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Abstract

We study the three-dimensional supersymmetric gauge theories, their quantum dynamics and their
dualities which connect very different-looking theories. These three-dimensional dualities are very
similar to the four-dimensional ones. Especially we discuss how the 3d dualities appear from the
four dimensional (Seiberg) ones by the dimensional reduction. Although the four-dimensional
duality can generically include various matter fields like the adjoint or the tensor matters, there
are a few examples in 3d. We especially elaborate on the 3d duality with an adjoint matter. In
deriving the 3d duality from 4d we need to carefully treat the monopole operators which appear
in the high- and low-energy theories and need to carefully analyze the Coulomb branch of the
moduli space of vacua, which is absent in 4d physics. This reduction from 4d is done by the
introduction of the effective superpotential induced by the Kaluza-Klein (or being known as the
twisted instantons) monopoles. We will give the KK-monopoles and the corresponding potentials
with the various matter fields included.
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Chapter 1

Introduction

The standard model which is defined in terms of the gauge theories is very successful throughout the
wide range of the energy scale. We can now predict many things at the perturbative level. However
there are many areas which are not accessible only by the perturbative approach. For example,
Quantum-Chromo-Dynamics (QCD) is strongly coupled in the infrared region, then we need some
non-perturbative methods. The lattice gauge theories will give the answer for the non-perturbative
regime but it is only numerical. Further, the lattice is not good to deal with the massless fields.
We would like to calculate some observables analytically. In some cases, the Schwinger-Dyson
equation or the 1/N expansion will help us to obtain the non-perturbative information. But these
are not complete.

The supersymmetry is a powerful tool to do such exact analysis of the low-energy dynamics
of the gauge theories as well as it is believed to be realized at the Tev scale of the real world.
If we consider the more and more high supersymmetry, the theory becomes more tractable. For
example, if we consider the N' = 4, the UV divergences are all canceled and the theory is UV-finite
[0-g] [5-7) [§] [0-01] [I2] [I3,04]. In the ' = 2 theory, the low-energy effective actions are exactly
determined [I5,06]. In the A/ = 1 theory, the superpotential is protected by the holomorphy from
the perturbative renormalization [I7,0IR]. Recently the supersymmetric localization is constructed
and it is possible to do the exact calculations of the BPS quantities such as the partition function,
the supersymmetric Wilson loops and the superconformal index, which enables us to do the non-
perturbative analysis needed for the check of the AdS/CFT conjecture, or some dualities |9, 0]
[Z1-23) [2a-26] [27]. In this thesis we will focus on the theories with four supercharges.

Some people might say that the dynamics of the highly supersymmetric gauge theories is very
less than the usual (non-SUSY) gauge theories. However it is wrong. For example, N' = 4 super
Yang-Mills theory is maximally supersymmetric and there are many non-renormalization theorems.
But many theoretical physicist study this theory because it is believe to be dual to the Type IIB
superstring theory on AdSs x S° [28-30] [31] and it gives the playground to test the gauge/string
duality. This theory is integrable at least in large N, but it has the strong relationship with the
QCD. The N = 2 supersymmetric theory (Seiberg-Witten theory) is one of a few theories which
is proven to be confined at low-energy (For example, we can derive the fact that the 3d compact
QED also confines [37]). The confinement is one of the most difficult questions in Physics. Then
the study of the SUSY gauge theories is necessary for the more and more deep understanding
of the quantum aspects of the dynamics. In this thesis we concentrate on the theories with four
supercharges, which is a minimal number in four-dimensions.

The Seiberg duality [33] is the conjecture that the 4d N' = 1 supersymmetric gauge theories
with different gauge groups give the identical description in the infrared region, which means that
two theories are in the same universality class. We will call one side as the “electric” theory
and the other as the “magnetic” theory. In many cases, the one side is a strongly coupled gauge
theory, the other side is weakly coupled. Then the Seiberg duality offer the useful description of
the strongly coupled system. Although this Seiberg duality is first discovered in four-dimensional
gauge theories, this is extended to the diverse dimensions. Although there are many checks of the
validity of the Seiberg duality, it is not proven yet.

The relation of the Seiberg dualities between the various dimensions has not been clear since



their dynamics have some resemblances but have many and crucial discrepancies. For example, the
3d gauge theories reduced from the 4d one generically have the new phases such as the Coulomb
branch which is not always present. Recently, the general procedure to obtain the 3d dualities from
the 4d Seiberg dualities was proposed by [84,85]. In [34,35], the key steps are to put the theory
on S! x R? and to include the non-pertutbative superpotential from the Kaluza-Klein monopoles.
They proved that the dynamics of the 4d and 3d are strongly related each other although the 3d
and 4d theories have seemingly different dynamics.

Although they showed the generic method to obtain the 3d dualities from 4d, the generalization
to the various 4d dualities is not unclear. for example, we have the four-dimensional dualities which
include the adjoint matters, symmetric matters and anti-symmetric matters. And there are the
dualities between the chiral gauge theories. For these dualities, we don’t know how to reduce
these 4d dualities to three-dimensions. There are some reasons for these difficulties. This is first
because the poor understandings of the quantum dynamics of the 3d gauge theories which come
from the various 4d Seiberg dualities by the naive dimensional reduction. The second reason is that
including the various matter fields into the duality makes the Coulomb branch of the resulting 3d
theories very complicated [B6], so the reduction process becomes different-looking and the correct
description of the Coulomb branch becomes unclear.

In this thesis, we clarify the relation between the 3d and 4d supersymmetric gauge theories
which contain four supercharges and study how to derive the 3d dualities from the 4d dualities.
In this thesis we will generalize the procedure to obtain the 3d dualities for more complicated 4d
dualities. In particular we will derive the 3d duality with an adjoint matter from the 4d Kutasov-
Schwimmer duality concentrating on the unitary gauge groups which was first done in [37). The
most parts of my thesis consist of the analysis of the 3d gauge theories, the 3d dualities and how to
derive the 3d dualities from the 4d dualities. These explanations are more and more pedagogical
and we will provide discussions from the multifaceted perspective. Then we believe that the review
part is also valuable.

The organization of this thesis is as follows. In Chap.B, we will briefly introduce the four-
dimensional Seiberg dualities. In Chap.B we will study the three-dimensional gauge theories and
their dynamics. The main attention is to be devoted to the 3d AN/ = 2 supersymmetric gauge
theories because it is from the reduction of the 4d N'= 1 SUSY. Here we will extensively review
what we know about the Coulomb branch. In Chap.B we will study the three-dimensional dualities.
In Chap.B, we will explain how to derive the 3d dualities from the 4d Seiberg duality which only
includes the fundamental matters. In Chap.B, we proceed to the 3d duality with an adjoint matter
field from the 4d duality [37]. In Chap.@, we summarize what we have done and discuss the future
directions. In the appendix, we consider the Callias index theorem, calculate the parity anomaly,
and show the perturbative picture of the 3d gauge theories.



Chapter 2

The four-dimensional Seiberg
duality

In this chapter we study the four-dimensional Seiberg duality, which was first shown in [33]. The
Seiberg duality proposes the another (dual) description, which is easier to analyze in the infrared
region, to the strongly coupled SUSY gauge theories which are difficult to study in the IR. It is a
powerful tool to analyze the low-energy dynamics. There are tremendous varieties for the Seiberg
dualities; various gauge groups SU(N),SO(N), Sp(2N),---, various matter contents including
adjoint matters and tensor matters, etc. Here we will show the major examples.

2.1 Conventional Seiberg duality
2.1.1 N =1SQCD

We first consider the SU(N.) supersymmetruc gauge theories with four supercharges and with Ny
fundamental matters. The exact beta function is as follows.

g* 3N.— Ny + Ngy(g)

B9) =~ 16wz TN 8m) (2.1)
19 = - L e+ 0l (2.)

where 7 is the anomalous dimension of the fundamental matter fields.
Depending on the number of flavors, This theory exhibits the various phases:

Ny < N, : runaway, no stable SUSY vacua
N¢ = N, : IR free non-linear sigma model, complementarity
quantum deformed muduli, chiral symmetry breaking
Ny = N.+1: IR free non-linear sigma model,
confinement without chiral symmetry breaking (s-confining)

3
N, +1< Ny < §NC : free magnetic

3
§NC < Ny < 3N : interacting non-Abelian Coulomb phase

Ny > 3N, : free electric

For Ny < N¢, the Affleck-Dine-Seiberg superpotential is generated and there is no SUSY vacua. For
Nyf = N,, the low energy theory is described by the gauge invariant chiral superfields and the chiral
symmetry is always broken at any region of the moduli space. For Ny = N.+1, the theory is again
described by the gauge invariant chiral superfields but there is no chiral symmetry breaking at the
origin of the moduli space, which is conventionally called “s-confining”. For N, +1 < Njy < %Nm



the electric theory is strongly coupled. On the other hand, the magnetic theory is free. For
%NC < Ny < 3N, the theory flows to the interacting superconformal fixed point in the IR. For
Ny > 3N, the electric theory is free and the magnetic theory is strongly coupled.

Then the low-energy dynamics becomes very different for each Ny. Seiberg [33] offered the dual
description for these low-energy theories, which flows to the same IR fixed point as the original
theory. The dual theory contains the different gauge group from the original one and in many
cases the dual theory is weakly coupled and then tractable.

2.1.2 Seiberg duality

The electric side

Let us first consider the 4d N' = 1 SU(N.) SQCD with Ny flavors. The global charges are as
follows. Note that the U(1) 4 axial symmetry is anomalous.

Table 2.1: The quantum numbers of the 4d N' =1 SU(N,) with Ny flavors

SUNy)r | SUNg)r | UM | UM)r

Q Ny 1 1 S

Q 1 Ny -1 e
M = QQ Ny Nf 0 72(1\]{\,;1\/0)
B=QVe NfCNC 1 N, NC(J\]I\j]"f_Nc)
B =0V 1 ~,Cn, _N, NC(J\]'G;NC)

The classical Higgs branch is discussed separately for N, > Ny and Ny > N.. For N, > Ny
the gauge group is generically broken to SU(N, — Ny) and the N]% number of mass less fields are
left at low-energy. For Ny > N., 2NN, — (N2 — 1) mass less fields.

When N, = 2, the slight modification is needed since the 2 and 2 are identical:

Table 2.2: The quantum numbers of the 4d ' =1 SU(2) with Ny flavors

SU(2Ny)r | UMr
7 N;—2
Q N, &

Vi = QuQhe” | [, an,Ca | 252

In this case the SU(2) gauge group is higgsed at the generic point of the moduli space. The
Higgs branch is 4Ny — 3 dimensional. For Ny = 1, the squark is diagonalised as follows.

o-(52)v-( 5 %)

For Ny > 2, V¥ are classically constrained to be rank(V) < 2 which means ;. ’ Viri2Yista —
0. This is easily checked by recognizing that the ) is 2 representation and that the condition
€iy-ian, Viiz)/isia = () is equivalent to Pf(A) = 0 where A is the 4 x 4 matrix constructed from V'

by omitting the 2Ny — 4 components form V. Pf A = 0 means the eigenvalues of A contain 0. So
this is equivalent to rank(A) < 2, which is rank(M) < 2.

“i2N

The magnetic side

The magnetic side is the four-dimensional N' = 1 supersymmetric SU(Ny — N.) gauge theory
with N¢ dual flavors ¢, ¢ and the gauge singlet chiral superfields M which are interacting via the



superpotential. The superpotential in magnetic theory takes
W = Mqq. (2.4)

The quantum numbers of these fields are summarized as follows. Note that the U(1)4 axial
symmetry has the anomaly, which is the same as the electric side.

Table 2.3: The quantum numbers of the magnetic dual: 4d N'=1 SU(Ny — N..) with N flavors

SUNyg)L | SUWNp)r | U(L)s ULr
: N, T | e | %
q 1 Ny _Nf]\ch Ny
M Ny Ny 0 e
N:=qq Ny Ny 0 pr

Note that the dynamical scales between the electric and magnetic side should be takes as

A3Ne=N; R3(Np=Ne)=Np _ (_1)Ny=Ne Ny (2.5)

In addition we need to be careful about the identification of the meson operators MZJ between both
sides.

Melectric = HMmagnetic (26)

which is the consequence that on the electric side the meson fields are composite and they have
the mass dimension 2 and that the mesons on the dual side are the elementary fields so they have
the dimension 1. We also have the baryonic operators:

Beje := QNC, Bele = QNC (2'7)

. Nf—N. . ~N;—N,.
Bmag =q R Bmag = !

which are naturally identified with each other. Please check that the quantum numbers of the
baryon operator indeed match.

We can gauge the U(1)p baryon symmetry on both sides and obtain the U(N,) duality. But in
4d the U(1) gauge coupling is IR~free so we do not expect the interesting dynamics for it. So the
duality is essencially the same as the SU(N.) one and the U(1)p vector multiplet weakly couples
to this duality. However the situation becomes completely different if we consider this theory on
R3, where the U(1) gauge coupling is super-renormalizable and IR non-free. Then the 3d (Seiberg)
dualities for the SU(N.) and the U(N,) would be different.

2.2 Kutasov-Schwimmer duality

Kutasov and Schwimmer constructed the Seiberg duality including an adjoint chiral superfield
[38-40]. The theory contains the superpotential for this adjoint field as W = tr X**1. So the
chiral ring is truncated and the moduli space which we should care is reduced and the low-energy
theory becomes tractable.

Electric side

The “original theory” is the 4d ' = 1 supersymmetric SU(N,) gauge theory with Ny flavors @, Q
and with an adjoint matter X, containing the superpotential W = tr X¥*1. The global charges
are as follows. Again the U(1)4 symmetry is anomalous.



Table 2.4: The quantum numbers of the electric side

SU(Ng)r | SUWNp)r | UL U)r
Q Ny 1 1 T
A Y 2 N,
Q Ny -1 ~ RN
X 1 0 =)
M; = QX7Q Ny Ny 0 - EaN T A
The superpotential on the electric side is
W = Tr Xk+L, (2.9)
We will extensively consider the weak deformation of this theory by
k
W=> gtr X'+ AMr X (2.10)

=1

where the second term is the constraint that X is traceless and A is a Lagrange multiplier. For the
generic values of g;, the gauge group SU(N.) breaks as

k
SU(N) = SU(ny) x - x SU(ng) x UL)* ', > “n; = N, (2.11)
i=1

Each SU(n;) is the 4d N' =1 SU(n;) SQCD with Ny flavors and with no adjoint field.

Magnetic side

The dual theory is 4d ' = 1 supersymmetric SU(kNy — N.) supersymmetric gauge theory with
Ny dual flavors ¢, ¢, an adjoint matter X and the gauge singlets M;, j = 0,--- ,k — 1. The
superpotential on the magnetic side is

k—1
W=trY* + 3 " MgyhTi g, (2.12)
=0

The quantum numbers of the field contents on the dual side are summarized as follows. The U(1) 4
axial symmetry is again anomalous.

Table 2.5: The quantum numbers of the magnetic side

SUWNy)L | SUNg)r | U(l)s U)r
q Ny 1 N -
q 1 Ny RN SN L - gy
Y 1 1 0 —
M, Ny Ny 0 2-shn tEh
N, :=qViq| Ny Ny 0 - e T+

where N;’s are the dual mesons composed of the dual quarks.



Operator Matching
Mesonic operator
In the original theory side, we define the meson composites which are gauge invariant.

M; = QX’'Q, j=0,--- k-1 (2.13)
which are naturally identified with the meson chiral superfields in the dual side. On the dual side,
these meson fields are the elementary fields which are directly appearing in the UV Lagrangian.
Baryonic operator

We first define the so-called “dressed quarks”:

Qu=X'Q, 1=0,-- k-1 (2.14)
By using these quarks, we can define the baryonic operators:
k-1
Bélfelo,n. Mk—1) — (Q(O))no . (Q(kfl)) k—1 , an =N, (2.15)
1=0
Similarly we can define the magnetic baryon operators:
k—1
Bg:ow,mkfl) — (q(o))mo . (q(kil))mk—l 7 m; = kN¢ — N, (2.16)
1=0
The mating of the baryonic operators are following.
Bélzbow' ME-1) Bélfenow“ Mk —1) (2.17)

Whereml:fonk_l, l:O,”-,kf]..

2.3 Duality with an anti-symmetric matter

Next, we consider the theory with tensor matters. In this section we discuss the duality with an
anti-symmetric matter. In the next section we will study the duality with a symmetric matter.
Electric side

The original theory consists of the Ny fundamental matters @, Q and the anti-symmetric matter
X, X with the superpotential [21]:

W = tr(X X))k, (2.18)

Table 2.6: The quantum numbers of the electric side

SUNe) | SUWNyg)L | SUNg)r [ U)x | U(D)5 ULr

B R o

A 1 No+2K

Q o 1 O 0 yom - +1+) N

X | anti-symm. 1 1 1 Nlr T

X anti-symm. 1 1 —1 —Nlc %

The chiral ring elements have following composite operators.

P, =Q(XX)"XQ a=0,---,k—1 (2.20)
P, = QX (XX)Q (2.21)



Magnetic side

The dual theory is the SU (N) gauge theory with the fundamental dual flavors, anti-symmetric
matters Y,Y and singlets M;, P,, P,, where N, = (2k 4+ 1)N; — 4k — N,. The dual superpotential

1S

k
Winag = tr(YY)F 4> " My jq(YY) G+
=0

k

|
—

I
=)

r

Table 2.7: The quantum numbers of the magnetic side

[Pk_r_lq(f/Y)TYq + B, Gy (YY) (2.22)

SU(N.) SU(Ny) L, SU(Ny)r Ul)x Ul)s U)r
o I AR
Y | anti-symm. 1 1 NCN;CN# ]\% ﬁ_l
Y | anti-symm. 1 1 _M _ 13 .
P, 1 anti-symm. 1 1 0 %25:;1)1\/,«
P, 1 1 anti-symm. 1 0 %W

2.4 Duality with a symmetric matter

Here we include the symmetric matter into the 4d ' = 1 supersymmetric SU(N.) gauge theory

with Ny flavors.

