymptotic
region which match those from the SU side. The next complication comes in determining
the U(1) levels in the quantum phase. On the U side, the monopole current couples to A,

which couples to the Kahler-form w
N ~

We can then integrate out w in a procedure analogous to the semiclassical regions discussed
above.

As mentioned in the main text, moving into the quantum regions we find an additional
U(1) background symmetry which was a subgroup of the original SU(Ny) global symmetry.
Being careful with said breaking pattern results in the TFTs described in (2.12)).

N = N,

We remark that all the above analysis of N > N, case is directly extended to N = N, with
two important differences.

First, in the phases II and III there is a spontaneous breaking of the diagonal A; + A,
background field. This is straightforward to see on the SU side where the dynamical gauge
symmetry is completely Higgs when N = N;. To see this on the U side, one can move to a
dual photon description to make the shift symmetry explicit. The breaking signals the naive
divergence of background terms proportional to %([h + AQ)dEAl + 1212) in for N = N;.

Second, as it’s clear from the figure|2.4] phases VII and VIII have finite regions in contrast
to the N > N; case. Thus we have extra critical line II-III with U(1), + NNy Q,ES, and it is

reassuringly consistent with all the background terms calculated in phases II and III.

Quiver description

Since the flavor-violated SU theory is master dual to two different U theories which describe
certain patches of the SU phase diagram respectively, it will become useful to adopt a

notation similar to (4.63) to denote the appropriate theory located in the common region
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my = 0 and mé = 0 of phase space, corresponding to a Grassmannian manifold. One can
choose either of the U theories to describe phases V and VI, which contain the SU theory.
Since the two scalar theories are uniquely related to one another, later we will adopt a method
for converting from one scalar theory to the other. As such, one should still be able to start
with the U theory and determine all mass deformations. Choosing the m, < 0 theory, we

have a duality between the two theories

SU(N)_yyny 2 % |SU (Np)y, o % SU (NS)O} N
U (k) y_n. s [SU (Np)o X SU(N,)_y 5| - (C.10)
As with the flavorless case, it will be useful to have a version of this theory where the
SU side has its fermion flavor symmetry and a U (1) global symmetry combined into a
single U (Ny) symmetry. This is achieved by grouping the C' and A; fields together(we do

not include the additional B symmetry to make contact with in addition to include
N = Nj). The above duality becomes

SU(N)—k+Nf/2 X U(Nf)N/Q XSU(NS)O A
U (K)o % [U(Np)y X SU(Ny) 5| - (C.11)

Immediately note that this duality is identical to that of (4.65]).
Alternatively, if we had chosen the my > 0 theory on the U side, we would have arrive

at something a little different, namely,

SUN) w2 X |U (Ng)yjo x SU (Ns)o} N

U (N = k) oo % [U(Npy X SUN)yinyyga] - (€12)
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Appendix D
BOSONIC QUIVER SUPPLEMENTARY

Here we provide further details of our construction of the bosonic non-Abelian linear

quivers.
D.1 Other Forms of the Duality

The second of Aharony’s dualities is given by taking the Ny = 0 of the master duality, ((1.28§)),

which gives

- Ny — 2 N 2
£SU = i¢$b’+C+A1¢ —1 |: J;L kTI‘N (b,db/ - Zgbl3> + —TI'Nf (C’dC - chg>:|
™

4m
N (Ny—Fk) ~ ~
—i {MAldAl} , (D.1a)
4dm
N 2 N -
Ly = |Dercd|® —i {ETrk (cdc - zgc?’) — %Trk (c) dAl] . (D.1b)

Performing the using ¢ — ¢+ A; shift, canceling common factors on either side of the duality,

and defining F, = C), + fllu, we end up with

. N, —k 2 N 2
LSU = lemburEw —1 [ A TI'N (b/db/ - Zgb/?)) + ETI'NJ, <EdE — Z§E3>:| (D2a)

N 2
Ly = |Despd|” —i lETrk (cdc - igc?))} . (D.2b)

This yields the duality which we use in going from theory D to theory E. Note that
in promoting A; into a dynamical field, we again introduce a new global symmetry. We will
call the background gauge field associated with said symmetry B;.

Returning to the master duality, in the main text we could have combined the U(1)
and SU(Ny) global symmetries into the definition of £, = C, + AIM]le. For the purposes

of deriving the non-Abelian linear quivers, this was not necessary. For completeness, we
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show the form of the duality here, because it gives the explicit master duality with all
background fields in its most succinct form. It is also convenient to define the U(N;) gauge

field H, = B, + fll# + 1212“. This leaves us with a duality of the form

—k 2
Try (b’db’ — igb’?’)]

- N
Lsy = |Db’+H¢’2 + Dy ypth + Ling — 0 [

| N 2
2 - T, / . N 2 3
Ly =|Derg®” + VD gV + L —i 4—T1";C cde — izc |- (D.3b)
7

This makes the U(Ns) x U(Ny) global symmetry explicit.

D.2 Global Symmetries

Here we discuss the matching of the global symmetries across the dualities in more detail.