Electric side

The theory consists of the Ny fundamental matters @, Q and the symmetric matters X, X with

the superpotential [&1]:

W = tr(X X))k,

Table 2.8: The quantum numbers of the electric side

SUWN.) [ SUNL | SUNIz [ UWx [ UWs | U(x
T N.—2k
Q N Ny 1 N | 17wy,
~ i N.—2k
Q| N Ny 0 N | 1wt
X | symm. 1 1 Nlc kil
X Symm. 1 —1 Nl kil
The composite chiral operators are defined as follows.
P, :=QXX)"XQ, r=0,---,k—1
P :=QX(XX)"Q, r=0,---,k—1

(2.23)

(2.24)
(2.25)
(2.26)



Magnetic side

The dual theory is the SU(N.) gauge theory with the fundamental dual flavors, ant-symmetric

matters Y,Y and singlets M;, P,, P,, where N, = (2k 4+ 1)N; + 4k — N,.. The dual superpotential
is

k k
Winag = tr(YY)F 4> " My jq(YY) G+
7=0 T

|
—

[Pk_r_lq(f/Y)TYq + P, gy (YY) (2.27)

I
=)

Table 2.9: The quantum numbers of the magnetic side

V N E(N;+2) 1 T
q Ne Ny 1 + + 1-
q V N E(N;+2) 1 5.2k
q Nc ]. Nf —+ _Nic 1 _ (k+1)Nf
N.—Ny 2 1
Y Symim. 1 1 - 2 L
Y | symm 1 1 Nerf -2 .
‘ Ne—Nc+(2j+1)N
M; 1 Ny Ny 0 0 W
P, 1 symm. 1 -1 0 %ﬁl)m
P 1 1 symm. 1 0 %W

2.5 Duality with anti-symmetric and symmetric matters

Let us consider the duality with an anti-symmetric matter and a symmetric matter [41].
anomaly cancellation requires that the theory is chiral.

The

Electric side

The theory consists of the m; fundamental matters (), the m; anti-fundamental matters Q, an
anti-symmetric matter X, a symmetric matter X with the superpotential:

W = tr(X X)20-+D), (2.28)
The anomaly cancellation is satisfied for my = my + 8.
Table 2.10: The quantum numbers of the electric side
SUN.) | SUN;)L | SUN = U(Dx UUs | Ulx
E N.+2(dk
Q Ne mys 1 —(2k +1) + 28 o | 1- 2(41;1(14)7:%)
~ N3 - 2(4k+3) 1 N.—2(4k+3)
Q .Nc mg 2k+1+ my ? 172(11""71)77”
)E' anti-symm. 1 1 ~ 56T
_ 2 1
X Symm. 1 -1 -~ 3EET)
The chiral composite operators describing the moduli space are defined as follows.
M; = Q(XX)'Q, j=0,---,2k+1 (2.29)
P =QXX)"XQ, r=0,---,2k (2.30)
P =QX(XX)'Q, r=0,---,2k (2.31)




Magnetic side

The dual theory is the SU(N.) gauge theory with the m; fundamental dual matters ¢, the my
anti-fundamental matters ¢, an anti-symmetric matters Y, asymmetric matter Y, and singlets
M;, P,, P, where N, = 3(4k 4 3)(my + 1y) — N,. The dual superpotential is

k 2k
Winag = tr(Y V)20 £ 3™ My j1q(VY G+ [ng,rq(f/Y)TYq + Py gV (YY)G| (2.32)
7=0 r=0

The quantum numbers of the field contents are below.

Table 2.11: The quantum numbers of the magnetic side

SU(N:) | SUWNy)L | SU(Nf)r Ul)x ULz UDr
q N, T 1 2 4 1 — 2UE+3) & - e
q N, 1 my 7(2k+1)—2(%f+3) 71%6 17%&?
Y | anti-symm. 1 1 -1 Nlp m
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Chapter 3

3d N =2 supersymimetric gauge
theories

In this chapter we will extensively review the kinematics and the dynamics of the 3d N = 2
supersymmetric gauge theories based on [42,43]. The new feature of the 3d gauge theories, which
is absent in the previous 4d theories, is the appearance of the Coulomb branch of the moduli space
of vacua. They are parametrized by the so-called “monopole operators” which are the high energy
operators and are independent of which branch we are considering. The monopole operator is
non-trivially charged under the global symmetries of the theory. So, at the Coulomb phase, some
of the global symmetries are broken. We will show the calculation of these charges in many ways,
which is worth mentioning here. Please see the appendix for the details of the zero-mode calculus
around the monopole background.

The physics on the Coulomb branch is very difficult due to the several reasons. First one is
related to the monopole operators. We don’t know the explicit form of the monopole operator by
the fields of the UV Lagrangian since the monopole operator is one of the disorder operators. The
second reason is because the Coulomb moduli generically gets the quantum correction beyond the
one-loop perturbation. Then the structure of the Coulomb branch is highly non-trivial. Then, we
here show the dynamics of the Coulomb branch so far as known.

One of the most intriguing features is that the Coulomb branch which is generated by the
U(1) theory is one-loop exact (+ non-perturbative corrections), which we will show later. On
the other hand, the Coulomb branch from the non-abelian gauge sector contains the higher order
corrections. However, at the generic point of the Coulomb branch, where the gauge group is broken
to U(1)r#nkGeuee we have the multiple U(1) dynamics and these sectors are sometimes analyzed
only by the one-loop level (+ non-perturbative corrections).

3.1 3d N =2 supersymmetry
3.1.1 SUSY Notation

First we summarize the SUSY notations [24-46]. The 3d A = 2 supersymmetry is the dimensional
reduction of the 4d N' = 1 supersymmetry and has the four supercharges:

{Qanﬁ}: {Qav@ﬁ} =0 (31)
{Qa,Qp} =204, Py + 2ieapZ (3.2)
where Z is a real central charges coming from the Ps direction. In three space-time dimensions,
the central charges are regarded as the background fields of the global conserved currents, which

we will discuss later. Note that we have no dotted index unlike the 4d case. The gamma matrix
is defined as

o = 1,0, 0% (3.3)
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Notice that these gamma matrices are symmetric, traceless and real. Then the Lorentz genera-
tors are pure imaginary. Thus the corresponding Lie group (and it’s representation) is also real.
Sometimes another choice is preferable™:

(o) =io® o* o (3.4)

In this basis the angular momentum % [71,72] is diagonalised.
The conventions for the spinor indices are as follows.

(¥x) = € Paxs (3.5)
(Wx)T = =X = =" Xatip (3.6)

The supercharges, the super-derivatives, their commutation relation and the superspace integrals
are as follows:

A =i[eQ — €Q, A] = (eQ — €Q)A (3.7)
Q—i—'ﬂéﬁa (3.8)
o= o~ an” Ok '

_ o )
Qo =~ + ", 50°0, (3.9)
Do = 5oa + i, 50°0, (3.10)

_ o .
o= opa zy”aﬁeﬂaﬂ (3.11)
{Da,Dg} = i0ap = —2iv" 50, (3.12)
DD = DD (3.13)
{Da; Do} =0 (3.14)
Do(DD) = —%(DD)DQ (3.15)

/d2992 =1, /d2é§2 =1, /d499292 =-1 (3.16)

3.1.2 Gauge multiplet

The massless vector multiplet consists of the gauge field, a real adjoint scalar, two real gauginos.
The bosonic d.o.f is 2 on-mass shell. The gauge field strength is defined as

1. - 1 _

W, = —ZDZe’VDaeV, W, = —ZDQe’VDaeV. (3.17)
1 2 2

L= 7 d?0Tr W2 + h.c. (3.18)

Table 3.1: The R-charges of the vector, real scalar and gaugino fields

| [ U(W)r |
Ao 0
Ao +1
W, +1

LOther choices are also used: 72,[31,2 = (i02,03,01), Nuv = diag(—,+,+)
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The vector multiplet (or we will call it vector superfield) is expanded in Wess-Zumino gauge as
_ _ o 1 .-
V = —iffo — 0 0A,, + 020X — i00N\ + 5929217. (3.19)

We can alternatively use the linear superfield to express the vector multiplet. The real linear
multiplet is defined as follows.

S = 21T = f%DDV (3.21)
S _ - -1 .-
= 0+ 60X+ X+ S07"0F " e, +i66D + %92«97“%)\ + L 0%0°0% (3.22)
Note that the conserved current J# := e"’PF,, is contained in the §y*# component. This is

generalized (or reversed): If we have any conserved currents, these currents can be regarded as the
components of certain linear superfields. The central charge which appears in the SUSY algebra
is identified with the background field of this linear superfield. For example,

/ d*00 ™08 5 m2 || + imyeatht) (3.23)

gives Z = myea and this chiral superfield ¢ saturates the BPS bound.
The kinetic term of the linear superfield is written as

N P G R R S
C_/d9< S5 - DIV - 2V, (3.24)

where k is the Chern-Simons level and ( is the Fayet-Iliopoulos term.

3.1.3 Matter multiplet
The chiral superfield is defined just like the 4d SUSY.

D(y,0) = Qy) + V201 (y) + 00F (y) (3.25)
Yy =z +ifot0 (3.26)

whose field contents are a complex scalar, two (real) Majorana fermions, and one complex auxiliary
field. The matter multiplet has the following kinetic term

Lonatter = / dig QtenV+imol (3.27)

where we consider the U(1) gauge theory. The scalar potential becomes

e2

V;:Iassical = 3972

(2mn|Q[* — ¢ — ko) + (m + no)?|Q? (3.28)

where k is the Chern-Simons level and ( is the Fayet-Iliopoulos term. It is obvious that the
Fayet-Iliopoulos term also affect the central charge.
The quantum corrections for the matter and linear multiplets are described as follows.

Lmatter,eff = /d49K(<I>,<T>) + (/ d*OW (@) + h.c.) (3.29)

1
Loauge eff = 7/d40f(2) + E(keffzv +2esf V). (3.30)
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The Wess-Zumino model

Let us consider the Wess-Zumino model with the superpotential W = ®3. Since the R-charges of
the superpotential should be 2, the U(1)g charge of the chiral superfield ® is

R[®] = 3 (3.31)
Since all the operators should satisfy the inequality:

D > |R|, (3.32)
the quantum dimension of ® is

D[@] = % (3.33)

Since the canonical dimension of ¢ is 1/2, the WZ model with the superpotential W = ®3 is a
interacting superconformal fields theory in the IR. Note that in 4d we lead to the Gaussian fixed
point in the IR.

The Seiberg dual magnetic theory

In this thesis we discuss the Seiberg duality in 3d, so it would be helpful to mention the component
action of the magnetic theory. The theory always contains the gauge singlet chiral superfield M
with the superpotential:

where ¢ and ¢ are the (dual) quark chiral superfield which are not gauge singlets. We omitted the
all the indices, the gauge indices and flavor indices.
The component form of this matter fields are as follows.

Lo = / d*o MM + ( / d*0Mdq + c.c.) (3.35)
= —0,M"M + iy s + FLFM + (Fumqq+ FoMG+ FyMq
1 .1 1
—§¢q¢Mq - iquq - §¢quq + c.c.) (3.36)

The corresponding scalar potential with the D-terms for the dual quarks becomes
a ~ a ~ 2 ~ ~ ~
V=9 (d"T—q'T"q)" + |9al* + |¢a|* + [M3|* + |gM|* + |qq|*. (3.37)

If we include the Chern-Simons term, this is modified into

k a a ~ a ~ ? ~ ~ ~
V= (gt T TTOG) o+ 0+ MG+ aMP o (339)
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3.1.4 The non-abelian extension

We only show the component action for the non-abelian SUSY gauge theory.

Lomatter = / d* otV —2mr g (3.39)

= ~D,Q"DuQ (6 + m)QP — SVo* D, + S Dbt — (6 4+ m, )i
+ FTF +ivV2(QT A\ — QM) + QTDQ (3.40)
Loauge = ?)Q%Im / d?0 Tr W, W (3.41)
=Tr [IFWF’“’ - iD"ng#gb - imgm#} - 1DD} (3.42)

4g° 2g° g° 2g°
Lcs = %Tr [A ANdA + §A ANANA— I+ 2¢D} (3.43)
Lg = f/d49 2_Tyv = 1§Dabelian (3.44)
V2N 2

where the FT term can be introduced only for the U(N,) gauge group.

3.2 Coulomb branch

Here we mention what we know about the Coulomb branch [d6]. The most important fact is that
the U(1) Coulomb branch is one-loop (semi-classical) exact. So the Coulomb branch only have the
non-perturbative corrections [d7].

Effectiely the Coulomb branch of the U(1)" is described by

Legs=— / d*of (%) (3.45)
where ¥ = —%DDV is a real linear superfield. The kinetic terms are
ds* = frdo,do, [ = 0"0%f(0) (3.46)

where o, = X,|p = 0 = 0.
We can dualize the linear multiplets in the following way [£3, 46, 2R].

L= /d49 (—f(Z) + (" + éﬂ")?;) (3.47)

where ®,. are the chiral superfields and X, are the “un-constrained” superfields. First we consider
the equation of motions for ®,.. The Lagrangian can be rewritten up to total derivatives as

. .. -,.D%%,
£~/d29 <D2(<I>T27T)+<I>T 5 ) (3.48)

which implies
D*%,. =0. (3.49)

In a similar way, we obtain D?¥.,, = 0. These equations of motion says that the ¥, is the real
linear superfield.
Next, let us consider the equations of motion for ¥,.. This gives

f (%)
%,

1 r 7\
%(é +9") =

, (3.50)
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Inverting this relation and solve for 3,., we obtain the following dual action:
Sefs = /d3xd40K(<I>r + ") (3.51)

where K (@, + ®) = —f(X) + (2" + @) 2=,
The inverse Legendre transform is

1
K =05-K=—%,.. .52
3@ ({9@ 27‘(‘ (3 5 )
Thus the Kahler metric becomes
ds® = 2K,,d®"dd°. (3.53)
The corresponding Kéhler form is
i _ 1
Q= %K,«thbr Nd®" = K, d¢" N da* = —do, A da” (3.54)
m
which is exact and there is no corrections.
Note that in the component expression, we have
Erlgmgmo = Or (3.55)
(7 + @) |y_g_p = 26" (3.56)
(®" — @) |,y = 2ia” (3.57)

3.3 Real masses

We consider the 3d theories which arises from the dimensional reduction of the 4d N' =1 SUSY
gauge theories. Thus we can formulate the 3d theories with the superfields. In 3d, the vector
multiplet contains the real scalar fields coming from the Aj direction of the 4d gauge fields. In
addition we can gauge the global symmetries and turn on the real masses by intorducing the vavs
for the background fields A5°* = gglobal o the generic kinetic term contains

/ 0TV 2mI0G — . i (G5 4l 6L+ (3.58)

where we only showed the fermion mass terms.

We first note that the masses introduced here are real because these masses are introduced
through the Kihler and they are the 0 = (09)" components. Furthermore it is not possible to
change the phase of the real masses by changing the pass of the fermion fields.

Second we should notice that the real masses can be introduce for the single chiral superfields.
Generically we need two chiral superfields in order to turn on the complex masses. For example,
recall the SQCD case:

Wcomplex mass — mcomplerQ- (359)

However the real masses require the single chiral superfield. Then the massive multiplets are
generically able to be in the short (BPS) multiplets.

We note that the sign of the real masses are flipped under the parity transformation. Then the
operators which break the parity should appears in the effective action when we introduce the real
masses.

3.4 Parity Anomalies

In three space-time dimensions, the chirality is absent and thus there is no chiral anomaly. However
there should exist the parity anomaly [A9,50] [61]. The anomaly is always related to the existence
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of the gauge fields which couple to the some currents. So if we weakly gauge the global symmetry

and turn on the corresponding gauge field, we have the effective Chern-Simons terms between the

gauge fields which are originally present in the theory or are the newcomers by gauging the global

symmetry. Their couplings break the parity symmetry, thus this is called a “parity anomaly”.
Their effective couplings can be written as

1 .
(Kij)ers = kij + Z §(Qf)i(Qf)j81gan (3.60)
f
where the summation are done for all the fermions which can couple to the currents and My is the

effective masses for the fermions. The effective mass M; schematically takes the following form.

M/ = (real and complex masses) + (masses from the Yukawa terms) (3.61)

=my+ Z(qf)ﬂiﬁi (3.62)

The parity anomaly can make the on-point function of the current non-zero:

2
(J"), = sign(m)i—ﬂe“”pF,,p. (3.63)

Please see the appendix for the derivation.

3.5 Effective Chern-Simons level and current mixiing

In this thesis we don’t consider the Chern-Simons term at all. However the interaction between
the fermions and scalars induces the CS level shift because the Yukawa term act as the effective
mass terms. The effective Lagrangian should take the following form [Af].

1 v 1 lobal rpv k v 4
Lgauge = " e Fyu FH — 4e2 Fe Fgllobal + . P AL, Ay + ApThatter
k
n Ailobal b + glob;;gauge e Ailobalay A, (3.64)

where we consider the U(1) gauge theory with CS level k and some global symmetries. We here
weakly gauging the global symmetry. Kglobal gauge i generated effectively due to the loops of the
massive fermions.

1 .
kglobal,gauge = 5 Z (ZU(l)gauge,fQU(l)gbba.,fSlgan (365)

f€E€fermions

where My is the effective mass terms for the fermions.

Then the equations of motion of Ai'°ba' gives

1 y Kglobal
L oo gn Fglobal.gauge _j.1p . m
e'2 a’/F1global - ngobal + A7 € 3VAP - ngobal + kglobal,gaugeJJ

- 1

i e"P9, A, is the topological current Hodge-dual to the U(1) gauge group. Let us

where J%
consider the Gauss law constraint for Ef'°ba|:

1 1 ;

2 v _ . — _ 70 0

_/d xeﬁangbe = ﬁ o E,dﬂ? = QGauss = ngobal + kglobal,gaugeJJ
oo

= leobal + kglobal,gaugeQJ~ (366)

Then for the states with Qgauss = 0, we have the mixing between the global and topological
current. In this way, the topologically charged objects are also charged under the global U(1)
symmetry.
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In any cases which contain the non-abelian gauge symmetry, we can apply the above technique
to compute the mixing of the currents. But in practice it is easy to use the fermion zero-mode
counting and the index theorems around the topological solitons, which is discussed in the Ap-
pendix.

The Coulomb branch is lifted if the keg is non-zero.

Fer = k4 5 3 To(ry)sien(My (6)) (3.67)
f

where My is the effective real mass which consists of
My (¢) = mF' +nso, (3.68)

where ny is the charge of the matter fields coupling to the gauge field.

3.6 Coulomb branch coordinates and Monopole operators

In 3d N = 2 supersymmetric gauge theories, the vector superfield contains the adjoint scalar field
coming from the Ag of the 4d gauge field and the dual photon. So we have the Coulomb branch
in which the gauge group is generically broken to their maximum torus. We need to introduce the
notions of Coulomb branch coordinates and monopole operators [62,53] [46].

3.6.1 The Coulomb branch coordinates

Let us first consider the abelian gauge theory (3d QED). The photon can be dualized into the
compact real scalar field.
™
00 = ~ € FP. (3.69)
93

In this definition, the dual photon a is dimensionless and the quantization of the magnetic field
makes the dual photon compact a ~ a + 2w. Thus the natural coordinate of the dual photon is
like exp (ia). If we consider the 3d N/ = 2 SUSY which is from the dimensional reduction of the

4d N =1 SUSY, we have the additional adjoint scalars coming from the As = ¢ direction. Then
the Coulomb branch in A' = 2 is naturally described by

2
X, = exp (”f + m) (3.70)
93
-2
X_ =exp ( §¢ - ia) (3.71)
93
For U(N,) case in which we have U(N.) — U(1)"¢, the Coulomb branch is parametrized by
V. i | . .
i ~exp | — +ia; i1=1,---,N,. (3.72)
93
For SU(N,),
Y; ~ exp (Q%—g;ﬁwrl +i(ai—ai+1)> i=1,--- ,N.— 1. (3.73)
3

3.6.2 The monopole operator

The Coulomb branch coordinates introduced above are not satisfactory for describing the low-
energy dynamics of the Coulomb phase since these are not gauge invariant and they are only
effective description of the Coulomb phase and need the UV completion of such operators. It is
not easy to solve these problems but we can say that the monopole operator which is naively a
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monopole-creating (or vortex-creating) operator indeed flows to the Coulomb branch coordinate
at low-energy.

The monopole operator is a disorder operator and its 4d counterpart is a ’tHooft loop. The
'tHooft loop is the phase which is acquired by the magnetic point particle, monopole. If we
dimensionally reduce the theory to 3d, the 'tHooft loop becomes the local operator which we
call monopole operator. Since the monopole operator is not the order operator but the disorder
operator, considering the monopole operator corresponds to the singular behavior of the gauge
fields.

The monopole operator is a UV operator, so is independent of which phases we are in. The
monopole operator is very complicated from the perspective of the elementary Lagrangian language.
Let us more characterize the monopole operators. The insertion of the monopole operator at x,, = 0
make the behavior of the gauge field singular.

D*Y =0, D%*% =21q;6®) (x — 20)6? (3.74)

which means

qJ

Ylog—g_gi= 0 — =—
|97070 27"7

r— 0. (3.75)

Then the monopole operator is related to the Coulomb branch coordinate: Vi ~ exp(27a/g>+---).

3.7 3d N =2 SQED

In this section we study the 3d N’ = 2 SQED. The four-dimensional QED is an IR free theory
and can be studied by the perturbative method. In 3d, on the other hand, the dynamics becomes
very non-trivial even if the theory only contains the U(1) gauge group. The gauge coupling in 3d
always has the mass dimension 1:

[6?] = M (3.76)

=2 (3.77)

Therefore at low-energy the gauge coupling becomes large and the theory is strongly coupled.
In the supersymmetric extension of the 3d QED whose field contents are the photon, the
gaugino, the electrons, we have the two branches of the moduli space of vacua: Higgs and Coulomb.

The Coulomb branch is described by V = eg%, ® = ¢ + iy, where v is a dual photon and ¢ is the
scalar field of the vector multiplet. The Higgs branch is described by the “mesons” M := Qin
which is classically constrained by the condition rank(M) < 1. This constraint is equivalent to the
condition €y, . MJME = 0.

The quantum numbers are summarized as follows. The axial symmetry is not anomalous in 3d.

ving 2

Table 3.2: The quantum numbers of the 3d /' = 2 SQED

SUNyg)L | SUWNg)r | UMa | UMy | UMk
Q Ny 1 1 0 0
Q 1 Ny 1 0 0
M Ny Ny 2 0 0
Vy 1 1 ~N; | +1 Ny

Note that the U(1); symmetry shifts the dual photon: v — « 4 const. Then at the Coulomb
branch, the U(1); symmetry is spontaneously broken. However, on the Higgs branch, all the
massless fields are not charged under the U(1); symmetry. Since the Coulomb branch meets Higgs
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branch at the origin of the moduli space, ¢ = 0, the size of the circle of the dual photon v should
be zero at the origin of the moduli space, ¢ = 0. Then the Coulomb branch is pinched at the origin
and is separated into the two region which we label these two region by

2 _2
Vi~es, Vorme o2, (3.78)

Figure 3.1: The quantum structure of the moduli space of vacua for 3d SQED

The above picture can be also investigated by the perturbative analysis, please see the appendix.
Let us calculate the parity anomaly for the UV theory and the theory whose field contents are
only the chiral superfields M, V.. Then we now gauge the global symmetries and introduce the
vector superfields to couple them to the global currents.
For the UV theory(3d A = 2 SQED)

] 1
krr = 5[(=1)(=1)NysignMq + (=1)(=1)NysignMg + (+1)(+D)signMy] € Z+ 5 (3.79)
ki =0eZ (3.80)
1
faq = 5[(H)(+1)Nfsignj\4Q + (+1)(+1)NysignMs] =0 € Z (3.81)
hny=0cZ (3.82)
1
kra = 5Ny (=1)(+1)signMo + Ny(—1) (+1)signMg] = 0 € Z (3.83)
i —0€Z (3.84)
For the theory with M, V.:
1 , . :
krr = 5[(—1)(—1)N?s1gnMM + (Ny — 1)(INy — 1)(signMy,, + signMy._ )] (3.85)
Ny:odd +% (3.86)
Ny: even (3.87)
1 . ,
kys = Sl(+1)(+)signMy, + (=1)(=1)signMy. ] (3.88)
1. :
= 5[51gn((+1)¢U(1)J) +sign((=1)¢yy,)] =0€ Z (3.89)
1
kaa = E[N]%(—}—2)(—|—2)signMM + (=Nys)(—Ny)(signMy, +signMy._)] € Z (3.90)
1 . :
kry = 5l(+Np)(+1)signMy, + (+Ng)(=1)signMy_] € Z (3.91)
1 , . .
kra = 5[N?(—1)(2)81gnMM + (Ny)(—Ny)(signMy, +signMy )] € Z (3.92)
1 . :
kg = S[(=Np)(+1)signMy, + (=Np)(~1)signMy ] € Z (3.93)
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This suggests that the SQED with Ny = 1 is effectively described by the theory which contains
only the chiral superfields M, Vy. This is one example of the mirror symmetry which will be
discussed next chapter.

3.7.1 The effective description

We can investigate the above (quantum) moduli space by using the theory which only contains the
chiral superfields (not a gauge theory).

Ny=1

The moduli space is described by the three chiral superfields M, Vy which parametrize the one
dimensional Higgs branch and the two cones of the Coulomb branch, with the following superpo-
tential.

W=-MV,V_ (3.94)
This is one well-known example of the 3d mirror symmetries.
Ny>1
We find that the following superpotential is consistent with the global symmetries.
W = —N; (VaV_ det M)~7 (3.95)

This effective superpotential is only valid for the moduli space far away from the origin since at
the origin this is singular. At the origin of the moduli space of vacua there would be new massless
degrees of freedom and we should add some new d.o.f to this superpotential. We can find in the
next chapter that the dual theory is given by the mirror symmetry.

3.8 3d N =2 SU(2) SQCD

Here we will review the quantum structure of the 3d N' = 2 SU(2) SQCD. But we will shortly
consider the classical moduli space. The Coulomb branch is parametrized by the two scalar fields.
One of them is the adjoint scalar coming from the Az direction:

¢(g _0¢>, (3.96)

where we can restrict ¢ to be ¢ > 0 because the Weyl symmetry flips the sign of ¢, that is to say, ¢
and —¢ are gauge equivalent and are related each other. The second real scalar is the dual photon
which is compact due to the quantization of the magnetic flux. These two scalars are combined
into one complex scalar:

V ~ exp <¢2 + ia) . (3.97)
93

The quantum numbers are as follows.

Table 3.3: Global charges of the 3d N/ =2 SU(2) SQCD

SU@RNs)L [ UMa | UMk
Q 2N 1 0
M [ij] 2 0
1% 1 —2N; | 2N, —2
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where the mesonic operator is defined as

M;j; = Q?Q?‘Eab (3.98)
0 M
-1 0
- (3.99)
0 A,
Ay, 0

and this is classically constrained by

rankM < 2 < €172V M i, My, =0 for Ny > 2 (3.100)
& PEM =0 for Ny =2. (3.101)

Notice that for Ny = 2, the constraint eij’“lMZ—ijl = 0 means

€TFM; My o< M)A = 0, (3.102)
det M = \2)\?, (3.103)
PfM = Ao = 0. (3.104)

For Ny =1, the quark fields can be parametrized

a_ ([ c O . 0 2
Qi—<0 c)’ Mij_(—CQ O)’ (3.105)

where we used the gauge, global symmetry and the D-flatness condition. Thus the Higgs branch
for Ny =1 is one complex-dimensional and parametrized by

M = My = Q4Q5€¢qap = 262 (3.106)

For Ny > 3, the condition for M is equivalent to the condition that the any 4 x 4 minor matrices
A which are constructed from M satisfy

PfA = 0. (3.107)

In what follows, we will study the quantum modifications of the above (classical) pictures.

3d N =2 SU(2) pure SYM: N; =0

Since there is no fundamental quark, the monopole only has two gaugino zero-modes. Thus it
may appear in the superpotential. The monopole-instanton in 3d generates the following non-
perturbative superpotential:

1
W=— 1
= (3.108)

which is a type of the runaway and lifts all of the Coulomb branch. Then there is no SUSY
vacua. (Actually we should multiply the dimensionfull parameter to make the superpotential
mass-dimension 2.)

Ny=1

The superpotential is not generated since all the fields are not charged under the U(1) g symmetry,
but the quantum effect deforms the moduli space. The quantum moduli space is constrained by

MV =1. (3.109)
This condition is realized in the superpotential by using the Lagrange multiplier:

W =AMV —1) (3.110)
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We can introduce the complex mass to the quark and we obtain the Ny = 0 theory:
W =AMV —1)4+mM. (3.111)
The equations of motion are as follows.

MV =1 (3.112)
AV 4+m=0 (3.113)

If we integrate out the massive fields, we obtain

m
VVIOW energy — V (3 1 14)

which implies the high- and low-energy monopole operators are related by

Viow = Vhigh/m' (3115)

Ny =2
For Ny = 2, the holomorphy argument produces the following superpotential.
W =-VPIM (3.116)

Again, this is consistent with the results of the small flavors. For example we introduce the complex
masses for Ms4. Then the superpotential becomes

W =—-VPIM + mMsy (3.117)
The equation of motion for M3z, is
~V My +m =0. (3.118)
Then the low-energy superpotential where the massive quarks are all integrated out is
W = A=V M3+ m). (3.119)
Again we can find the relation between the monopole operators at high and low energy:
Viow = Vhign/m. (3.120)

In this way we can find that the superpotential generated by the holomorphy argument indeed
produces the correct quantum picture of the moduli space of vacua.

The theory with Ny = 2 flavors is described by the theory containing only the chiral superfields
with the above superpotential. We can check this by the parity anomaly matching:

kRRoff = % [2NfN.(—1)%signMg + (N? — 1)(+1)*signM,] € Z + % (3.121)

R % [Nf(2Ny — 1)(—1)%signMys + (2Ny — 3)*signMy | € Z + % (3.122)

kaners = % [2NfN.(+1)*signMq] € Z (3.123)

R % [N;(2Ny — 1)(+2)%signMys + (—2Ny)*signMy | € Z (3.124)

kRaers = % [2NfN.(—1)(+1)signMg)] € Z (3.125)

R % [N; (2N — 1)(—1)(+2)signMys + (2Ny — 3)(—2N;)signMy] € Z  (3.126)

bsvenpers Y 3N 1€ 2 (3.127)

Q
R %sz(QNf =/ (3.128)
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N f > 2
The symmetry argument gives the following superpotential.
1
W =—(Ny—1)(VPEM) st (3.129)

which is well describing the moduli space far away from the origin of the moduli space of vacua.
At the origin we need the additional massless degrees of freedom.

3.9 3d N =2 SU(3) SQCD

Here we will investigate the moduli space of vacua for the case of SU(3) gauge group. In this case,
the Coulomb branch is parametrized by two region:

1> 2> 02> ¢3 (3.130)
and
120> g2 > ¢3. (3.131)

We need to introduce the different Coulomb branch coordinates (operators) for each region. But
we should impose the constraints in order that these operators are defined continuously throughout
the different regions of the moduli space.

The region ¢1 > ¢2 > 0 > ¢3 is parametrized by the two operators Y; and Y;. On the other
hand, the region ¢1 > 0 > ¢2 > ¢3 is described by Y; and Ys. The Weyl-invariant combination
Y = []Y; is globally defined, hence this operator imposes one constraint for the four Coulomb
branch coordinates Y3, Ya, Yy, Ys.

Y =YY, =YY, (3.132)

The global charges of these operators are calculated as follow (please see the appendix).

Table 3.4: The quantum numbers of the 3d N =2 SU(3) SQCD

| | UMr [UM)a ]

det M 0 2N,
Y | 2N —4 | —2N;
Y, -2 0

Y, | 2N;—2 | —2Ny

Vi | 2Ny -2 | —2n

Y, —2 0

Thus the monopole-instanton generates the superpotential:

1 1
W=—+—=— 3.133
n T (3.133)
and lifts the Coulomb branch coordinates Y; and Y. To recap, the two operators are lifted and
we have one constraint. So we have the 4 —2 — 1 = 1 independent operator which is precisely
Y =Y1Ys = Y1Y5. This argument to obtain the independent monopole operators is quite powerful
and it can be applied to any gauge theory with various matter fields [36].

3.10 3d N =2 SU(N,) SQCD

Next, we proceed to the 3d NV = 2 SU(N.) SQCD. Let’s us consider the specific region of the
Coulomb branch: ¢1 > ¢o > -+ > ¢ > 0> Ppp1 > -+ > dn.—1 > ¢n, = —¢1. The zero-modes
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of the fundamental quarks around the monopole background are counted as follows [BG] (This
argument is equivalent to the index theorem but this is more physical explanation.).
The size of the instanton p; is characterized by

1 1

b §|¢i — it (3.134)

On the other hand, the fundamental quarks have the coupling with ¢;, ¢;+1. Thus the effective
mass for the quark is

. 1
méff = §|¢i+¢i+1|- (3135)

The effective mass for the fundamental quarks are calculated as follows. First we should divide
the vacuum expectation values for ¢ as

(g1 + ¢2) (p1 — ¢2)

1 _1 _
o= 5 (P14 ¢2) . N 5(01 — ¢2) .  (3.136)

The first term is invariant under the SU(2) rotation but the second term is not invariant. The
effective mass is identical to this invariant part.

If the quark mass is lighter than the mass of the instanton, the quark has the zero-modes. For
Mmegy > 1/p, there is no zero-mode. Then, for ¢; > ¢;11 > 0, we have only the gluino zero-modes
around the monopole-instanton background. For ¢; > 0 > ¢; 1, we also have the quark zero-modes
in addition to the gaugino zero-modes.

The alternative derivation of the global charges of the monopole operator is given in the ap-
pendix, where the index theorem is used. the quantum numbers of the fields are summarized as
follows.

Table 3.5: The quantum numbers of the 3d N =2 SU(N,.) SQCD

SUWNy) | SUWNg)r | U)p | U(D)a U)r
Q Ny 1 1 1 0
Q 1 Ny —1 1 0
M Ny Ny 0 2 0
Vith 1 1 0 0 -2
Vi 1 1 0 | —2Ny 2(Ny — 1)
V=11V 1 1 0 | —2N; | 2(Ny — N.+1)

The Coulomb branch of this theory is classically N. — 1-dimensional:

Y; ~ exp (W +i(a; — aj+1)> (3.137)
3

But almost all the Coulomb branch is lifted by the AHW-type superpotential which is generated
by the monopoles. On the Coulomb branch the gauge symmetry breaks as

SU(N.) — SU(N,. —2) x U(1)% (3.138)
In this region other moduli can take

rankM < N, -2, B=B=0. (3.139)
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3d N =2 SU(N,) pure SYM: N; =0

Let us consider the pure SYM theory. The symmetry argument gives the following superpotential
for the Coulomb branch coordinates:

N.—1 1
W= —, 3.140
> 7 (3.140)

which lifts all of the Coulomb branch, leading to the absence of the stable SUSY vacua. This
should be compared with the 4d A/ = 1 pure SYM where there is some discrete SUSY vacua.

Ny flavors
Next we include the fundamental matters. The monopole generates
1
W = —. 141
27 (3.141)
J#k

This lifts almost all the Coulomb branch and there is complex one-dimensional branch un-lifted.

¢1>¢p=-=¢Nn.—1=0> 9N, = —¢1, (3.142)
which is parametrized by

¥ 61— ¢
V= H ~ exp (12N“ +i(ay — ag)) (3.143)

j=1 93

Ny <N.—-1

The similar argument of the Affleck-Dine-Seiberg superpotential [54,55] in 4d is applied to this
case:

W = (Nj — N, — 1)(V det M)~ (3.144)

Nf=N.—1

In this case we have the quantum constraints between the Higgs and Coulomb branch coordinates.
Vdet M =1, (3.145)

where the scale factor is omitted. Then the large vev region of M corresponds to the small vev
region of V.

Ny =N,
The low-energy effective theory is describe by the following effective superpotential.