In our four node example of Sec. [4.1.2] when stepping from theory A to B and sub-
sequently from theory B to C, there is an implicit matching that occurs between the two
equivalent Lagrangians we call theory B. To follow the global symmetries all the way through
from theory A to E, it is necessary to look at this matching more carefully. This implicit
matching also occurs for every intermediate theory as well (i.e. theories C and D for the
four node case). We will call these two equivalent descriptions theory B’ and B” and use a
similar notation to describing the matching of C and D as well.

To start, let us explicitly consider the matching of theory B. Specifically, theory B’ is
what we get from using with theory A. Meanwhile, theory B” is what we would like to
apply the master duality in the form of to get out what we now call theory C’. When
matching these theories to one another, what was the color gauge symmetry of theory B’
gets mapped to the (promoted) U(ks) flavor symmetry of theory B”. Meanwhile, the flavor
symmetry of theory B’ becomes the color symmetry of theory B”.

It will be helpful to consider in closer detail how we are matching all the gauge fields to
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which the fermions couple. The fermion couplings for the two theories are given by

(B7) : ’L.\I[$6+B+A~1\IJ (D.4)
(B”): il/_’mb’+c+él—fig¢- (D.5)

With a slight abuse of notation, the dynamical/background gauge fields of theory B’ and
B” denoted above are completely distinct and must be matched. The matching of the gauge
fields associated with gauge and global symmetries are shown in Table . Note the A;
field belonging to ¥ is matched to B, field of the subsequent node.

This careful matching allows us to focus on how the global U(1) symmetry gets transferred
through the dualities. In the duality relating theory A and B’, the U(1) global symmetry is
associated with A;. For theory A this shows up as a baryon-number symmetry and in theory
B’ it appears as monopole-like symmetry which couples to the U field flux. From Table
we identify this symmetry with the U(1) monopole symmetry of theory B”, where the
associated background gauge field is B, Recall, this is the new global U(1) symmetry which
couples to the newly gauged A, field associated with the U symmetry of the first node. Since
this new monopole symmetry is the same on both sides of the duality relating B” and C’,
when we ultimately arrive at theory C” we have a monopole-like symmetry which still couples
to the newly dynamical A,. From theory C” onward, the nodes and links associated with
such a symmetry are untouched. Thus the U(1) global symmetry which coupled to the Y} o
bifundamental in theory A becomes a monopole symmetry coupled to the Abelian part of
the first U node in theory E.

Similarly matching must occur for theory C. Fortunately, we don’t need to work very
hard because the matching between C’ and C” is identical to what occurs above for B’ and
B” and is schematically shown in Fig. [D.I] The additional global symmetry associated with
A, is identified with the global U(1) symmetry on the next node.

We can again follow a global symmetry through from theory A to E for any of the global
U(1) symmetries which couple to bifundamentals higher up the quiver. We find results
identical to those of the first node/link above: each U(1) global symmetry which couples to
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Theory B” ----- o @------
’ Master duality

Theory €’  mceem 9 @ --—---
’ Matching degrees of freedom

“Flavor” v “Color” Master duality
Theory D’ ----- @ @----- :

Figure D.1: How the matching occurs on a generic internal link, which for the purposes of

concreteness we have labeled C’ and C”.

the Y; ;11 bifundamental becomes a U(1) global symmetry associated with monopole number
for the ith node.

Finally, consider how the matching occurs for the last node. In going from theory D” to
theory E in the example we considered in the main text, we used . Since for this duality
we need to promote the entire U(ky) flavor symmetry to dynamical, we once more acquired
an additional global symmetry which couples to the newly promoted A; whose associated
background field we call B;. The matching of symmetries is slightly different and is shown
in Table Since Aharony’s dualities only have one U(1) global symmetry, there is no
monopole-like symmetry associated with the right-most node.

We should also point out a special feature of the global symmetries that occurs for certain
mass deformed phases. Note that the A, coupling of only couples to the unbroken
part of the dynamical gauge field ¢. That is, when the U gauge group is broken down to
say U(ky — k), the coupling changes from Trg, (¢)dA; — Try, —x,(c)dA;. This is important
because when we are in certain mass deformed phases, we must be careful what gauge
components are coupled to the A; charge. Of particular concern in the main text is whether
or not vortices couple to certain global symmetries. Since certain finite mass vortices are

charged under the broken part of certain gauge fields, they will not couple to particular
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o B’ Side | B” Side || C’ Side | C” Side || D’ Side | D” Side
U Node c C — A, c C — A, c C+ A
SU Node B s B v B s
U(1), Global Symmetry A, By A, B, A, By

Table D.1: Matching of the intermediate theories. Note the matching of theory B’ and B”
generalizes for any internal matching, except for the very last. Here, B, is the background

gauge field associated with the new global symmetry we get from gauging A,.

tazay ;2,3 Th2a3 1,2
G (Xl,z Yasa, 23 Xboa,

Xi2 Y3

Theory C . . .____

Theory D o @ : @ ---
k
6 (xlexiz,) o (0)22

Figure D.2: Example case of properly dualizing interaction terms. This is for the second

node of the four node case considered in the main text in Sec. and also pictures in

Figure

global symmetries and this will be important for matching excitations.
D.3 Bosonizing Interaction Terms

In this appendix, our goal is to justify the proper mapping of the interaction term present in
the master duality. We take as an example what occurs on the second node of our four node
example in Sec. [£.1.2] which has a U(K>) gauge symmetry on it. Specifically, we look at
how the interaction term changes when moving from Theory C to Theory D (see Fig. .