W = —V(det M — BB) (3.146)

28



Let us check the parity anomaly matching between the UV theory and the effective theory.

krr eff = 2 [N Ny (signMq + signMg) + (N2 — 1)signM>\} €Z+ 2(N2 +1) (3.147)
:R 3 [N?signMM + 2signMp 5 + (2(Ny = N.+1) — 1)51gnMy} cZ+ 2(Nf +1)
(3.148)
1
kpperr & 5 [NyNe(+1)signMo + NyNo(~1)sign] € Z (3.149)
1
R 3 [(+N.)?signMp + (—N,)?signMp] € Z (3.150)
1
kaners = B NyNe(+1)*signMq + NfNC(+1)2signMQ} €Z (3.151)
1
B 3 [N7(+2)*signMas + (+Ne)?signMp + (+N.)?signM 5 + (—2Ny)?signMy | € Z
(3.152)
N, colors
uv 1~~~ 1
ksuiNpers = 5 _Ne 1€ gNe+Z (3.153)
Q
1 1
EoN; 1€SN;+7Z (3.154)
2 "2
"
N, color
v1 ~—~~ 1
kSU(Nf)R,eff 3 N. ‘1le §Nc +Z (3.155)
Q
1 1
EoN; 1€SN;+7 (3.156)
M

Although the parity anomaly matching is weaker check of the duality, the parity anomalies of the
UV and IR theories are indeed identical.

Nf > N,
We have no effective description for Ny > N..

3.11 3d N =2 U(N,) SQCD

We can obtain the U(N,) theory by gauging the U(1)p global (baryon) symmetry. The quantum
numbers of the fields are as follows.

Table 3.6: The quantum numbers of the 3d ' = 2 U(N,) SQCD

SU(Ns)r | SUNg)r | U(1)a UDr
Q N 1 1 0
Q 1 Ny 1 0
M Ny Ny 2 0
Vi 1 1 Ny | Nf—N.—1

The monopole operators listed above are at least semi-classically defined as follows.

Vi ~exp (?; + ia1> , Vo ~exp (— c) . (3.157)
3
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Ny = N,
The un-gauged theory is the SU(N.) with Ny = N, flavors which is effectively described by the
gauge singlets V, M, B, B with the superpotential W = —V (det M — BB). By gauging the U(1)p

symmetry, only the baryon operators are charged, so the U (1)%auged sector is the N' = 2 SQED

with one (vector-like) flavor. Thus the dual description to it is the XYZ model:

W= —y/Wey Vs (gR) (3.158)
Combining all the superpotential we arrive at

W = —V(det M — BB) — v/ W=y Ws(BR). (3.159)

Integrating out the massive fields V and (BB) we have

W = vy Vs gep . (3.160)
The lower values of Ny is obtained by turning on the masses for the quarks.
Ny > N,
The holomorphy tells us that the effective superpoential is

W~ (VLV_ det M) N7~ (3.161)

This is singular at the origin of the moduli space of vacua analogous to the 4d N' = 1 SQCD

with Ny > N,, which implies that some new massless degrees of freedom are needed at the origin.

However this superpotential are correctly describing the moduli space away from the origin.
Notice that since the scalar potential in this case becomes

~ ~ .\ 2 ~
V=g (QITQ-QTQ") +16Q + |6QI*, (3.162)

the meson composite M = QQ generically can take the vev as rank M < N, for V, = V_ = 0,
rank M < N, — 1 if the one of the Coulomb moduli is non-zero and rank M < N — 2 for Vi # 0.

3.12 The relation between 3d and 4d SUSY gauge theories

The N' = 2 SUSY gauge theories discussed here are the dimensional reduction of the corresponding
4d SUSY gauge theories with four supercharges. So the field contents are the same as the 4d ones
except for the adjoint scalars coming from the Az direction. However, the dynamics of these
theories are very different. If we want to connect the dynamics of the 3d and 4d, we need to put
the 4d theory on the S' x R? and take into account the dynamics of the theory on the compact
manifold. In order to relate the physics between 3d and 4d, we should consider the so-called
Kaluza-Klein monopoles which generate the effective superpotential for the Coulomb branch.

3.12.1 The relation of the gauge couplings
The 3d and 4d gauge coupling is related by the dimensional reduction as
2nrgs = g2 (3.163)

where r is the radius of the S'. The dynamical scale in 4d becomes

_ Q2 _
Ab = exp < o ) = exp (4”) (3.164)

94 7"9?%
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where b is the coefficient of the one-loop beta-function: b = 3N, — Ny. The Coulomb moduli is
compact if we put the theory on the S':

1
b+ (3.165)

The 4d limit is
g3 - fixed, (3.166)
r — 00, (3.167)

which means g7 — 0 and the Coulomb branch becomes very small. So in the 4d limit we should
integrate over the Coulomb branch coordinates.
On the other hand, the 3d limit corresponds to

g5 fixed, (3.168)
r— 0, (3.169)

which means g2 — 0 and A® — 0.

3.12.2 SU(2) with Ny flavors
First we show the global charges of the fields.

Table 3.7: The quantum numbers of the 4d N' =1 SU(2) SQCD

SU2Ny), [UMa| UMgr
Q 2N¢ 1 0
M | Ng(2Ng—1) 2 0
|4 1 —2N; | 2N; -2
n=A° 1 2Ny | —2N;+4

The Kaluza-Klein monopole (or we often call it the twisted instanton because this is in fact

the instanton of the S! x R3.) generates the effective potential for the Coulomb branch, which is
1

proportional to n = AP ~e 9
WKK = ’I7V. (3170)

This superpotential is always generated for any Ny since the Kaluza-Klein monopole has no fer-
monic zero-modes from the fundamental quark and only has two zero-modes from the gaugino.
This is intriguing feature with contrast to the fact that the monopole has the quark zero-modes.

N;=0

In this case we have two contributions from the monopole and the KK-monopole. Then the
superpotential is

1
W== V. 3.171
v (3.171)
The equation of motion of V' gives
1
V=+—. (3.172)

Vi

This observation tells us two important facts. The first one is that in the 3d limit where the
second term in the superpotential vanishes the Coulomb branch is lifted and there is no stable
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SUSY vacua. The second one is that the effect of the KK-monopole stabilizes the potential and
there is two SUSY vacua now. This is consistent with that the 4d N/ = 1 pure SYM has the two
SUSY vacua with the mass gap which means that there is no massless degree of freedom.

Thus if we would like to connect the dynamics between 3d and 4d, we should take the KK-
monopoles into account. This is a crucial step for deriving the 3d Seiberg duality from the 4d
Seiberg duality.

Ny=1

The effective superpotential becomes

W =AMV —1)+nV. (3.173)
By integrating out V', we arrive at
MV =1 (3.174)
AM+n=0 (3.175)
Widers = ~L. (3.176)
’ M

Ny=2
The effective superpotential becomes

W = —VPtM + V. (3.177)

By integrating out V', we obtain the quantum constraint in 4d:

PEM ~ 1. (3.178)
Ny>2
In a similar way we have
W = —(N; — 1) (VPEM) 7" 4V (3.179)
1
. <PI;M> N (3.180)

3.12.3 SU(N,.) with N, flavors

First we show the quantum numbers of the fields and the dynamical scale. Note that since in 4d
there is a chiral anomaly, so the global symmetry generically becomes anomalous and spurious.

Table 3.8: The quantum numbers of the 4d N =1 SU(N,) SQCD

SU(N7)L | SUNHR [ U(M)s [ U()a U(r
Q Ny 1 1 1 0
Q 1 Ny -1 1 0
M Ny Ny 0 2 0
Vjzk 1 1 0 0 -2
Vi 1 1 0 —2N; 2(Ny —1)
V=11V, 1 1 0 —2N; | 2(Ny — N, +1)
n=Ab 1 1 0 2N/ 2(N. — Ny)
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Ny =0: pure SYM

The effective superpotential including the effect of the twisted instantons is as follows [56].
Nel 4
W = — +nY;--- YN _ 3.181
; Y, n¥y Ne—1 ( )

The equations of motion for Y} are

Y =— 3.182

=y (3.182)

which means Y,V = % Then the values of the field Y can vary in N, ways. So we have the
N, vacua which is consistent with the corresponding 4d physics:

W~ A3 (3.183)

0 < Ny < N, — 1 flavors
The effective superpotential is determined by the holomorphy.

1
W = (N.— Ny —1)(Ydet M) Vs Nett 4 Y (3.184)
The equation of motion for Y is
anN. 1
n=Y N Netl (det M) N5~ Net? (3.185)
If we substitute this into the superpotential, we have
AZNem Ny NNy

which is known as the Affleck-Dine-Seiberg superpotential [65,57].

Ny = N, —1 flavors

The superpotential which describes the quantum moduli and the KK-monopole effect is

W=AYdetM —1)+nY (3.187)
The F-term equations are
Adet M +n=0 (3.188)
AYcof M =0 (3.189)
Ydet M =1. (3.190)

These three equations have no solution. This can be regarded in two ways. One way to understand
this is that the theory is 3d theory deformed with the KK-monopole effects and there is no stable
SUSY vacua. The other way is to consider the theory on S' x R3 and it also has no stable SUSY
vacua. The second interpretation comes back to the 4d theory when the size of the compactification
r is infinity. Remember that the 4d N' =1 SU(N.) SUSY SQCD with Ny = N, — 1 has no stable
SUSY vacua due to the Affleck-Dine-Seiberg superpotential.

Ny = N, flavors
The effective superpotential is
W =Y (BB — det M) 4+ nY (3.191)

The Coulomb branch is lifted and the Higgs branch is deformed. This is the same as the quantum
moduli space of the 4d N' = 1 SU(N,) SUSY SQCD with Ny = N.. If we regard this as the
3d theory with deformed by the KK-monopoles, the moduli space of the deformed 3d theory is
identical to the 4d one.
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Ny = N.+1 flavors

Generally, higher values of Ny is more and more difficult to find the effective description in terms
of the gauge invariant chiral superfields. However in the case with Ny = N, + 1 we can find the
effective description:

[N

W= (Y(det M+ BMB)) +qY (3.192)

The equation of motion for Y is

1
2n

V3

(det M+ BMB) ’ (3.193)
Integrating out Y, the 4d effective superpotential becomes

1 -
W=y (det M+ BMB) . (3.194)

N¢ > N.+ 1 flavors

We have no effective description by the gauge invariant variables. One of the difficulties is the
appearance of the new massless degrees of freedom at the origin of the moduli space of vacua. If
we want to describe this theory in different manners, we need to search for another gauge theories
which usually have the different gauge group with the original theory but flow to the same IR fixed
point as the original one.

3.13 SU(4) with an anti-symmetric matter

Now we add one anti-symmetric matter to the SU(4) SQCD [B6]. Let us consider the Coulomb
branch parametrized by

(7120’220’3204:—01—(72—03. (3195)

In this theory we have the various flat directions. The first one is the branch parametrized by
the quark fields @, Q. These fields couple to the adjoint scalars o,. Then the flat directions are
determined by

0aQ% = —0,Q% = 0. (3.196)

The another moduli comes from the anti-symmetric matter A. This field also couples to the adjoint
scalar o,,. Then the flatness condition is

(0o + 05) AP = 0. (3.197)

When some of the components of o, become zero, at that point of the Coulomb moduli the Higgs
branch emerges. For example, at 05 = 0, the Coulomb branch is pinched (or shrinks) and is divided
into two regions. The Higgs branch which is parametrized by QéQ? sticks to this point oo = 0,
where i, j are the flavor indices. At o3 = 0, the Higgs branch parametrized by QgQ? merges with
the Coulomb branch. At oy + o3 = 0, the additional Higgs branch arises due to the presence of
the anti-symmetric matter A*?. In conclusion, the Coulomb branch are divided into two parts at
09 =0, 03 =0 and 03 + 03 = 0. Then the Coulomb branch is divided into four regions. For each
region, we need the original coordinates which are eventually related each other. So the question
is how many independent operators we do need as the coordinate of the Coulomb branch. In [38],
the authors gave the very clear answer to this. So we will here review it.
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The Coulomb branch coordinates

Let us first calculate the fermion zero-modes around the monopole-instantons. If there is a
monopole-instanton labeling by the left-upper SU(2), the corresponding vevs for the adjoint scalar
could be seen as

01
_ 02
o= o (3.198)

04

%(01_02) %(01 +02)
_% (01_02) %(0’1"‘0’2)
0 03

0 g4

(3.199)

The first term is related to the scale of the breaking of the corresponding SU(2) gauge group and is
related to the instanton size. On the other hand the second term is related to the effective masses
for the quark fields.

1
Meff = 5(01 +02) + 034 (3.200)

Comparing the inverse instanton size with the effective masses, we can calculate the fermion zero-
modes.

Region1: 0, >0> 09 > 03 > 04

The Coulomb branch is labeled by Y; 2 3. We have the additional zero-modes from the matter
fields to Y7. So the effective superpotential is

W=—+—. (3.201)

Region IT : 01 > |o3| > 09 > 0> 03 > 04

The Coulomb branch is labeled by 371,2, Y3;. We have the additional zero-modes from the matter
fields to 171,2. So the effective superpotential is
1

= . .202
W= (3.202)

Region III : 01 > 03 > |o3| > 0> 03 > 04

The Coulomb branch is labeled by Y7, }72,3. Note that we need the new variable Y3 because the
Higgs branch parametrized by the anti-symmetric matter A%? pinches the Coulomb branch and
the Coulomb branch is divided into two region at the point where we across from the region II to
the region III.

We have the additional zero-modes from the matter fields to 572,3. So the effective superpotential
is

W= . 3.203
V7 (3.203)

Region IV : 01 > 09 > 03> 0> 04

The Coulomb branch is labeled by Yy, 5. We have the additional zero-modes from the matter
fields to Y3. So the effective superpotential is

W=—+-. (3.204)



Totaly we have the nine operators in order to parametrize the regions of the Coulomb branch.
But the four operators are lifted by the non-perturbative AHW-type super potentials. The operator
Y = ]_[1-:172’3 Y; is globally defined throughout the four region I,IIIIT and IV. So the continuity
conditions imposes the three constraints for these operators. Then, we need the

9 -4 - 3 =2 (3.205)
—— — =~

Coulomb branch AHW Continuity
coordinates

types of the monopole operators for describing the Coulomb branch. The first one is
v =]]v. (3.206)

Indeed this is Weyl-invariant and preferable one. The second operator is proposed in [36] as follows:

Y :=1/YY,. (3.207)

This can be seen as follows. The non-perturbative superpotentials lift almost all the Coulomb
branch as we considered above. Finally we have two dimensional Coulomb branch which is

01
_ 02
o= oy . (3.208)

—0q

This is checked as follows. For example, if we modify the third component as o3 = —o2 — 04 =
—09+ 60, 04 = —01 = 0y = —01 — b0, where do > 0. This shifted vacua correspond to the region
IIT discussed above. Then the instanton produces the repulsive force between o1 and oy. This is
equivalent to moving the o2 to |o3| = | — 02 + do|, which means that this repulsive force makes
0o — 0. This observation can be applied for o < 0 and we conclude that the un-lifted Coulomb
branch is parametrized by

01
02
g =
—09
—01
o1 — 09 02
. 0 g9
= 0 + oy (3.209)
*(01 - 02) —02
=Y +Y (3.210)

Note that in region I and IV, we have the one-dimensional Coulomb branch, so we need only Y.

Dirac quantization condition

Let us consider the minimal magnetic charge and the allowed forms of the corresponding monopole
operators [80,68]. Let us first consider the operator Y : diag(e,0,0, —c) which corresponds to the
breaking of the gauge group as

SU(4) = SU(2) x U(1) x U(1) (3.211)
whose U(1) generators are specified as
1 1

tua), = 0 » tuy, = 1 . (3.212)
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Next, Y : diag(o, 0, —0, —0) is related to the breaking:
SU(4) — SU(2) x SU(2) x U(1) (3.213)

whose U(1) generator is defined as follows.

tuay; = 1 . (3.214)
-1

Let us consider the Dirac’s quantization condition for SU(4) — SU(2) x SU(2) x U(1). The U(1)
rotation contains the following group element

—1
exp (i ty(1),) = -1 . =1, (3.215)
-1
which is also contained in the center of SU(2) x SU(2):
-1
-1 = Zy X Zy € center of SU(2) x SU(2). (3.216)

-1
—1

So when we go around the non-trivial loop, the group element such as exp (—4mie@3) need not to
be identity, where e is the electric charge and 3 is the monopole charge corresponding to ty(1),-
Namely we have

exp (—4mieQs) = —1. (3.217)

So we have the half of the monopole charge, which explains why the monopole operator Y :=VYY,
contains the square root. The full magnetic charge is defined as

1
M= 3Qs+ Th 4+ 1? (3.218)
1 1 0
1 1 1 -1 1 0
=3 . +35 0 +35 . (3.219)
~1 0 ~1
1
_ 0 . . (3.220)
—1

We can again see that the magnetic charge corresponding Q3 =ty (1), is indeed half integer.

We have alternative explanation for the difference of the minimal magnetic charges. Let us
first consider the breaking SU(4) — SU(2) x U(1) x U(1) corresponding to giving the vev to Y.
In this case, the fundamental matters in SU(4) decomposes as

0 — (0,0,—1) & (e,1,1) & (e, —1,1) (3.221)

Since the SU(2) singlets have the minimal U(1) charges, the minimal monopole charges are allowed.
On the other hand, the story of the breaking SU(4) — SU(2) x SU(2) x U(1) is different. Indeed
under this breaking we have the SU(2) doublet fields which have the minimal U(1) charges. But
there remain the SU(2) x SU(2) dynamics which are strongly coupled then confined. Thus the low-
energy effective description should be written in the gauge singlets composite chiral superfields. So
the minimal electric charges are doubled. This again leads to the above minimal magnetic charges.
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3.14 3d N =2 SO(N,) or O(N.) SQCD
Let us consider the orthogonal gauge groups. The theory consists of the A/ = 2 vector multiplet

with O(N,) or SO(N,) gauge groups and the N fundamental (vector representation) matters [69].
The quantum numbers are summarized as follows.

Table 3.9: The quantum numbers of the 3d A/ =2 O(N,) SQCD

ST, [0 [ Ux
W, 1 1
Q Ny 1
7 — i) | Ne(NeF1
M= QiQi % 9 0

The Higgs branch is parametrized by the gauge singer meson fields:
M = Q' Q. (3.222)

For Ny < N, the gauge group is partly broken to O(N, — Ny). For Ny > N, the gauge group is
completely broken. For Ny > N, and SO(N,) gauge group, we have the additional gauge singlets,
“baryons”:

Bil"'iz\lc . L i1 QiNc ai-an, 3.293

= N Qe an, € . (3.223)

The Coulomb branch, on the other hand, is described by the adjoint scalars which are from

the vector multiplet. For (S)O(N. = 2n), the adjoint scalar can be diagonalized. Arranging the
eigenvalues, we obtain

¢:dla‘g(¢17 7¢n>_¢17"' 7_¢n)7 (3224)
where ¢1 > 9o > -+ > dp_1 > |pn|. For O(2n), we can additionally impose ¢, > 0. For
SO(N,. =2n+ 1), we have

¢:d1ag(¢17 a¢na7¢1a"' 77¢n70)a (3225)

where ¢1 > ¢ > -+ > ¢pp_1 > ¢, > 0. For the generic values of the ¢;’s, the gauge group is
broken to the maximal torus U(1)™.
We define the Coulomb branch coordinates as follows. For O(2n),

Vi~me® P2 Y~ ety et O (3.226)
For O(2n + 1),
Yy ~veim® Y, ey 20 (3.227)

The monopole background mixes the U(1); symmetries dual to the U(1)™ with the other U(1)
symmetry, U(1) 4 and U(1)g. Then these operators have the non-trivial charges under the global
U(1) symmetries. For O(2n) and ¢,, > 0, the quantum numbers of these monopole operators are
as follows.

Table 3.10: The quantum numbers with O(2n), ¢, > 0

SUNy) | UM)a | UM)r
Y (i=1,--- ,n—1) 1 0 —2
Y, 1 —2N; | 2N —2
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For O(2n) and ¢,, <0,

Table 3.11: The quantum numbers with O(2n), ¢, <0

SUWNy) | UMa | UM)r
Y (i=1,---,n—2,n) 1 0 —2
Yo 1 1 —2N; | 2N; —2

For O(2n + 1),

Table 3.12: The quantum numbers with O(2n + 1)

SUNy) | UM)a | UMr
Yi(i=1,--,n—1) 1 0 —2
Y1 1 —2N; | 2Nf -2
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Chapter 4

Three-dimensional dualities

We will here study the several three-dimensional dualities: Mirror symmetries, Aharony duality,
Kim-Park duality and Giveon-Kutasov duality with attention to the SU(N,.) or U(N.), O(N,)
gauge groups. Some of these dualities are derived from the 4d dualities in the next chapter. We
will also explain the un-gauging technique to obtain the SU(N,) duality from the U(N,.) duality.
Notice again that the U(1) part becomes non-trivial in 3d since the gauge coupling inevitably
becomes strong in the IR even if U(1).

4.1 The mirror symmetry

Although we are interested in the 3d Seiberg duality which connects the Higgs branch of the
original theory to the Higgs branch of the dual theory, we first mention the three-dimensional
mirror symmetry [&7, 60, 51 with A/ = 2 supersymmetry because it serves as the good example of
studying the quantum dynamics of the 3d SUSY gauge theories and it will be extensively used for
deriving the 3d duality from the 4d duality.

4.1.1 The mirror of the XYZ model

We first consider the most simplest mirror symmetry. In this case the mirror theory does not
contain the gauge degrees of freedom at all.

XYZ model

The XYZ model is a theory with three chiral superfields with the following superpotential and
with no gauge field.

W=-XYZ, (4.1)

which is consistent with the global symmetries:

Table 4.1: The global charges of the XYZ model

UMa | UMy | UM)rr
X[ 2 0 2/3
Y| -1 | +1 | 23
Z| -1 | -1 | 2/3

The R-charges of the fields X, Y, Z are identical due to the Zs-symmetry which exchange these
fields each other. Other U(1) transformations rotate the chiral superfields X,Y, Z respectively.
Then if there is no superpotential, we have three Abelian global symmetries U(1)x v,z aside from
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the U(1) g symmetry. However the presence of the superpotential explicitly breaks the one of these
three global symmetries. Then we have only two global Abelian symmetries U(1) 4, ;.
The F-flatness condition reads

oW oW oW

= =5 = 4.2
0X oY 07z 0 (42)
—yz=zz=zy=20 (4.3)
«——y=z=0o0or x=2=0 or x =y =0, (4.4)

where the lower-case letters z,y, z denote the scalar components of the chiral superfields X,Y, Z.
The moduli space becomes as follows.

< >

Figure 4.1: The (quantum) moduli space of the XYZ model

At the origin of the moduli space the theory flows to the IR fixed point where the theory would
be a superconformal field theory.

3d N =2 SQED with Ny =1 flavors

The mirror pair of the 3d N’ = 2 XYZ model is the 3d /' = 2 SQED with Ny = 1 flavors. The
field contents are as follows.

e U(1) vector multiplet which consists of a vector field, a real scalar, Weyl fermion (two Ma-
jorana (real) fermions).

e The chiral superfields @Q,Q. These are charged under the U (1) gauge symmetry as =+1
respectively.

Table 4.2: The quantum numbers of the 3d A/ = 2 SQED with one flavor

Ul)a | UQ)s | UM)R
Q 1 0 0
Q 1 0 0
M 2 0 0
Ve | -1 +1 1

The Higgs branch is complex one-dimensional, which is labeled by M = QQ. On the other hand
the Coulomb branch is parametrized by the Vi ~ exp(+®/g?), ® = ¢ + ia. These three moduli
M, Vi meet at the origin of the moduli spaces, which is effectively described by the superpotential

W =—MV,V_. (4.5)

which is precisely the XYZ model. We can see the parity anomaly matching with the XYZ model.
Please see the previous chapter.
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The U(1) g charge here is different from the U(1) g charge in the XYZ model. They are related
each other by

1
R =R+ 34 (4.6)

where R, R’ are the R-charges and A is the U(1) 4 charges. In this charge assignment, the operator
matching is

X~M, Vi~Y, Vo~ Z (4.7)

although this assignment is arbitrary because the XYZ model has the Zz-symmetry.

4.1.2 The mirror of the 3d N =2 SQED with N, flavors
3d N =2 SQED with N flavors

This theory was deeply studied in [A2,60]. It consists of the N flavors of the vector-like chiral
matters @), Q with charge +1 and a photon, a gaugino. The global charges are following.

Table 4.3: The global charges of the 3d N' =2 SQED with N, flavors

SUNg)r | SUWNp)r | UM)a | U()y | UMR

Q Ny 1 1 0 0

Q 1 Ny 1 0 0

M = Q'Q; Ny Ny 2 0 0
Vy 1 1 ~N; | 41 Ny

Through the non-perturbative effect, the superpotentials are generated depending on the num-
ber of the flavors. For Ny =1,

W= _MV,V_ (4.8)
and for Ny > 1
W = —Np(V,V_ det M)™7 . (4.9)

These are consistent with the above assignment of the quantum numbers.

The mirror theory

The mirror description of the 3d N/ =2 SQED with N; flavors is given as follows.
e 3d NV =2 SUSY and U(1)"s /U(1) gauge groups.

Ny chiral superfields ¢; (i = 1,---,Ny). ¢; is charged as +1 under the U(1); and —1 under
the U(1);41. Then the one of the U(1)s is not coupled to the matter fields.

singlets: S; (i =1,---,Ny)

superpotential: W =", S;¢;¢’
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Table 4.4: The local U(1)™/ charges

U [ UMW [UWs |- [UW)n,- | Uy, | S5 U
17 1 -1 0 e 0 0 0
q2 0 1 -1 e 0 0 0
qn; —1 0 0 e 0 1 0
In the original side, the moduli space is spanned by
Higgs branch : Mf dim. = 2Ny — 1
Coulomb branch : V.
On the mirror dual, the moduli space is spanned by
Higgs branch : N
Coulomb branch: W; 4  dim.= Ny —1
Additional branch : S;  dim. = Ny.
The operator matching is as follows.
Vi=N4 (4.10)
Mii_l ~ Wit My ~ Wi - (4.11)
where
N_:=qq2 - qn; (4.12)
Ny =g -V (4.13)

and W 1 is the Coulomb branch coordinate of the U(1)Nf /U(1).

4.2 Karch duality

This is the first Seiberg-like duality discussed in 3d [62] without Chern-Simons term. In this duality
the Higgs and Coulomb branch structure are not interchanged. In this sense, the Karch duality is
not a mirror symmetry. This duality has the Sp(2N,.) gauge group. So we first review the quantum
dynamics of the 3d N = 2 supersymmetric Sp(2N,) gauge theories with Ny flavors.

The Sp(2N,) gauge theories also have the Higgs and Coulomb branches. The Higgs branch is
parametrized by the mesons:

Mij = wabQ?Qs, (414)
where wy;, is the invariant tensor of the Sp(2N.) group. This anti-symmetric tensor satisfies

gTwg=w, w= < _01 é > , g € Sp(2N,.). (4.15)

We need not to take into account the baryonic operators which are expressed by the mesons. The
Coulomb branch is parametrized by the adjoint scalar ¢ and the dual photons. The adjoint scalar
can be diagonalized and arranged as

¢:dlag(¢1a ad)Ncaiqsla"' aid)Nc)’ ¢1 Z¢222¢Nc ZO (416)

The adjoint scalar and dual photons are usually combined into the complex scalars:

Q; = ¢ +ivi (4.17)
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The instanton factors are as follows.

Yy ~e®im Pt j=1... N,—1 (4.18)
Yy, ~ e2®ne (4.19)

The quantum numbers of the fields are as follows.

Table 4.5: Th quantum numbers of the 3d N' = 2 Sp(2N,.) gauge theory with Ny flavors

SURN;) [ UMa] Ur
Q 2Ny 1 0
M Ne(2Ng —1) | 2 0
Y =1Y; 1 —2N; | 2(Ny — N,)

Next, we will study the quantum moduli structure.

N;=0

For the case of the pure SYM, two gaugino zero modes are always present. So the classical Coulomb
branch is all lifted.

L1
W= — .

Z ¥, (4.20)

j=1
Then there is no stable vacua.
0< Nf < N,
The holomorphy argument enable us to produce the following superpotential:

1
W = (N.— Nf)(YPfM)Ns—Ne (4.21)

Ny =N,
The classical moduli space is deformed and there is a merging of the Coulomb and Higgs branches.

YPIM =1 (4.22)

So the large Y region corresponds to the small M region.

NfZNc—i-l

The holomorphy argument gives the following superpotential:
W =-YPIM. (4.23)

The theory is described by the chiral superfields, M and Y even at the origin of the moduli space.
Then the theory is (s-)confining-like.

Ny > N.+2

At the origin of the moduli space of vacua, where the Higgs and Coulomb branches meet together,
we have the interacting superconformal field theory. Then we need some new degrees of freedom
at the origin. Karch offered the dual theory which flows to the same IR fixed point [62].

The dual theory is 3d N = 2 supersymmetric Sp(2(Ny — N, — 1)) gauge theory. The field
contents are summarized as follows. In the Karch duality there is an internal SU(2) symmetry.
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Table 4.6: The quantum numbers of the magnetic side

Sp2(N;f —N,—1)) | SUQRN;) | U(D)a UM)g SU(2)
q O 2N —1 1 1
t u] 1 Ny | Ne—=Njp+1]| 2
M 1 Ne(2Ng —1) | 2 0 1
Y 1 1 —2N; | 2(Ny - N,) 1
Y 1 1 0 2 1

The dual theory contains the superpotential:
W=DMq+Ytt+Y (4.24)

which is needed for lifting the unnecessary moduli on the dual side.

4.3 Aharony duality

We here study about the Aharony duality [69,63] which is the duality between the 3d N' = 2
supersymmetric gauge theories with USp(2N,.), U(N.) and O(N.) gauge groups. Unlike the Karch
duality, the magnetic side of the Aharony duality does not contain the internal SU(2) symmetry
whose dynamics makes the theory involved.

4.3.1 USp(2N.) Aharony duality

We will first discuss the duality with the USp(2N.) gauge symmetry because in the USp(2N,)
theory we need not to care about the baryonic operators and hence it is simple.

Electric theory

The original theory is the 3d N = 2 supersymmetric USp(2N,.) gauge theory with 2Ny fundamental
flavors. This is the same theory as the electric side of the Karch duality.

Table 4.7: The quantum numbers of the electric side

SURNy) |UMa | UM
Q 2N; 1 0
M Ne(2Ng —1) | 2 0
Y :=[1Y; 1 —2N; | 2(N; — N,)

Let us study the moduli space of vacua on the electric side. For Y = 0, the rank of the meson
composite M := ();(); generically satisfies

rank M < 2N.,. (4.25)
For Y # 0,
rank M < 2(N, — 1). (4.26)

Magnetic theory

The dual theory is the 3d V' = 2 supersymmetric USp(2(Ny — N, — 1)) gauge theory with 2Ny
fundamental dual flavors and the singlets M, Y which are naturally identified with the mesons and
the Coulomb branch coordinate on the electric side. The dual theory contains the superpotential.

W=Mq+YY (4.27)
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where Y is the monopole operator of the dual gauge group. The quantum numbers are as follows.

Table 4.8: The quantum numbers of the magnetic side

SUEN;) [ U(Da U(x
q 2Nf -1 0
M | Ng(2Ng—1) | 2 0
Y 1 —2N; 2(N; — N.)
Y 1 2N; | —2(N;— N.—1)

Naively the equation of motion for Y gives Y = 0. However it is not correct since Y becomes a
fundamental field at the origin of the moduli space: Y = 0 and since we have no good description
of the moduli space at the origin [63]. At the region of the moduli space far away from the origin,

we have the effective superpotential

1
Wers = (VPi(gia) ™, (4.28)

which is not good at the origin of the moduli space because this superpotential is singular at the
origin and we need some new massless degrees of freedom at the origin.
Let us check the moduli space of vacua on the dual side:

1
Nj—Ne—1

Wiotal = Mqq +YY + (Y’Pf (Qi%)) (4.29)

First the equation of motion for Y gives ¥ = 0 which means that the Coulomb branch on the
dual side is lifted. On the other hand, the equation of motion for Y gives a vev for Y. This is a
consistent picture with the electric side.

For rank M = 2N, the low-energy theory is the USp(2(Ny — N. — 1)) gauge theory with
2(Ny — N,) flavors. Then the low-energy effective superpotential becomes

W = Mqq+YY — YPf(qiq5). (4.30)

The corresponding equations of motion are

Y:Y=0, (4.31)
Y Y = Pf(gg;), (4.32)

Then these equations result in Y = 0 which is consistent with the electric side.
For rank M = 2(N, + 1), the low-energy theory is the USp(2(Ny — N, — 1)) gauge theory with
2(Ny — N, — 1) flavors. Then the effective superpotential reduces to

W = Mqq+YY + ANYPf(qiq;) — 1) (4.34)

whose equations of motion are

~

Y =0,

> =

Then there is no solution and rank M = 2(N, + 1) is not a vacuum, which is again identical to the
electric side.

46



4.3.2 U(N.) Aharony duality
Next, we will consider the duality with the U(N.) gauge symmetry.

Electric theory

The original theory consists of
e 3d N =2 SUSY and U(N,) gauge groups.
e Ny chiral multiplets @, Q which are the vector-like matters.

The Higgs branch is parameterized by M = QQ and the Coulomb branch is given by two chi-
ral superfields (so-called monopole operators) Vi which is un-lifted by the monopole-instanton
corrections.

Table 4.9: The quantum numbers of the electric side

SU(Ng)L | SUNg)r | UM)a | U)y ULr
Q N; 1 1 0 0
Q 1 Ny 1 0 0
M Ny Ny 2 0 0
Vi 1 1 —Ny +1 Ny —N.+1

Magnetic theory
The dual theory consists of

e 3d N =2 SUSY and U(Ny — N.) gauge groups.

Ny chiral multiplets ¢, ¢ which are the vector-like matters.
e singlets: M,V
e superpotential: W = MqG+ V,V_ +V_V,

where the fields appearing in the superpotential are the monopole operators of the dual gauge
group. So this duality is not UV-completed and it is only IR expression of the duality. But it is
sufficient because the Seiberg-type duality is always IR duality. Then it is okay that the various
types of UV completions exist.

Table 4.10: The quantum numbers of the magnetic side

SUNys)r | SUWNg)r | U(M)a | U(L), U)r
q Ny 1 —1 0 0
i 1 Ny ~1 0 0
M Ny Ny 2 0 0
Vi 1 1 —Nf +1 Nf —N.+1
Vi 1 1 Nf +1 NC—Nf +1

If the rank of the singlets (M) is N., we have at low-energy U(N; — N,.) gauge theory with
Ny — N, flavors and the superpotential:

W =Mqj+V,V_+V_V, +V,V_detdq, (4.39)

where the last term comes due to the dynamics of Ny = N,.
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The equations of motion are
V, =V,detdg=0 (4.40)
V. =V_detgg=0. (4.41)

For rank M = N, — 1, the low-energy theory is U(N; — N,) with Ny — N, + 1 flavors. Then the
effective description of the moduli is given by

1
W = MqG+ ViV +V_V, + (VJ/, det ijq) (N ~NeFD =N =TT (4.42)
The corresponding equations of motion are
1o—1 /- 3
Vi SV (v+ det qq) ~0 (4.43)
1oL /- \3
Vo + §V+ (V_ det qq) =0 (4.44)
which mean
1
VoVo = 1 detgqg =0 (4.45)

The last equality comes from the equation of motion for M. Then one of Vi1 can be non-zero,
which is consistent with the electric side.

For rank (M) > N,, the instanton correction lifts all the moduli space and there is no stable
SUSY vacua.

The twisted instanton

When we consider these theories on S' x R, we have the additional superpotential from the
KK-monopoles.

W =V, V_ (4.46)

_a
~e ™3 is the dynamical scale of the corresponding 4d theory.