With the proper transformation in hand, we will then generalize to interaction terms on the
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SU and U sides of the duality.
The term from the master duality we would like to apply the duality toward is

(@baQaB}(gQil) <;Xjé§allbb2a3> : (I)'6)

Although we commit to a magnitude for Céc) in the main text, to keep this appendix
general we only assume C’éc) < 0 in what follows. From the master duality, the purpose
of this interaction term is that when the X o field obtains a vacuum expectation value this
should cause a subset of the fermions to get a mass [25] [68].

One might guess the proper transformation of the term between 5 3 and X3 3 from theory
C to theory D is simply a generalization of the mwﬁw & —m5 | X |2 mass identification.

Hence a naive generalization and the shorthand used in the main text is

asal azai

(¢a2a3X1 2 ) ( Tbgalwwa) o —CéD (Xa2a5X1 2 ) (XTb2a1X§223) X (D?)

This term has the correct behavior when X 5 acquires a vacuum expectation value. Namely,
it gives Xy 3 a color-breaking vacuum expectation value. Unfortunately this suffers from the
fact that the reverse procedure can happen as well. That is, when X5 3 acquires a vacuum
expectation, this gives a mass to X; . This is because X; 2 and Xj3 enter on symmetric
footing in , so it is difficult to see where the desired unidirectional behavior that was
present in will come from. This means the TFT deformations do not match, so we
must look for a better generalization.

To do so, it will be helpful to go back to the large N and k studies where the duality map
between operators is better established. We will assume such mappings continue to hold for
finite values of N and k, at least up to order one factors, which will not affect the results of
our analysis.

Ultimately we’d like to find the true bosonic dual of ¢a2“3 2;’13 with as and by promoted
flavor indices. To do so, we'll look for the bosonic dual of 11 and assume our results

generalize to arbitrary flavor indices. We follow ref. [96] which represents the most general
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fermion Lagrangian describing the fixed point aSH

- [Ny —k 2
Lr=ihp —i { sz Try (b’db’ - ng'?’)]

Ny —k B Ny —k
47 Ya 47

Ny —k
Cm o3 (D.8)

0% + Yo

+oF (1/_”? —
where o is an auxiliary field and 33, y4, and ys are arbitrary coefficients of the relevant and

marginal operators of the UV Lagrangian. For the coefficients we choose the values
_ 2 _ _
ys=1x, Yy =—2xmy,  ys=0. (D.9)

Eventually we would like to flow to the deep IR, which amounts to taking x — oo, where
the fermions pick up a finite mass m,;, but for now we will assume it to be finite. The dual

of Lr on the bosonic side is

N 2
Ly = |D.p|* —i|-—Trp ( cde —i=c*
4m 3

2
+mpole + 64%7T (ofe)” + xﬁ% (67¢)° (D.10)

where m%, by, and zg are coefficient of marginal /relevant operators (the dual of the fermionic

parameters) which are then
N —k
by =z, my = 2x (T) m3, xg = 0. (D.11)

Unfortunately, in the analysis of ref. [96], there is no clear dual to 1)¢». We can however
express 1) in terms of operators which do have a well-defined dual. Integrating out op in

SF enforces the equations of motion

Ny —k - Ny —k
Xz o Op = wQ/J +x o My (D12)
We can rearrange this expression to solve for 1),
- Ny —k
Yp = fQﬂ (op —my) . (D.13)

We use a different regularization convention for the Chern-Simons-matter theories than that in [96].
See [2] for a nice discussion on the differences in regularization conventions.
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Fortunately, we know how to dualize the RHS from the maps in [96]. We obtain

Nf—k

(O'F — mw) — —2x (CbTQS + N = kmi) . (D14)

v =2 i

Now let’s see how this is implemented for the WF scalar. We know we can rewrite the
WF scalar using auxiliary fields, namely, we write the quadratic and quartic terms so that
Sp then contains the terms

N —k N
3 t 2\ _ 2
) /d x |:0'B <gz$ o+ gy m¢> 167TZL‘O-B:| . (D.15)

Again, op is an auxiliary field and its corresponding equation of motion is

—k . N
= o
g 1672 B

o) N

(D.16)

Notably, the LHS of this expression matches the term on the RHS of (D.14)), so we can
establish the duality

U1 —graB. (D.17)

Note all factors of = have dropped from this expression.

Hence, under the bosonization of the fermion end of this interaction, a naive generalization

of (D.17)) for would be

N
o (g xiz) (X)) o o (XN el 019

azay azal 87T

where we have introduced the K, x K, auxiliary fields o9 3. Importantly, there is an inherent
asymmetry here because o33 belongs to the Xy 3 link. Grouping this together with the other
terms linear in 0,3 and taking the o — oo limit, the bosonic action of the link to the right

of the node is a generalization of (D.15) is

o N —k
Sp D /d% (02 3) (XTb2 3X22:33 A

N
2500 — O(D)—Xﬂlel 2 ) (D.19)

aal

where we have assumed that we have used the U(K3) symmetry such that (mQ)ZZ; is always

diagonal.
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Before proceeding, let us briefly comment on the need to introduce (K3)? o fields. Had
we introduced only K5 sigma fields, all self-interactions would have been of the form

2
> (xdgexz,) (D.20)

az

2
In contrast, (D.19)) implies self-interaction terms of the form (ng’faSX 2,3 ) with no sum

azas

2
over as and by. These can be combined into a perfect square, (Z@ XQT%WSX%:;B) . This
potential is needed to realize the full “flavor” symmetry, i.e. SU(N;). Meanwhile, (D.20)
only preserves the diagonal U(1)" subgroup. For example, in the N, = 2 the two distinct

choices for the interaction term are

o+ 1gal*  or (I8 + 1) (D.21)

The former is invariant under a U(1)? symmetry while the latter is invariant under SU(2).
While it doesn’t appear that anyone has been careful enough to distinguish the two possibil-
ities in the context of Non-Abelian 3d bosonization dualities?] it appears that for symmetry
matching of the global flavor symmetries we do need with its (K3)? auxiliary o fields.

To analyze the effect of the interaction terms in (D.19) , let us recall how the original
WEF term without the additional interactions, Lg D op (qﬁ% + ]\L—;kmé). We know that we

should expect

my >0 (¢T¢) =0 (D.22a)
mi<0:  (¢lg) ~m3. (D.22b)

We can use this to make conclusions about . Note that we are assuming the U groups

on the nodes are of unequal rank and thus <X1Tfl2w2 Xil2bQ> = (vi,);2 # 0,2 as in (4.29) for

some constant v. We'll also assume maximal Higgsing so that the a negative deformation of

°In the Abelian case, dualities which differ only by the structure of the quartic interactions have been
discussed in [124].
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m3 3 produces a vacuum expectation value of <X Ta2a3X;,2223> = (v33)5, ~ 0,2. We then find

m2, >0, <X*“1“2X;I';> >0 <XT“2“3X§233> ~ O (0y,0) (D.23a)
miy >0, (X[gexiiy =0 (xjgmxp ) =0 (D.23b)
miy <0, (X[gmX ) > 00 (xgeagt )~ (v 0273): . (D.23¢)
mis <0, (X[EmX ) =00 (XIRUATE) ~ ()] (D.23d)

This is precisely the behavior that we would expect for a term dual to . That is, we see
that a nonzero vacuum expectation value of the X , fields can cause certain components of
X3 to also get a vacuum expectation value. Importantly, if X, 3 has a vacuum expectation
value but X o does not, the interaction term does not work in reverse. To see this, note that

a2

the equation of motion for (o3),> would require

m3 y N
(W32 + (N — k)22 = P = X{B" X2 . (D.24)

A7 ST az2a1

Similar equations of motion hold for the X3 4 link, but importantly the X; 5 link contains no
such interaction term. To determine the vacuum expectation values, one then just needs to
consistently solve the three equations of motion. To do so, it is helpful to start with the one
corresponding to the X 5 link. Since there is no interaction term for the X, link, X5 3 has
no influence on vy » and its value follows in a manner completely analogous to . When
X2 acquires a vacuum expectation value, it then affects the X3 equation of motion via
(D.24]). Hence we get our desired unidirectional influence. This behavior was always difficult
to achieve using the naive interaction generalization in because both the X5 3 and X »
fields appeared in the term symmetrically. Thus the effect of one field acquiring a nonzero
vacuum expectation value was always the same as the other field, up to flavor structure.
More generally, for interactions on the U side we have

Ky
8

(01.141)y:

(D.25)

arar—i brary1 arar—1

OI (w?I]C:{-{IXI 1,1 ) <X;blla§ 1¢I,I+1) VAN —C] <X}'bIIGJI IXI 1[)
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while for interactions on the SU side, which are unidirectional to the left,
Tar_1a , tbryiar  I—1,1 tbryia , NI a
Cr (Uit ) (Vi M) e —on (YY) o (il (D.26)
where the o ;4 are auxiliary fields belonging to the (I, I + 1)-th bifundamental and I runs

over all internal nodes (e.g. I = 2,3 for the four node case).

D.4 Quivers and Spin,

In [I5] it was discussed how the master duality is consistent with being put on a spin,
manifold. Unfortunately, we weren’t particularly careful with ordinary and spin, connections
in [8], so we should clarify the consistency here.

In [8] a modified version of the master duality is used and various shifts were performed.
Specifically, a shift on the Abelian portion of ¢ was performed, é — ¢+ A; and the common
A, Chern-Simons term was canceled. Being more careful with connections, this is equivalent
to redefining a new spin, gauge field which we will call a = ¢ — A, and ordinary gauge field

B = 1211 + 1212, so that the U side is now
2 =
Ly = |Dc’+a+A1+Cq)| + Z\I’]pc/+a+B+B‘I’ + Ling
N 2 Nk
—¢|—T 'dd — i=¢3 —ada + 2N ) D.2
i LW Tk (c dc 7,30 > + = ada + kCSgrav} (D.27)
We also shifted the 1212 fields into the ¢ and ® matter by taking fll — 1211 - 1212. Instead,

define a new ordinary connection G = A; 4+ Ay(corresponds to the B in the U side above)

so the SU side of the duality now reads

- Ny —k 2
£SU - ‘Db’+B+G¢‘2 + Z¢wb/+0+gl¢ + Eint — 1 |: f47-( TrN <b/db/ . Zgb/3):|