Q
m\v"‘

where n = e

The examples for small colors and flavors

Let us consider the case with (N, Ny) = (1,2). The magnetic theory is also the U(1) with the
singlets Vi, M; with the following superpotential

W= Mgq +V Vo +V_Vy. (4.47)

The electric theory also has the mirror description by the 3d A/ = 2 U(1) gauge theory with two
flavors and two singlets S7, S2 and with the superpotential:

W= Siq" (4.48)

i=1,2

4.3.3 O(N.) Aharony duality
Let us consider the Aharony duality with the O(N.) gauge symmetry.

Electric theory
The original theory consists of

e 3d N =2 SUSY and O(N,.) gauge groups.

e N; chiral multiplets Q' which are vector representations.
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The Higgs branch is parameterized by M% := Q!(@QJ and there is no baryonic operator such as
Birine := Qi . Quy¢ €N The Coulomb branch is given by one chiral superfield Y, which
is un-lifted by the monopole-instanton correction.

Table 4.11: The quantum numbers of the electric side

SUN)L [ 0a ] Uls
0 Ny 1 0
M %Nf(Nf + 1) 2 0
Y 1 —Ny Ny — N, +2

Magnetic theory
The dual theory consists of

e 3d N =2 SUSY and O(Ny — N, + 2) gauge groups.

e N; chiral multiplets ¢ which are the vector (fundamental) representations.
e elementary gauge-singlet chiral superfields: M,Y

e superpotential: W = 3 M gq;q; + YY

where the fields appearing in the superpotential are the monopole operators of the dual gauge
group. So this duality is not UV-completed and it is only the IR expression of the duality. The
quantum numbers for these fields summarized below.

Table 4.12: The quantum numbers of the magnetic side

SUN)L [ U] Un
q Nf -1 0
M %Nf(Nf + 1) 2 0
Y 1 ~N; | Nj—N.+2
% 1 N, | N.—N;

4.4 Kim-Park duality

We will here include an adjoint matter field to the above Aharony duality, which is called Kim-Park
duality [64]. In this case, the monopole operators are a bit intricate [64,65]. We denote the bare
monopole corresponding to the magnetic flux | £1,0,---,0) as vo,+. We in addition define the
dressed monopole operators.

V4 = UO,:I:(Xll)i (4.49)

In the state formalism, the adjoint scalar excitations are

ULi :Xll‘iLO,-'- ,0) (450)
TrX'| £1,0,---,0) (4.51)
where the adjoint scalar field is
X 0
X = ( 011 P ) (4.52)

49



The operator product TrX'vg + is generated by vy + and vo +TrX. This means that the indepen-
dent monopole operators are

i+ = (X11)"v0 = (4.53)

The duality was conjectured and guessed by the resemblance of the 4d Kutasov-Schwimmer duality
and the 3d U(N.) Aharony duality.

Electric theory

The original theory consists of
e 3d N =2 SUSY and U(N,) gauge groups.
e Ny chiral multiplets @, Q which are the vector-like matters.
e an adjoint chiral superfield: X
e the superpotential: W = TrX*+!

The superpotential for the adjoint matter truncates the chiral ring at O(X*~1). The global charges
are as follows, where we keep the R-charges of the quarks as the generic values since we do not
know the true values which are realized in the IR.

Table 4.13: The quantum numbers of the electric side

SU(Nyg)r | SUNg)r | U)a | U(1)y UDr
Q Nf 1 1 0 r
Q 1 Ny 1 0 r
X 1 1 0 0 a1
Mj = QXJQ Nf Nf 2 0 0
Vit 1 1 Ny | #1 | NjQ-r) = (N -1+ 24

Magnetic theory
The dual theory consists of

e 3d N =2 SUSY and U(kN; — N,) gauge groups.

e Ny chiral multiplets ¢, ¢ which are the vector-like matters.

an adjoint matter: Y

singlets: M;,V; 4+ (j=0,--- ,k—1)
e The superpotential: W = Tr Y+ +1 4+ Z;:é (Mj(ij_l_jq + ‘/}"J,»kalfj,f + ‘/},,Vk,l,j,Jr)

where f/j,i are the monopole operators on the dual side. The singlets M; are identified with the
mesonic operator QX7Q on the original side and the singlets V;,+ are the monopole operators on
the original side. The Aharony duality type superpotential on the magnetic side lifts the Coulomb
branch of the magnetic side.
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Table 4.14: The quantum numbers of the magnetic side

SU(Nyg)r | SUNg)r | UM)a | U(1)y UM)r

q 1 Ny -1 0 —r+ 25

q Ny 1 -1 0 —r+ %1

Y 1 1 0 0 =

M, Ny Ny 2 0 0
V.t 1 1 —Ny 1 | Ny(1—r)— 25 (N — 1)+ 24

N;:=¢Vig Ny f —2 0 —r + 25 + 25

Vi 1 1 Ny 1 | Ne(r=1D)+ 25 (Ve + 1) + 24

Matching of the chiral rings

The chiral ring structures of the both theories are quite complicated compared with the duality
with the fundamental quarks. Actually we need to compute the superconformal indices on both
sides. But naively we can match the operators on both sides as follows:

Tr X7 ¢ TrY? (4.54)

QXIQ + M; (4.55)

Tr (VI X)) v, 4.56
0,4+ J»

We should note that the Tr X7 are not all independent each other because they are related by
the characteristic equation and they are constrained by the superpotential W = Tr X**1. So the
independent set is defined as Tr X7, j =1,--- ,min(k — 1, N,).

4.5 Un-gauging

Here we will introduce the un-gauging technique [34,66] to obtain the SU(N,) gauge theory from
the U(N,) one. If we consider the theory with the U(1) gauge groups as the subgroups, let’s say
U(N.), the theory have the global topological U(1); symmetries which is Hodge-dual to the U(1)
part of the gauge groups: Fj,, = tr F;, 7. We can gauge this U (1) 7 symmetry which introduces
the following term.

AT~ AT e FU) (4.57)

which is precisely the mixed Chern-Simons term for the U(1) € U(N,) and U(1)5**9**. This term
lift the Coulomb branch at the low-energy and the resulting theory is a U(N,.) x U(1); — SU(N,.)
gauge theory. This technique can be used for deriving the SU(N.) dualities from the U(N,)
dualities.

4.6 Giveon-Kutasov duality

The Giveon-Kutasov duality is the duality with the Chern-Simons term [67]. We here consider the
CS gauge theories with only the fundamental matters or with both the fundamental and adjoint
matters.

4.6.1 Giveon-Kutasov duality
Electric side

The original theory consists of

e 3d N =2 SUSY and U(N,), gauge groups, where the index means the CS level.
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o Ny flavors @, Q which are the vector-like matters.

The theory is supersymmetric if and only if Ny + k — N, > 0 [64,68]. The quantum numbers
for the electric side are as follows. We should notice that since the theory contains the U(N,)
gauge symmetry, so we have the topological U(1); global symmetry. But all the fields in the UV

Lagrangian are not charged under the U(1); symmetry.

Table 4.15: The quantum numbers of the electric side

SU(Ng)r | SUNg)r | U4 | U(WR
Q Ny 1 1 0
Q 1 Ny 1 0

For Ny < N, the gauge group is generically broken from U(N.) to U(N. — Nf). Then the

low-energy theory contains the

2NsN, —
~——

Q.Q

U(Ne)

U(Ne—Ny)
N ——
NcQ 7(Nc*Nf)2

# of massive gauge fields

_ nT2
fo

(4.58)

chiral superfields which are given by mesons M. For Ny > N., the gauge group is completely
broken and the

mass less chiral superfields remain.

Magnetic side

The dual theory is

2N¢N, — N?

3d N =2 SUSY and U(Ny — N, + |k|)_k gauge groups.

Ny flavors ¢, q.

singlets M

superpotential W = Mqq.

The quantum numbers for the magnetic side are as follows.

Table 4.16: The quantum numbers of the magnetic side

SU(Ns)r | SUWNp)r | UM)a | UMk
q Ny 1 —1 1
q 1 Ny -1 1
M Ny Ny 2 0

(4.59)

For Ny < N, the magnetic theory has the moduli labeled by M, where M can take the arbitrary
vevs. On the other hand, the dual quarks are generically all massive due to the superpotential.
Then there is no flat direction for g, §.
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For Ny > N, the argument becomes a bit complicated. Let us consider the region such as
rank M > N.. The theory flows to the U(Ny — N, +|k|)— gauge theory with Ny —rank M flavors.
Then the magnetic theory is supersymmetric if and only if

|k| + (Ny —rank M) — (Ny — N. + |k|]) = N, —rank M > 0. (4.60)

# of flavors # of colors

Then we obtain the constraint rank M < N, on the dual side.

4.6.2 Giveon-Kutasov duality with adjoint matter

We can include one adjoint matter into the Giveon-Kutasov duality [69, [70].

Electric side

The original theory consists of
e 3d N =2 SUSY and U(N,), gauge groups, where the index means the CS level.
o Ny flavors @, @ which are the vector-like matters.
e an adjoint chiral superfield X

e superpotential W = trXn+!

Magnetic side
The dual theory is

e 3d N =2 SUSY and U(nNy — N, + n|k|)_ gauge groups.

e Ny flavors g, q.

an adjoint matter Y

singlets M; (j =0,--- ,n—1)

e superpotential W = trY"+! + Z;L:()l M;gyn—1-igq.

4.7 Flow between Aharony and Giveon-Kutasov dualities

Note that the Aharony duality and the Giveon-Kutasov duality are related to each other by the
RG flow [46]. This gives the UV completion of the Aharony duality and explains the mysterious
superpotential of the Aharony magnetic theory.

4.7.1 GK from Aharony

Let us start with the Aharony duality with Ny +|k| flavors. We can add the real masses for the |k
flavors in equal sign, say m,m > 0. On the electric side, we have the U(N,) with Ny + |k| flavors
which flows to the 3d N' = 2 U(N,); SUSY Chern-Simons-Matter theory with Ny flavors. The
introduction of the Chern-Simons level is due to the fact that the signs of the real masses for the
fundamental quarks and the anti-fundamental quarks are identical. Then the integration of the
massive quarks introduces the Chern-Simons level.

On the dual side, all the signs of the real masses flip because these real masses are the back-
ground gauging of the SU(Ny + |k|) x SU(Ny + |k|) x U(1)a. Then the low energy theory on the
dual side is 3d N =2 U(Ny + |k| — N¢)_r SUSY Chern-Simons-Matter theory with the Ny dual
flavors and with the superpotential

W = Miq. (4.61)
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where the monopole operators Vi describing the Coulomb branch of the magnetic side and the
gauge singlet chiral superfields Vi are all charged under the U(1) 4 axial symmetry. So these fields
are massive under the background gauging of the U(1)4 symmetry and they are decoupled from
the low-energy dynamics.

4.7.2 Aharony from GK

Let us alternatively start with the Giveon-Kutasov duality with the gauge group U(N,)r=—_1 with
the Ny + 1 flavors. The dual theory is the U(N; 4+ 2 — N¢)w=1 with the Ny 4+ 1 flavors and
the meson singlets. If we turn on the real masses for the last flavor in the same sign for the
fundamental and anti-fundamental quarks, the electric side flows to the U(N;)r—o with N flavors.
In this process, the low-energy theory contains the Coulomb branch which is absent at high-
energy theory. In this deformation, the low-energy limit of the magnetic theory should be taken
at ON;-N.+1 = — — ¢N;—N.+2 = m. Then the dual gauge group U(Ny — N, + 2) is broken to
U(Nf — N, + 2)k:—1 — U(Nf — Nc)k:Q X U(l)

X U(1)_1. (4.62)

M
[N

The two U(1) theories are dual to the theories with one chiral superfield which we denote as X.
The Affleck-Harvey-Witten type superpotential gives the following superpotential:

U(Nf—Nec)

Wanw = X VIV Ly pl (4.63)

which derives the Aharony dual theory.
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Chapter 5

3d Seiberg duality from the
conventional 4d Seiberg duality

In this chapter we will explain how to derive the 3d Seiberg duality from the conventional 4d
Seiberg duality which includes only the fundamental matters. This was first proposed by Aharony
et al. [84], where the gauge groups SU(N.),U(N,), Sp(2N,) are considered. This was immediately
generalized to the SO(N,) gauge group in [35].

5.1 The general procedure of deriving the 3d dualities

In [B4], their authors claimed that the following steps are important for deriving the 3d dualities
from the 4d dualities by the dimensional reduction. These three steps are generic for the diverse 4d
dualities, but the specific procedures differ spending on the matter contents and the gauge groups.

e We need to put the theory on S' and include the non-perturbative effect of the S! which is
generated by the KK-monopoles.

e We need to take the low-energy limit ad E < A, A, 1 /7. The theory effectively looks like 3d
one although the Coulomb branch is now compact.

e The Coulomb branch of the S' x R3 is compact. If we obtain the genuine 3d theories, we
should take some deformation or some procedure which omit the global structure of the
Coulomb branch. In many cases, the effective potential from the KK-monopoles lifts the this
compact Coulomb branch. So we need not to care this compactness. However if we would
like to obtain the normal 3d gauge theories which have the non-compact Coulomb branch,
we need to add some deformations to the theory.

For example, when we consider the pure SYM theory in 3d and 4d, where there is no funda-
mental matter, we have no SUSY vacua in 3d while in 4d there is some discrete SUSY vacua, which
are captured by the calculation of the Witten indices. Then the naive dimensional reduction of the
4d pure SYM does not give the 3d pure SYM at alll As we explained before, we need to include
the superpotential from the KK-monopoles in order to connect the 3d and 4d pure SYMs.

5.2 3d Seiberg duality for SU(V,)

Here we show the three-dimensional Seiberg duality which only contains the fundamental matters.
We first introduce the duality without the derivation. In the proceeding section we will derive it
from 4d. This was first done by [34].
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The electric theory

The electric side is the three-dimensional A" = 2 supersymmetric SU(N.) gauge theory with Ny

fundamental flavors @, @ with no superpotential. The quantum charges are as follows. We have
the three U(1) global symmetries. These are the rotations of @ and ), and the R-symmetry.

Table 5.1: The quantum numbers on the electric side

SU(Ne) || SUWNs)L | SUWNf)r | U(L)p | U(1)a U)r
Q1 N Ny 1 1 1 0
Q Ve 1 Ny —1 1 0
M 1 N; N, 0 2 0
Y 1 1 1 0 | —2N; | 2(Ny =N, +1)

Here we denoted the Coulomb branch of the SU(N,) as Y which are un-lifted by the superpotential
from the monopole-instantons.

The magnetic theory

The magnetic side is not a SU(N,) theory but a U(N.), where N. = N; — N,. It is a three
dimensional N' = 2 supersymmetric U(Ny — N.) gauge theory with Ny flavors (Nf — N¢)1 : ¢, 4,

single flavor (electron) 1 (n;-n,) @ b,b and singlets M,Y with the superpotential W = Mqq +
Ybb+ X+ X,

Table 5.2: The quantum numbers on the magnetic side

U(Ny—Nc) | SUNNs)r | SUNpR | U1)p | U(1)a U)r

q | Ny 1 0 —1

g O 1 Ny 0 -1 1

b 1n.—n, 1 1 N, Ny N, — Ny

b 1n,-N, 1 1 —N, Ny N.— Ny

M 1 Ny Ny 0 2 0

Y 1 1 1 0 —2N; | 2(Ny — N.+1)
X, 1 1 1 0 0 2

Notice again that just like the Aharony duality, the magnetic side includes the low-energy
Coulomb branch coordinates in the superpotential, which should be UV completed. Then the
magnetic side is meaningful as the low-energy effective theory. But it is sufficient because the
Seiberg duality is only the IR duality.

5.2.1 The operator matching

First, the meson operator of the dual side is as usual identified with the composite operator on the
electric side:

M~ QQ (5.1)

where their mass dimensions should be balanced on each side by multiplying the scale factor but
we omitted here for simplicity. The matching of the baryonic operator is not usual one:

B = QNe ~ gN17Nep (5.2)
B :=QNe ~ N Nep, (5.3)
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This is because the anti-symmetric combinations of ¢ are not gauge invariant under the U(1) C
U(Ny — N.) and we should combine @) with b. Please check the correspondence of the global
charges on both sides.

The Coulomb branch coordinate on the electric side is identified with the singlet Y on the
magnetic side.

VSUWN) Ly, (5.4)
where we denote the electric Coulomb branch as VSU(Ne) This means that the Coulomb moduli
on the electric side is given as the elementary field in the magnetic theory. The quantum picture of
the Coulomb branch on the dual side is very difficult if we have no superpotential for the Coulomb

moduli. But the existence of the superpotential on the magnetic side simplify the structure of the
moduli space on the magnetic side.

5.2.2 The check of the 3d duality

We will here test the above duality. The full test of the moduli spaces between the two sides
is difficult. So we can test the moduli spaces by deforming the both theories by including the
additional superpotential or by turning on the vevs.

The deformation by W =nY

In the electric side the deformation W = nY lifts the Coulomb branch. On the dual side, the
superpotential is deformed as

Winagnetic = Mg+ Ybb+ X, + X_ + Y. (5.5)

The equation of motion for Y sets

(Bb) = —n, (5.6)

which breaks the gauge symmetry U(Ny — N.) — SU(Ny — N.). The monopole operators are
mapped as follows.

X, =X_=Y/(bb) (5.7)
Then the superpotential becomes

Wmagnetic = qu + ﬁif (58)

The small flavors

The duality is derived for Ny > N, + 1. Let us consider the smaller flavors.
For Ny = N.+ 1, the dual theory is the U(1) gauge theory with Ny + 1 flavors with the
superpotential

SU(1)

W = Mgq+Ybb+xY® 4 xV® 5.9
+

For flowing the Ny = N, flavors we need to turn on the mass term for the quarks of the last flavor
in the electric theory:

W =mQn, QN = mMjVVJ{. (5.10)

And we turn on the vevs for Y and M such that rank M = N, = Ny — 1. Thus we obtain at
the low-enrgy the following superpotential.

W = My gn,q™ + /Y det (M)(Xy + X_) + mMy! (5.11)
The U(1) theory is now one-flavor theory, so it has the dual description by the XYZ model.
WXYZ = —X+X,N, N := quCINf (512)
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The total superpotential is
Wiotal = My? N + /Y det (M)(Xy + X_) + mMy’ — X, X_N. (5.13)

The corresponding equations of motion (F-term equations) are as follows.