[N 2 L s 5
— {ETer (OdC - 2503) + NNy (EAldAl) +2N NfCSgrav] : (D.28)

This is the same as Ref. [§] with the replacements, G — Ay, Ay — A, — A;, ¢ +a — ¢,
B — A;. We also promote the field A, which introduces a new background symmetry which
we call By. In our new notation this is equivalent to gauging A; — a1, and we will called

the new ordinary connection to which it couples B.
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The part we need to be most careful is in the match of the two theories as we move
across the quiver construction. This is spelled out in the most detail in Appendix A.3 of [§]
become. There we make certain identifications based on fermion interactions which are now

equivalent to
iqj@c’-ﬁ-&-&-B-ﬁ-B\Ij A “Ejpb/-i-c-hfxlw- (D.29)

The field level identification which are in Table 3 of [8] become

d+a — C+a (D.30a)
B o Y (D.30b)
B RS B. (D.30c)

Since we are matching ordinary connections to ordinary connections and spin, connections
to spin, connections, everything is consistent and it does appear these quivers are consistent

with being put on spin, manifolds.
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Appendix E
FERMIONIC QUIVER SUPPLEMENTARY

Here we provide further details of our construction of the fermionic non-Abelian linear

quivers.
E.1 Deriving Two-Node Fermionic Dualities

In this appendix we give the details of the two-node quivers constructed in Sec. [5.1]

We begin with the flavor-bounded case. In the main text, we showed a two-node fermionic
quiver can be found by matching the scalar sides of Aharony’s dualities , with appro-
priate relabeling and background terms. To achieve this matching, it is useful to work with

the charge conjugated version of (1.23b]), which at the Lagrangian level is given by

2 . k 2 Nk ~ -
£SU = ‘D—b’—l—B—i-Algb‘ —1 [_ETIN (b/db, — Zgb/?’) — _4’/T AldA1:| ) (Ela)
= AN 2 N ~
Ly = z\I!LD_C+B\IJ —1 {ET@ (cdc — z§c3> + gTrk (c) dAl] , (E.1Db)

where B € su(Ny) and the duality is subject to the flavor bound N > N; and mass mapping
My & mi.

To perform the matching, we rearrange the U sides of from by shifting the
dynamical field to eliminate the BF terms and add appropriate background Chern-Simons
terms. For (T.19) we take é — ¢ + A;, giving

N 2 Nk ~  ~
Ly = |DC_C+A1(I)‘2 —1 {ETrk (cdc — z'gc?’) AldAl} ) (E.2)

C4m

Additionally, we add —i [%fhdfh] to both sides of (1.23) to cancel the A; background
Chern-Simons term. For (E.1b)), we take ¢ — ¢ — /~11 and then add —7 [%flldfll] to both

sides.
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At this point one can promote the background flavor symmetries in both dualities so all
the matter is bifundmentally charged. If one compares the scalar sides of the two dualities,

an explicit matching can be achieved by identifying the fields

SU field: C & v, (E.3a)
U field: ¢ &  G=B+Aly, (E.3b)
U(1) background field: A & B. (E.3¢)

Thus we also arrive at a duality between the respective fermion dualities, which is our desired
flavor-bounded two-node quiver. The mass mapping is such that m,, is identified with —my.
A self-consistency check can be performed by making sure the two sides of the duality

still match under mass deformations. We find

(A my<0:  SUN)_ x SU(N2)_p, (E.4a)
Q) my>0:  Ulk)w, x Ulks)n, (E.4b)
(A)  my>0:  SUN)_gany X SUN)_pyrn, = SU(Ny)_pysny (E.4c)
Q) my<0:  Ulk)nyn X Ulks)ngs, = SU(N)_yin, (E.4d)

where we have used the fact k; = Ns is required by the flavor constraints. Clearly ([E.4a}) and
(E.4b) are level-rank dual to one another. Eqgs. (E.4d) and (E.4d) take slightly more work.

Since k1 = N, each of these theories has one of the gauge field’s Chern-Simons terms vanish.
In , all degrees of freedom of the SU(V;)q theory are gapped out in the IR limit, and
we can thus drop this factor. For (E.4d)), one can integrate out the U(1) subgroups of U (k1)
and U(ky). When one does this, both U(1) factors get eliminated and the theory reduces to
SU(N3) Ny —ky X SU(k2)o, which matches after dropping the second term.

If we want to work in the regime where k; # Ny, we would need to use the flavor-violated
3d bosonization duality in one of these steps. In the main text, we choose to replace (|1.23])
with its flavor-violated equivalent. This extends the flavor bounds to k; < Ny < N, but

means the full phase diagram of the U side of the duality is described by two separate scalar
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theories, corresponding to the m, > 0 and m, < 0 halves of the SU phase diagram (this is
analogous to the layout in Fig. |5.4]).

Fortunately, the m, < 0 theory is identical at the Lagrangian level to the flavor-bounded
duality, i.e. (|1.19). Thus the very same matching that was performed above for the flavor-
bounded case can be repeated for this end of the phase diagram. The m, > 0 side requires
one to perform the matching once more. The explicit form the Lagrangian for Theories Bs

and C, are given by

Ly, = ‘Dc—C—Al(I)2|2 —1 { 1TrN2_k1 (cdc — igc?’)}

47
. |:N1 — ko NN, +
-9

AldA1:| s (E5a)

™ v

Try, (CdC — z§03) +

. T . kl 2 3 k2 2 3
Lo, = z\If]ﬁ_CJrngAl\IJ —1 [—ETer_kQ (cdc —i=c ) - ETer—kl (gdg —i=g

3 3
! NiNg 7 (N — ko) (No — &

— _Terka (C) dTrNQ*lﬂ (g) + . 2A1dA1 + ( ! 2> ( 2 1>
2w T e

flld/h] . (E.5b)

where we have defined the field g € U(Ny — ky).

In order for the flavor-violated quiver to match in the intermediate phases, we detail
the generalized level /rank duality between the two node quiver with BF term pointed out
in . The main point as illustrated in Sec. is that the gauging of diagonal U(1)
symmetry of the two copies of level/rank duality SU(Ny)g, x SU(Na)k, <> U(k1)-n, %
U(ks)_n,-

The explicit Lagrangian with two U(1) background terms is given by [60],

|k 2 1 k 2 1
—1 [jTer (ada — z§a3) + %edTer (a+ B) + ﬁTrM(bdb - z§b3) + %derNQ(b + C)} &

N 2 1 N. 2 1
—1 {—4—;Trk1 (udu — zgug) + %Trkl(u)dB — 4—;Trk2 (vdv — 151)3) + %Ter(v)dC} .

(E.6)
Now if we add mixed counter-term —i[—%BdC] along the duality and gauge the diagonal
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U(1) as B =C — ¢, we get following duality after solving the equation of motion

k 2 k 2 1
— i |—Try, (ada — i=a®) + —2Trp, (bdb — i=b*) — —Try, (a)dTry, (b)
4m 3 4m 3 2m
N 2 N, 2 1 (E.7)
& —i [_ETU& (udu — zgu?’) — ETer(vdv — ng?’) + %Trkl (u)dTry, (v)} :

After change of variables, the above becomes equivalent to ((5.13)).

E.1.1 Consistency Checks

Another non-trivial consistency check of the quantum phase diagram of the flavor-violated
two-node quiver can be established using similar approaches to the one in the literature, e.g.
Refs. [60, 37, 25, B3]. A useful check is the consistency of the background counterterms
along the phase diagram, which we discuss in more detail in Appendix [E.4] for the case of
gravitational counterterms.

Here, we show the non-trivial matching of the quantum phase of SU(2);, x SU (2)+1Pifund
and its isomorphic expression Spin(4); + 2 ¢V analyzed in Ref. [37]. We will use explicit
superscripts in this section to avoid confusion between vector and bifundamental matter.
Since both of these theories use different dual descriptions — the former with bifundamental
scalar or fermion and the latter a vector scalar — the matching of the intermediate phase
mutually supports the two-node construction we have laid out above.

First, note the quantum phase exists only when k& = 0. From the viewpoint of the
orthogonal gauge group, Spin(4); + 2 V¢ at small fermion mass flows to a non-linear sigma
model with target space S* [37]. On the other hand, the two-node fermionic quiver predicts

SU(2)y x SU(2)o + P flows to

In terms of a K-matrix description, the phase is described by the 2 by 2 matrix

SU(2)g x SU(2)g + ¢hifmd ™20 e o= . (E.9)
-1 1
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1 -1
It turns out that ~ U(1); x U(1)p under the SL(2,Z) transformation (see
-1 1

[43] for a recent discussion) and, since U(1); is trivial, U(1) is isomorphic to a compact
boson. We see that the intermediate quantum phase is isomorphic to the one obtained in
the Spin(4) + 2 ¥**° theory.

It is quite interesting to see the global symmetry matching between these two distinct
constructions. On the Spin(4) side, the SO(2) flavor symmetry rotating two vector fermions
lead to a nonlinear o-model with S*. The scalar dual description of it preserves the SO(2)
flavor symmetry and the symmetry breaking is realized through the condensation of the
scalar. On the SU(2) x SU(2) side, the SO(2) flavor symmetry is translated to the U(1)
baryon symmetry, and either of the scalar or fermion dual descriptions have a U(1) monopole
symmetry which doesn’t act on the matter field. When we deform the mass of the dual
description to flow into the quantum phase, the monopole symmetry in the ultraviolet flows
to the U(1) shift symmetry of the compact boson, where the symmetry breaking is triggered

by the non-trivial monopole flux.