Integrating out the massive fields M]J\\,[: , N, Xi, we have
I/Vlowenergy = —Y det <M> /m (518)

Including the superpotential for b, b: W= YBb, the total low energy superpotential becomes
Y -
W= (mbb — det M) (5.19)

where Y/m is understood as the low-energy monopole operator. This is the correct superpotential
describing the 3d N' =2 SQCD with Ny = N, flavors.

The matching of the moduli space

The meson operator M can classically take the vevs of rank M < N, in the electric side. However on
the dual side the vev of the operator M seems to be arbitrary. In order to show that rank M < N,
on the dual side, we need to incorporate the quantum dynamics of the dual theory.

Let us consider the case with Ny = N. + 1 and turn on the vev such as rank (M) = N.. The
low-energy theory becomes as follows.

Wnag = My’ q"' Gy, +Ybb+ +/det (M)(X; + X ) (5.20)
MO ypp 4 /det (M)(X 4 + X_) (5.21)

where since the first and second term are the XYZ models which are dual to the 3d A" = 2 SQEDs
with one flavor, the two sectors are changed to the mirror theories. X, are mapped to the meson
operator of the mirror theory and the superpotential acts as the mass terms. Then we cannot turn
on the additional vevs for M]]\\,]f 111 and Y. This is consistent with the electric side.

Next we consider the following vevs:

(YY#0 (5.22)
rank (M) =N, —1 (5.23)
At the low-energy limit the superpotential becomes as follows.
2x 2 matrix
~~ . -
Wiag= M g3+ /(Y)det (M)(Xy + X_) (5.24)
N:=qq
Aharony dual T ~ ~ - -
= Mqeg+ N dd+V_X;+ViX_ +/(Y)det (M)(X; + X_) (5.25)

where in the second line we switched to the Aharony dual with N, = 1, Ny = 2 and the d, d are
the dual quarks. The equations of motions for M and N give

M = —dd, N =0. (5.26)
Then the low-energy superpotential becomes

Wisg. low-cnergy = V- X4 + Vi X_ + /(¥) det (M) (X + X_) (5.27)

m

The equations of motion for X mean Vi # 0. This is not allowed because the Coulomb branch
in U(1) gauge theory always satisfies V, V_ = 0. Thus there is no supersymmetric vacuum for
(Y) #0, rank (M) = N. — 1. This is again consistent with the electric side.
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The U(1)p gauging

We can gauge the U(1)p flavor symmetry and obtain the U(N.) duality, which is known as the
Aharony duality. On the electric side the gauge group becomes SU(N.) x U(1)p. If we cor-

rectly normalize the U(1)p charge, which is always possible, we can think of this as U(N,) =~
W. Then the electric theory is simply the 3d N = 2 supersymmetric U(N.) gauge

theory with N ¢ flavors.

On the magnetic side, the gauge group is U(Ny — N.) x U(1)g. Under the U(1)p, only the
electron b, b is charged. Then the U(1)p sector is the 3d N = 2 SQED with one flavor. Then the
dual theory is the XYZ model with the superpotential:

W= —yWey sy (5.28)
where N = bb. Thus the total superpotential is
Winag.total = Mqg + Ybb+ X, + X_ — v/ WrylWsy (5.29)
The equations of motion are as follows.
N:y =y /Wsylhs (5.30)

After integrating out the massive superfields and flowing to the low-energy, the monopole operators
X4 becomes

X, = XUWs= Ny U (5.31)
X = xUWNam Ny U (5.32)

where X, are the monopole operators of the high energy U(Ny — N.) x U(1)p theory while
Xg(Nf7N°) are the monopole operators of the low-energy U(Ny — N.) theory. Note that the
U(1) g sector is dualized into the theory with only the chiral superfields and with no gauge groups.

Finally we obtain the following superpotential.

W = qu_,'_XJ[i(Nf*Nc)Vg(l) _i_XH(Nf*NC)VE(l) (533)

This is precisely the magnetic theory of the Aharony duality.

5.3 The duality on S! x R?

We next consider the duality on S' x R3 in order to derive the duality discussed above. This
duality almost the same as the conventional four-dimensional Seiberg duality. The monopole-
instanton contribution to the superpotential however should be taken into account on both sides.
Then the duality is summarized as follows.

The electric theory
The supersymmetric SU(N.) gauge theory with Ny fundamental flavors @, @ with W = nY, where
Y is the unlifted Coulomb branch coordinate.

The magnetic theory

The supersymmetric SU(Ny — N.) gauge theory with Ny fundamental flavors ¢,¢ and gauge
singlets(meson) M with superpotential W = Mgg+7Y, where Y is the Coulomb branch coordinate
in the dual theory.

We can think of this duality as the 3d duality with the compact Coulomb branches or as the duality
on the S! x R3 manifold. However since in both cases the Coulomb branch parametrized by Az
is all lifted by the 7 terms, the duality does not concern about the compactness of the Coulomb
branch.
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The global symmetry

We denote the instanton action(vertex) as n like n ~ exp (—RLgQ) ~ exp (g%) ~ AP, where b is
3 4

the one-loop beta function coefficient. The naive 3d limit is taking R,n — 0 with g7 fixed. On
the other hand the four dimensional limit is taken as R — oo with g3 fixed. In the 4d limit the
monopole operators Y, Y are should be integrated out. The limit where we get the 3d duality is
E </t gt/ 1.

Table 5.3: The quantum numbers of the theories on S' x R3

SUNy)L | SUWNp)r | U)p | U(1)a U)r

Q Ny 1 1 1 0

Q 1 Ny ~1 1 0

M Ny Ny 0 2 0

Y 1 1 0 —2Ny | 2(Ny — N +1)
" 1 1 0 2N 2(N. — Ny)
q Ny 1 A —1 1

q 1 Ny e | L 1

Y 1 1 0 2Ny | 2(N.— Ny +1)
i 1 1 0 —2N; | 2(Ny —N.)

Flowing to the no 7n theory

In order to obtain the duality without n term, which is equal to obtaining the duality with the
un-lifted Coulomb branch, we will start with the N 41 flavors theory and turn on the real mass for
the last flavor. This is just the background field gauging of the SU(N;+1) x SU(N;+1) xU(1)5

flavor symmetry. On the electric theory side, we have real masses for the Q, Q:

0 0

_ ~Q
real — » Mieq) = . (534)

m —m

Thus at the low energy limit we obtain the Ny flavor theory. The high and low energy monopole
operators are related as

YR = mcomplex Y. (5.35)
Then since we deform the theory by mcomplex = 0, the superpotential becomes
W = Y™ = 1) mecomplex Y™ (5.36)
We can map these real masses into the dual theory side easily as follows.
0

. Nf
mQ E = aoTo + Z CLiTiSU(Nf)R (537)
i=1

real
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where Ty and T; are the generator of the flavor gauge group. We use the following notation.

1
2
T,— Y2 (5.38)
\/Nf +1
1
1 , 1 1
- 0 0
Ti = 0 R 1 R O (539)
0 -1
Tr(T°T®) = 26%° (5.40)
In this normalization we find
m
) = —— 5.41
T 2N, + 1) (5.41)
m
i Np—1 = —— 42
ai,.. Ny—1 N+ 1 (5.42)
Ny
an, = _Nf ik (5.43)
These real masses are mapped to
real - B aOTO - Z a;T; (544)
N,
= Ty — iy 4
Ny+1-N, aoo Za (5.45)
mi
my
ma
m NC — Nf
— =_—°¢ 7 5.47
"MENF1-N " TN +1-N" (5:47)

In the dual theory side all dual quarks are massive at 6 = 0. This means that ¢ = 0 is not a
vacuum any more. The correct vacuum which describes the electric theory is

—mq

Qv
I

(5.48)

—m
—Mo

which means the gauge symmetry breaking as SU(N¢ + 1 — N;) — SU(Ny — N.) x U(1). The

gauge group SU(Ny — N.) x U(1) now can be written as U(Ny — N.). This is not always okay

because the U(N) group is the semi-direct product of SU(N) and U(1): SU(N) x U(1). But now

the field contents do not care about the difference between U(N) and SU(N) x U(1). Then we

can think of SU(N; — N.) x U(1) as the U(Ny — N.) = SU(Ns — No) x U(1) ~ w
The low-energy field contents are summarized as follows.

e The Ny dual quarks g, ¢ which are from the Ny — N, components of the original dual quarks.

e The electron b, b which are originally qxi iL N> (jxi j: e

e The Ny x Ny meson singlets M: They come from the left-upper components of the high-
energy meson fields M
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e The singlet Y: This comes from the last component of the meson MJI\,VJle

The other fields in the high-energy theory are all massive and integrated out.

We summarize the quantum numbers of the electric and magnetic theory. The U(1)p charge
is ambiguous because the other U(1) symmetries including the U(1) part of the gauge symmetry
can mix with U(1)p. Then we need to choose the convenient one. We found that the following
choice for the U(1)p is convenient for the later purpose of obtaining the U(N.) duality.

Table 5.4: The global charges of the 3d N' =2 SU(N,) theory with Ny flavors

SU(Ne) | SUWNy)L | SUNg)r | UML) | U(1)a U)r
Q N, Ny 1 1 1 0
Q N. 1 Ny -1 1 0
M 1 Ny Ny 0 2 0
Y 1 1 1 0 | —2N; |2(Nj—N.+1)
Table 5.5: The global charges of the dual theory
UNy—Ne) | SUWNg)L | SUWNp)r | UL)p | U(1)a Ur
q O Ny 1 0 —1
i O 1 Ny 0 -1 1
b In,-n; 1 1 N, Ny N. — Ny
b 1n, -, 1 1 —-N, | Ny N, — Ny
M 1 Ny Ny 0 2 0
Y 1 1 1 0 | —2N; | 2(N; = N.+1)
X, 1 1 1 0 0 2
The superpotential on the magnetic side becomes
Wr:zlggl"netic = qu + ﬁ)} (549)
- Nj+1.N;+1-N. N .
— Maq+ My Ly 5 an o Y (5.50)
= Mdq + Ybb + 7jY. (5.51)

The high-energy monopole operator is identified as

e U(Nf*NC)

Y ~ (5.52)

We will derive the above relation. First, we notice that the vacuum of the dual theory was taken
at

—my

o= (5.53)

—my
—ma
But in our notation we should rearrange the eigenvalues as follows.
— s
—my
o= (5.54)

—m
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This is because the eigenvalues should be 61 > 69 > -+ > on f+1-N, In the Coulomb branch which
we are looking at and we assumed m > 0, then m; > 0, my < 0. So the fluctuation around this
vacuum becomes

—msa + 55’1
—m1 + 065
5= , . (5.55)

=M1 + 00N, —N.+1

So the Coulomb branch of the low-energy U(N; — N,.) is parametrized by

~ _ Yei
XUNND | exp (”j) (5.56)
93
~ _ OGN, —
XUW=N) e (_ ”Nfg2Nc+1) (5.57)
3

where we have not written the dependence on the dual photons for the simplicity but its form
is manifest. Here we should care about that the §5,(j = 1,--- , Ny — N, + 1) must be traceless
because they originally arise from the adjoint representation of the SU(Ny — N, + 1). Thus the
small deformation

65’1—)(55’1-’-6, e>0 (558)
corresponds to
66-Nf—Nc+1 — 66-Nf—Nc+l — #6 560)

Then the high-energy monopole operator

Y ~ exp (‘H‘UN;—NH) (5.61)
93
is identified with
N 5o,
RGN o (_ In; QNC+1> . (5.62)
93

Since we have the gauge symmetry breaking SU(Ny+1—N.) — SU(Ny— N.) x U(1), we have
the AHW-type superpotential from the U(1) part:

i U(Nf—NC)

Wanw = X (5.63)

Including all the superpotential explained above, we obtain the superpotential on the magnetic
side which explains the moduli on the electric side.

Whow e = Mg +Ybb+X_ + X,. (5.64)

magnetic

5.4 The U(1)p gauging: obtaining the U(N.) duality

The three dimensional N' = 2 supersymmetric U(N.) gauge theory is obtained by gauging the

U(1)p global baryon symmetry. We assign the 1/N. charge to the fundamental quarks under

the U(1)p symmetry. The gauge group becomes SU(N.) x U(1)p. However we consider this as
U(N.)=U(1) x SU(N,) ~ (SU(N.) x U(1))/Zn. gauge group. The superpotential becomes

Welectric = 77X+X— (565)

Wmagnetic = ﬁXJrXf + M‘jq (566)
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We can apply the U(1)p gauging to the duality with no 1 term. The electric theory becomes
the U(N.) gauge theory. On the other hand, at the magnetic side, the only b, b fields are charged
under the U(1)p. Then the low energy effective theory is equivalent to the 3d A" = 2 XYZ model:

W=y /Wy, (5.67)
Thus the superpotential totally becomes
W = Mqq+ YNy +iX_ + Xy — vy WeyiOen, (5.68)

Integrating out N5, we obtain the U(N; — N,) gauge theory with the monopole operator X,.
The matching of the monopole operators between the low and high energy are as follows.

X, =X, v'Wr o x —x yl0e (5.69)

where Vf (M5 are identified with the monopole operator of the electric theory. The resulting
superpotential is as follows.

W = Mgj+X_vZWs 4 X, yiWe (5.70)

which is the Aharony dual.

5.5 Seiberg duality for U(NV,)

We can derive the Aharony duality directly from the 4d Seiberg duality. We will start with the
conventional Seiberg duality with U(1)p gauged.

5.5.1 The dimensional reduction from R? x S!

We can easily construct the U(N) duality on R® x S! or the 3d U(N) duality with compact
Coulomb branch by adding the non-perturbative superpotential from the KK-monopoles. These
duality should contain the superpotentials which lift the Coulomb branch, so the duality connects
the Higgs branch between the electric and magnetic sides. Then the duality is simple to analyze.
But we would like to obtain the duality which also contains the un-lifted non-compact Coulomb
branch. In order to do so, we need to deform the theories by the real masses and need to flow to
the IR.

The electric theory

The theory is a 3d N/ = 2 supersymmetric U(N.) gauge theory with Ny + 2 flavors Q7@ with
W =n X, X_, where Xy are the monopole operators of the electric Coulomb branch. We consider
the following real mass deformation:

0 0

mg = 0 ; T?L@ = 0 (5.71)
—m m

The last two falvor components of the quarks are massive and integrated out. Since the signs of
the masses for the fundamental and anti-fundamental quarks are flipped, there is no introduction
of the Chern-Simons term. The low-energy theory is a 3d N = 2 supersymmetric U(N.) with Ny
flavors with no superpotential.
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The dual theory

The dual theory is a 3d N = 2 supersymmetric U(Ny + 2 — N,) gauge theory with Ny 4 2 flavors
q,q and singlets M, and with the superpotential W = M(jq+ﬁX+XL, where X are the monopole
operators of the magnetic Coulomb branch.

The real mass deformation in the electric theory side is mapped as follows.

mg = 0 s mq = 0 (572)

m —m

Furthermore the meson fields also obtain the real masses and almost all the off-diagonal components
decouple from the low-energy effective theory, remaining as follows.

0 0
M = 0 : , (5.73)
0 0 My 0
Ny+2
0 0 MN,{+2
where M is the Ny x Ny matrix.
The low-energy theory should be taken at
0
5= 0 . (5.74)
—-m
m
This breaks the gauge symmetry as follows.
UNf+2—N.) - U(Ny—N.) xU(1) xU(1) (5.75)

Notice that this breaking dose not contain the introduction of the Chern-Simons terms(levels) for
these gauge groups.
The monopole operator matching
At high-energy the monopole operators which break the gauge symmetry and create the magnetic
flux like U(Ny +2— N;) = U(Ny +1— N.) x U(1) are

o 0 . .

X, ~exp (2+zai>, t1=1,---, N, (5.76)

93

Generically Affleck-Harvey-Witten type superpotential lifts the most of Coulomb branch. The
remaining branch is labeled by

X, ~exp (0; + ia1> , X_ ~exp (01\276 - iaNC) (5.77)
93 93

If we consider alternatively SU (Nc) gauge theory, the monopole operator becomes

Y =X, X_. (5.78)
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When the gauge group is broken like U(Ny +2— N.) — U(Ny — N.) x U(1) x U(1), the monopole
operator flows to

Xi=Viy, X_=Vo, (5.79)

where V;+ are describing the Coulomb branch of the first U(1) and Va4 correspond to the second
U(1). The low-energy theory has additional two types of monopole operators corresponding to the
remaining U(1)? part in addition to the U(Ny — N.) part:

U1): Vit (5.80)
U(1): Vax (5.81)
U(N; - N.): X (5.82)
This relation is checked in the semiclassical region but we need do rearrangement of the o matrix;
m+ do
0
0= . (5.83)

—m + 6UNf+27NC

Low-energy limit The superpotential of the low energy theory becomes
W = Maq+ MyNy + MyNy — Ny Vi Vie — NoVo Voo +iiVig Voo + X Vie + X_Voy  (5.84)

The equations of motion for this superpotential are following.

M, =Vi Vi (5.85)
My = Vo Vs (5.86)
Voo = NiVi_ =0 (5.87)
Vig = NoVor =0 (5.88)
Then,
Wiow energy = Maq + X4 Vi + X _Vay (5.89)

This is precisely the Aharony duality. We can identify the monopole operator Vi, f/2+ as the
Coulomb branch coordinates of the low energy effective theory of the “electric” one.

The Global Symmetries

We here list the quantum numbers of the high- and low-energy field contents.

Table 5.6: The quantum numbers of the high energy theories

SUWNy+2)r | SUNy+2)r U(1)a U(l)y U)r

Q Ny +2 1 1 0 0

Q 1 Ny+2 1 0 0

M Ny +2 Ny +2 2 0 0
X 1 1 —(Nj+2) | +1 | (Nf+2)—N.+1
q Ny +2 1 —1 0 1

q 1 Ny +2 -1 0 1
X4 1 1 Ny +2 +1 | N.— (N;+2)+1
AP 1 1 2(Ns +2) 0 2(N. — (Ns +2))
Ab 1 1 —2(N;+2) | 0 | 2((N;+2)—N,)
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Table 5.7: The quantum numbers of the low-energy Coulomb branch coordinates

SUNy)L | SUWNp)r | U)a | U1, UDr
Xy 1 1 Ny £1 | No—Ny+1
Vig 1 1 Ny+2| 1 | N.—N;yj-1
Vi 1 1 —Ny -1 | Ny—N.+1
Vay 1 1 —Ny 1 | Nj—=N.+1
Vo 1 1 Ny+2| -1 | N.—Np—1

5.6 The Ungauging: SU(N) duality from U(N) duality

In this subsection we will discuss the un-gauging technique, which is the inverse process of the
gauging of the global symmetries. If we consider the U(1) or U(N,) gauge theories, there is the
topological U(1); global symmetry according to the presence of the U(1) factors of the gauge
groups. We can gauge the U(1); symmetry.