E.2 Generalized Fermion Particle-Vortex Duality

In this appendix, we elaborate on how the flavor-bounded quiver we constructed in Sec.
is a generalization the fermionic particle-vortex duality proposed by Son [119]. As a
reminder, this duality also lives in 2 + 1-dimensions and conjectures a free Dirac fermion
is dual to a U(1) x U(1) Chern-Simons matter theory, which we refer to as “QEDj3”. The
generalization is a straightforward extension of previous work [§], where it was shown that
the bosonic two-node quiver duality can be viewed as a generalization of the bosonic particle-
vortex duality. We begin by emphasizing the special case which reduces to Son’s duality,

which corresponds to taking Ny = Ny = k; = ky = 1.
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E.2.1 Son’s Particle-Vortex Duality

Let us begin by reviewing how Son’s duality is constructed from the Abelian limits of ((1.13)
as it was done in Ref. [I12]. We will then show this is simply the Abelian limit of the
two-node quiver construction we performed above. The “scalar + flux = fermion” duality

at the Lagrangian level is

Lsy =i ;9 (E.10a)

1 1 -
Ly =|D.® —i L—cdc — 2—ch11 (E.10b)
i m

with mass mapping m,, <> —m3_. The (time-reversed) “fermion + flux = scalar” is given by

2. 1~
Lsy=|Dgo| —i —AhdAs (E.11a)

= |1 -

Ly =iVPW —i [—cdc - —chl} (E.11b)

AT 2m

which has a mass mapping my <> mJ.

In the above expressions, we have a free fermion in ([E.10al), which automatically gives
one side of Son’s duality. Our goal should be to match the scalar side, (E.10b)), using the

fermion + flux duality. We can take (E.11) and add —i [%flldfll — %flldél} to both ends
and promote the background gauge field, A; — a;, which yields

1 1 -
Lsy = |Da,¢|" — i | =taday — s—adB, (E.12a)
47 2m
. 11 1 2 1. =
Ly=1VD.V —i|—cdc— —cdi + —ada; — —a1dB, | . (E.12b)
47 2w 47 2

The scalar end of these dualities are identical under the identification ¢ < ®, a1 < ¢, and

1211 & Bl. Thus we arrive at the duality

- - 11 1 2 1. -
MNDAll/J YRS WDV — [ECdC — %cdal + Ealdal — %ald/h} (E.13)

with the mass identification m, <+ —myg. Recall, we are using the notation where the

fermion comes with a default level —1/2, so it may look slightly different than what was is
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SU)-1y2 SU)-q2
TheoryA @ )
U1, SU(1), ’ Fermion = scalar + flux
TheoryB @ <
Scalar = fermion + flux
U1y U1z with promoted U(1)

TheoryC @ 9

Figure E.1: Fermion particle-vortex duality as a two-node quiver theory.

sometimes in the literature. This is the properly quantized form of the duality also found
in Ref. [112]. This construction is essentially the time-reversed version of the derivation
performed there. As discussed in Ref. [112], integrating out the dynamical gauge field ¢
brings the right-hand side of to its simpler and more familiar form, at the cost of
violating Dirac quantization.

To match the duality to two-node quivers we shift the gauge field on the right-hand-side
of toc—c+a; + fll, which then gives

= 1 1 1 -~ -
'CU = Z\I/lpc_,'_&l_hgl‘lf —1 ECdC + Ealdal + EAldAl . (E14)

One can check that, after a relabeling of dynamical gauge fields and rearranging the back-
ground Chern-Simons terms, this is simply the Ny = Ny = k; = ko = 1 limit of the

Lagrangians in ([5.7)). The derivation is summarized in Fig. |E.1]|

E.2.2 Theories Dual to the Free Dirac Fermion

We have just shown the fermion particle-vortex duality admits generalizations in the form of
the flavor-bounded two-node quiver we constructed in Sec. [5.1.1] Generalizations can then
be constructed by tuning the three independent parameters: Ni, Ny (= k;), and ks.

For instance, there is an infinite class of dualities which continue to just have a fermion

on one end of the duality, so long as Ny = N, = 1. We can vary ks, and get a theory which
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would is still dual to the free Dirac fermion,

T R
‘CSU = uleAl@/) —1 |:EA1dA1:| s (E15a)
= ! 1 2 3
Ly = zﬁllﬂc+g+A1\If —1 Egdg + ETI;€2 cde — iz )| (E.15b)

where now ¢ € U(ky). On the SU side changing ks only effects the level of the non-existent
Chern-Simons term. This also opens up the possibility of taking ks to be large and possibility

doing some sort of 1/ky expansion [61].

E.2.3 Theories Stimilar to “QFED;”

Also interesting is the case of Ny = k1 = ko = 1 with N; kept arbitrary, where we still get
two Abelian fields on the U side of the duality so the theory is similar to QED5. However,
what will change is the relative levels of the Chern-Simons terms on this end of the duality.
This would be dual to a fermion coupled only to an SU field. Again, it would be interesting
to take N to be large and do some 1/N; expansion. Explicitly,

- ANy s
‘CSU = wab/+A~1¢ —1 |:4—7[1_A1d141:| s (E16a)
= [V 1
L= Z\Ifwc+g+A1\IJ -1 [Egdg + Ecdc] . (E16b)

First off, note that the presence of the level-1/2 & Chern-Simons term on the 1) side means
this cannot be particle-hole symmetric. That’s okay if we're not attempting to describe
v=1/2.

We can make this look more similar to the properly-quantized version of Son’s duality

by shifting ¢ — ¢ — g + A, which makes the £y becomes

Ny +1
47

1
47

- 1 N ~ Ny ~ -
Ly =iVDPV —i gdg — —gdc + —cde — —gd A, + =L A,dA, | . (E.17)
2T 2m AT

This is the same as QED; (with a relabeling of g — @), except now the g and A; Chern-
Simons terms have an arbitrary integer level. This reduces to Son’s duality in the Ny = 1

limit.
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E.3 Two-Node Fermionic Quivers for the SO/Sp gauge group

Here we generalize the two-node fermionic quiver dualities analyzed in Sec. to the case of
SO and Sp gauge groups. We only list the main results since the approach is largely similar
to the unitary case.

First, we write down the flavor bounded two-node quiver dualties for the SO/Sp gauge
group. The construction parallels that of Sec. but instead using the version of 3d
bosonization dualities for the SO/Sp gauge group appeared in Ref. [3]. First, the boson-
fermion duality is obtained from 3d bosonization by gauging the full flavor symmetry subject

to the flavor-bound k; > N,

SO(N1) . 3o X SO(Ny) . wy +% 4 SO(ky)n, x SO(No)_p, +®,  (E.18a)

—k1+

Sp(Nl)—krl—% X Sp(NQ)—kg—l—% + 1/) — Sp(kl)]\/l X Sp(]\fg),k2 + &. (E18b)

From the above dualities, there exists fermion-fermion dualities similar to ([5.7]) for the special

case of ky = N,

SO(Nl)iﬂ X SO(NQ) Ny —f-@/] <~ SO(NQ)Nl—kJ X SO(]CQ)& + U, (E19a)

—ko+—

et SP(Na) ke X Sp(ka)n, + V. (E.19Db)
2 2 2

SP(NQ,% X Sp(Na)

The flavor-violated version of boson-fermion two-node quiver dualities for the SO/Sp
gauge group are built from the extension of bosonization dualities for the SO/Sp gauge

group beyond the flavor bound analyzed in Ref. [86]. The results are similar to (5.8) and



257

valid for k1 < No, ko < Ny,
SO(N1)—ky 4N /2 XSO(N2) _py Ny j2 + 0
SO(k1)n, x SO(Ng)_g, + &1 My = —Me,
SO(Ny —k1)_ny X SO(Na)Ny—ky + P2 My = m,

(E.20)
SP(N1) =14 N2 2 XSP(N2) —ppi- Ny j2 +

Sp(ky)n, X Sp(Na) g, + ¢n My = —M
Sp(Ny — k1)—ny X Sp(No) Ny —ky + P2 My = My

Finally, the new fermionic two-node quiver dual descriptions, which equivalently describe

the above phase transitions, for the SO/Sp cases are

SO(N1)—ky 8572 X SO(N2)_pyin 2 + 0
SOk )y —paj2 X SO(ka)ypyso + U S—
SO(N1 — k2)—Nyj2—k1 72 X SO(No — ko) N, j2—kp2 + Vo iy = my,
SP(N1) ki 1N /2 X SP(N2) —hy vy j2 + 0

SP(k1) Ny —kay2 X SP(k2) Ny—iy /2 + V4 My = —My
Sp(Ny — k) Ny 2k 2 X SP(No = k2) Ny j2-kyy2 + Vo My = m..
(E.21)
We comment that SO/Sp case is simpler than the unitary case since the corresponding
level /rank duality preserves the type of Lie group. Similar subtleties as the unitary case will
arise if one constructs the two-node quiver for the various modification of the orthogonal or
symplectic group with discrete gauging/extension (e.g. Spin, Pin®,...), as analyzed for the

orthogonal case in Ref. [37].

E.4 Gravitational Counterterm Matching

Here we show that the gravitational counterterms are consistent along the phase diagram

of the two-node quiver discussed in Sec. In our convention, we define the gravitational
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counterterm as the coeffcient of twice the gravitational Chern-Simons term 2CSg,,,, Where
Jr—ox CSgrav = 155z [x trRA R. Refs. [25, [15] contain many of the 3d bosonization dualities
used throughout this work with gravitational Chern-Simons terms made explicit.

First, let’s discuss the boson-fermion dualities between bifundamental matter in (/5.8]).

Consistency of the phase diagram requires that following a non-trivial closed path in phase

space should have net zero change of the gravitational counterterm
Ac[(AT) = (By ) = (By II) = (By I) — (Bo 1) — (AII) = (AD)] =0 (E.22)

where (A I) represents phase I of Theory A, etc. It turns out that there are two kinds
of contributions to the gravitational counterterm along the path above. First, there is a
contribution coming from the difference of the one-loop determinant of the fermion coupled
to the background metric between negative or positive mass, which is equivalent to the
complex dimension of the representation. Second, there is one coming from the compensating
gravitational Chern-Simons term along the level-rank duality in the various phases, which
is explained in Ref. [60]. Namely, Ac = —Nk along the level-rank duality from SU(N )y
to U(k)_n. It is important to point out that scalar doesn’t contribute to the gravitational
counterterm and the middle phases described by the two scalar dual descriptions B; and B,
are equivalent without the need of any duality transformation. After tracking down the non-
trivial closed path in , one can show that the gravitational counterterm is consistent,
i.e. Ac|ciosed path = 0-

Now the above test could also be done with the two-node fermionic dual description
described in . Using a similar procedure and formulas as above, consistency of the

gravitational counterterms can be established.
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