Let us start with the U(N,) Aharony duality and gauge the U(1); topological symmetry for
concreteness. This means introducing the Chern-Simons term between the original U(1) C U(N,)
and U(1); gauge fields. The Chern-Simons term is a topological mass for the corresponding gauge
fields. In this case U(1) C U(N,) and U(1); gauge fields are massive and at low-energy these
gauge fields are integrated out.

The original theory

On the electric theory side, the 3d N/ = 2 supersymmetric U(N,) gauge theory with Ny flavors
has the global U (1) topological symmetry. We can gauge this U(1); symmetry, which introduces
the mixed Chern-Simons term like

) ) sold
L3 A;{ new yIu Ai ”ewe“”"Fg,(l) o, (5.90)
Then in the low-energy limit we obtain the 3d A/ = 2 supersymmetric N/ = 2 supersymmetric

SU(N.) gauge theory with Ny flavors.

Table 5.8: The quantum numbers of the SU(N,) gauge theory

SU(Ne) | SUNyp) | SUNp)r | U)p | U(1)a U)r
Q N. Ny 1 1 1 0
Q N, 1 E -1 1 0
M 1 Ny Ny 0 2 0
y SUNe) 1 1 1 0 —2N; | 2(Ny — N.+1)

The magnetic dual

The dual theory, on the other hand, is the 3d N = 2 supersymmetric U(N; — N.) gauge theory
with Ny flavors and singlets M, X+ with the superpotential

W=Mjg+X, X +X_X,. (5.91)
The U(1); gauging gives us the 3d N = 2 supersymmetric U(N; — N,.) x U(1)85*! gauge theory
with the mixed Chern-Simons term. In this case, however, we cannot forget about the U(1) x U(1)

dynamics since the singlets Xy are charged under the topological U(1); symmetry in contrast to
the electric side where there is no elementary field charged under the U(1); symmetry.
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The magnetic dual of the SU(N.) with Ny flavors is summarized as follows. The magnetic

theory is the 3d N/ = 2 supersymmetric U(Ny — N.) x U (l)tg]a”ged gauge theory with the mixed
Chern-Simons term of the CS level 1. The field contents are summarized as follows.

Table 5.9: The quantum numbers of the U(N; — N,.) x U(1)8"8*¢ gauge theory

UNy—=Ne) xU(@)y | SUNs)L | SUNp)r | Ul)p | U(1)a UD)r
q (Nt — Ne)1,0 Ny 1 i ~1 1
q (N¢ —Ne)-10 1 Ny _Nf]\iCNC -1 1
M 1o.0 Ny Ny 0 2 0
Xy 1o,41 1 1 0 —Ny | Ny —N.+1
UGN oot 1 1 0 Ny | N.-Np+1
vy 1N, N0 1 1 0 Ny N, — Ny

The superpotential on the dual side is as follows.

U(Np—=Ne)xU(1) g

Weae = Mgq+ X XUNN) 4 x gUNr=Ne) (5.92)

We know the dual description of the 3d SU(N.) theory with Ny flavors, which is U(Ny — N.)
gauge theory with Ny flavors and b, b and singlets M,Y with the superpotential

Wb ee) e = Mg + Ybb+ Xy + X_. (5.93)

another magnetic

We would like to understand how this superpotential W = Mgq + Ybb + X’Jr +X_ emerges from
gauge

the dual description and the dynamics of the U(Ny — N.) x U(1)¥ gauge theory. Then we need
to match the operators on both sides.

The operator matching

By the symmetry argument, we obtain the following operator matching:

Table 5.10: The operator matching

U(Ny — N.) gauge theory U(N; — N.) x U(1); gauge theory

Y singlet which describes the Coulomb branch of SU(N.,) X, X_: charge less under U(1),
b, b: single flavor electron f)g(l), Y. U(1); Coulomb branch

X4: U(Ny — N..) Coulomb branch Xf(Nf_NC)X_, X_‘[{(Nf_N‘)X_

The superpotential of the U(Ny — N.) gauge theory becomes

Wl N e = Maq +Ybb+ X + X_ (5.94)
—trMNg + X, X o0 "W 4 X, + X (5.95)
— trM Ngy + Nx, x_meson 0. VoM 4 XUWN=NO x| gUWN=NOx - (5.96)
In this way the correct superpotential of the U(Ny — N;) x U(1); gauge theory is described by the

U(N; — N.) another dual. Notice that the second term is generated by the dynamics of the U(1),
gauge symmetry, which is equivalent to the A/ = 2 supersymmetric XYZ model in the IR.

The global charges

First, we list the global charges of the U(N; — N.) gauge theory dual to the SU(N; — N.) gauge
theory.
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Table 5.11: The quantum numbers of the U(Ny — N,) dual theory

SUNyg)r | SUNg)r | U)p | U(1)a UDr
M Ny Ny 0 2 0
Naq Ny Ny 0 —2 2
b 1 1 N, Ny N, — N
b 1 1 -N. | Ny N, — N
Y 1 1 0 —2N; | 2(Ny — N.+1)
Xy 1 1 0 0 2

On the other hand, the U(Ny — N.) x U(1) s theory has U(1) ;s x U(1) a4 x U(1)r global abelian
symmetries, where U(1); symmetry is a topological global symmetry Hodge-dual to the U(1);
gauge symmetry. The U(1);, symmetry is recognized as the U(1) g baryon symmetry. The global
charges of the U(1); monopole operators are determined only from the contribution of the X4

fields.

Table 5.12: The quantum numbers of the U(Ny — N;) x U(1); dual theory

U)s || SUWNg)L | SUNg)r | UML)y | U(1)a U)r
M 0 N; N; 0 2 0
Ny, 0 Ny Ny 0 —2 2
X4 +1 1 0 —Ny | Ny —N:.+1
XYWNs=Na gy 1 0 Nf | No—Nj+1
oy 0 1 +1 Ny N, — N;
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Chapter 6

3d Seiberg duality with the
adjoint matter from 4d

We will here derive the Kim-Park duality [64] and the SU(N,) version [66] of it, which are the 3d
duality with an adjoint matter, from the corresponding 4d dualities. This was first done in [37].
The SU(N,.) duality is derived also from the un-gauging of the Kim-Park duality. Just like the
derivation of the 3d Seiberg duality in the previous chapter, the key step to obtain the 3d duality
is to derive the effective superpotential by the KK-monopoles. Including the adjoint matter makes
the numbers of the fermion zero-modes large. Then the naive argument leads to the absence of
such a superpotential. However the superpotential for the adjoint matter renders the number of
the fermion zero-modes. Thus we can have the superpotential from the KK-monopoles.

6.1 Kim-Park duality

Let us include the adjoint matter field to the conventional Aharony duality, which is known as
the Kim-Park duality. The “electric” theory is the three-dimensional N' = 2 supersymmetric
U(N,) gauge theory with N; fundamental vector-like matters @, @ and an adjoint matter X and
the superpotential W = TrX**!. This theory is simply the dimensional reduction of the four-
dimensional N’ = 1 supersymmetric U(N.) gauge theory with N; flavors and one adjoint matter.
Then the 3d electric theory is the naive dimensional reduction of the electric theory of the 4d
Kutasov-Schwimmer duality.

The “magnetic” theory is the three-dimensional N' = 2 supersymmetric U(kNy — N.) gauge
theory with Ny fundamental vector-like matters ¢, ¢, an adjoint matter Y, the singlet M;, j =
0,--,k—1and vo+, - ,vx—1,+ with the superpotential W = Tryk+1 4 E;:é Mjchk_l_jq +
Z;:é (vj,+17k,1,j’, +vj _Uk_1—j,+), where vg 4+ and ¥y + are the minimal bare monopoles of electric
side and magnetic side respecttively. v+ and 0;.0,+ are the monopole operators dressed by the
adjoint matter. The Coulomb branches of the electric side are described by the elementary chiral
superfields vg 4, -+ ,vp—1 + in the magnetic side.

The global charges are as follows. Note that M; are identified with the operator in the electric
side as M; ~ QX7Q and we listed the four-dimensional instanton factors for the later purpose. Of
course these instantons only appear in the 4d theories. In 4d, the U(1)4 and U(1)z which we used
are anomalous, so the instanton factors are charged under these symmetries.
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The global symmetries

Table 6.1: The quantum numbers of the two theories

SUNy)L | SUNpr [ UMW) | UQ)y UM

Q Nf 1 1 0 r
XY 1 1 0 0 1%1

M; Ny Ny 2 0 2r 4+ k%fl
we | A I e R RE =

q Nf 1 -1 0 —r 4+ %31

q 1 Ny -1 0 —r+ 25 ‘
V), 1 1 Ny 41 | Nyr—Np+ 25 (Ne+1) + 24
AY 1 1 2Ny 0 2Ngr — 2Ny + 7 Ne

A 1 —2Ny 0 —2Nf7’+2Nf—ki+1Nc

Table 6.2: The quantum numbers

Here we calculated the (spurionic) charges of the monopole operators and instanton factors as
follows.

R[e™] = —R[$q]Ny — RIN(Ne — 1) — R[vx](Ne — 1)

= —(r— )Nj — (+1)(Ne — 1) — <ki1 _ 1) (N. - 1)

— Nt N - kiH(NC _ 1) (6.1)
Ale®] = —Alpg] Ny = —Ny (6.2)
U)r: 0 — 0+ (r—1)- 2N+ (+1) - 2N, + (kj—l - 1) (2N, (6.3)

Q.Q A ¥
U(1)a:0— 0+ (+1)- 2N (6.4)
0Q

Here we denoted b, b as the one-loop beta function coefficients on the electric and magnetic sides
respectively and A and A are the dynamical scales on both sides.

The superpotential induced by the Kaluza-Klein monopole

Next we derive the effective superpotential induced by the KK-monopoles. If we put the theory
on the S! x R3, we should include the additional superpotential in the low-energy dynamics. The
symmetry argument and counting the fermion zero-modes imply that the following superpotentials
are induced by the “twisted instanton” which is usually called as a KK monopole.

Welectric = Z N Vi, +Vj,— (65)
iti=k—1

Wmagnetic = Z "7/’51',+1~}j,7 (66)
iti=k—1

The Kaluza-Klein monopole has the too many fermion zero modes to appear in the superpotential
but does not have any fundamental quark zero-mode. This is a crucial point. In this theory, the
adjoint fermion zero-modes are coming from the gaugino and the adjoint chiral superfield X. Then
the Kaluza-Klein monopole has the ¢ x fermion zero-modes which should be contracted by scalar-
fermion interactions coming from the superpotential W = TrX**!. Finally the KK monopole can
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have the correct fermion zero modes to appear in the superpotential, that is to say, only the two
gaugino zero mode, and appears in the superpotential.

Here we will give a detail about its derivation. First we count the fermionic zero-modes around
the Kaluza-Klein monopole. The Callias index theorem and R3 x S! index theorem [43, 71-177]
say that the fundamental quark zero mode is absent and only the adjoint fermonic zero modes
contribute. The each adjoint field contributes two fermonic modes. The theory contains the
gaugino and adjoint fermion coming from the adjoint chiral superfield X. So we have the four
fermionic zero modes. So the KK-monopole vertex take the following form.

Mk = e S0 Tia\2y2 (6.7)

This is too many fermonic zero mode to appear in the superpotential since the superpoten-
tial usually generate the interactions containing the two fermion fields. However we have the
superpotential for the adjoint field X like W = Tr X*¥*1, which generates the potential:

V3 (X1)" ' x 1a¥x a1- (6.8)

This vertex is used to contract the fermionic zero-modes arising from the adjoint field X. In other
words, the superpotential W = TrX**! generate the mass term for ¢x and there in no zero-mode
for ¥ x. In the end the KK monopole vertex has only two fermonic zero-modes from the gaugino,
which can contribute to the superpotential like (E33).

M/KK ~ e—Soea'+ia/\2(X11)k—l (69)

The weak perturbation

In deriving the 3d duality, it is helpful to consider the weak perturbation of the both theories by
the potentials for the adjoint matter X, Y, which break the U(1)g symmetry explicitly, generating
anew U(1)g symmetry at low-energy. We consider the following deformation of the superpotential
[39]:

k
w=3" #Trxk“—j. (6.10)
— J
The minima of the superpotential are following.

k k
W'(x) = Z s;oF 0 = 55 H(x —aj) (6.11)
=0 =1

J

When the {a;} are distinct, the adjoint field becomes massive (This is easily checked by shifting
the field as X — (X) + 6X) and the gauge symmetry is broken as

k
U(Ne) = U(in) x - x U(ix), Y _ia=Ne. (6.12)

The low-energy effective theory is the sum of the N = 2 U(i,) theory with Ny fundamental
quarks with no adjoint matter and with no superpotential. The monopole operators in the electric
side at high-energy v; 4+ (j = 0,--- ,k — 1) are correctly describing the Coulomb branches of the
U(iy) x -+ x U(ix) gauge groups at low-energy. Then we can identify them as

low energy
U(ijy1)

vﬁ}’zfji?)emy : Coulomb branch coordinates of the U (i;41) (6.13)

vj,+ ~ linear combination of v

This weak perturbation sometimes helps us to study the duality especially on the dual side. We
can use this perturbation for the derivations of both U(N,.) and SU(N,) dualities.
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6.1.1 The Kim-Park dual from 4d

We will here derive the Kim-Park duality using the four-dimensional Seiberg duality. We will
start with the four-dimensional SU(N,.) Kutasov-Schwimmer duality [38,8Y]. In order to derive
the 3d U(N,) duality, we first need to gauge the U(1)p global symmetry of the SU(N.) Kutasov-
Schwimmer. The U(1) dynamics is the IR free in 4d. There is no interesting strong coupling
phenomenon at least in 4d.

The “electric” theory is the four-dimensional A" = 1 supersymmetric U(NV,) gauge theory with
the Ny fundamental matters @, @, one adjoint field X with the superpotential W = TrX*+1,

The “magnetic” theory is the four-dimensional " = 1 supersymmetric U(kNy — N,) gauge the-
ory with the N; fundamental matters g, ¢, one adjoint field Y and the singlets M;, 7 =0,--- ,k—1
with the superpotential W = TrY*+! 4+ Ek e LqYk—1-ig.

We straightforwardly construct the duahty on R? x S! by adding the superpotential generated
by the KK-monopoles to the 4d duality. The obtained duality can be effectively seen as the 3d
duality with the compact Coulomb branch. However since in this case the superpotential from the
KK-monopoles lifts the all of the Coulomb branch, then the compactness of the Coulomb branch
does not matter.

Next we do the mass deformation to the theories in order to obtain the duality without 7 terms.
We show how to do it in both electric and magnetic sides respectively. In this process, the electric
and magnetic theories get the non-compact Coulomb branches.

The electric theory with 1 term

First we put the electric theory on a circle and compactify it. The theory is U(N.) gauge theory
with the Ny fundamental matters @), @, one adjoint field X with the superpotential W = TrX*+1 4
> bimk—1 T1Vi, 405, which contain the non-perturbative superpotential from the KK monopoles.
We would like to obtain the theory without 7 term. Then we will start with N; + 2 flavors and
turn on the real masses for the SU(Ny + 2) x SU(Ny + 2) flavor symmetries:

m— 0 . = 0 (6.14)

—m m

Notice that this is traceless as it should be. Integrating out the massive flavors, we obtain at the
low-energy the three dimensional N' = 2 U(N,) gauge theories with Ny flavors and one adjoint
matter with no introduction of the Chern-Simons terms. The global charges are precisely the one
of the Kim-Park duality Table G2

If we turn on the potential (EI0), then we obtain the sum of the U (;) gauge theory with Ny +2
flavors and no adjoint matter. In the presence of the real mass deformations (614) we can take

the low energy limit at Q][\],(lil = Q%Efj& = Q%S"L‘i’l Q%&FQ = 0 and obtain the sum of the U(i;)

gauge theory with Ny flavors and no adjoint matter, where QUli)s mean the U (i) fundamental
quarks. In the limit of s; = 0 (j # 0), we expect there may be the U(N,) gauge theory with Ny
flavors and one adjoint field with the superpotential W = tr X*+1.

The magnetic theory with n term

Next we will put the dual theory on a circle and do the same deformation as the electric side.
On the dual side we have the U(k(Ny + 2) — N.) gauge theory with the Ny + 2 fundamental
matters ¢, ¢, one adjoint field ¥ and the singlets M; (j = 0,--- ,k — 1) with the superpotential
W= Try R+ 4 S0 Mgy M1 g+ Y 0 k1,

The real mass deformation in the electric side (B34) is the SU(Ny+2) x SU (N +2) background
gauging. Then it is easily mapped to the real mass of the dual side. The real masses in the magnetic
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theory are

Mdual = 0 ; Mdual = 0 . (6.15)

m —m

We need to find the correct vacuum which corresponds to the vacuum of the electric side and take
a low-energy limit. It helps us to use the weak deformation (EI0). With the introduction of the
weak deformation, the dual gauge group is broken in two steps. At first the gauge group is broken

by the deformation of the theory by W = E?ZO i +51-7_j Tryk+1-7,

k
U(k(Nf+2) = Ne) = U(r1) x -+ x U(ry), > _ri=kNy— N, +2k (6.16)
i=1
In this breaking all the components of the adjoint matter become massive and then cannot have

vevs. At the second step, the gauge group is broken by the vev of the A3 = & adjoint scalar field
in the vector superfield.

gU(ri) part — 0 (617)

k
U(k(Ny+2) = Ne) > U(r1) x - x U(ry), Y _ri =kNy— N+ 2k
=1

= (U(r1 —2) x U(1)?) x -+ x (U(r, —2) x U(1)?) (6.18)

At the low-energy the adjoint chiral superfield Y is massive and the low-energy effective theory is
the sum of the U(r;) x U(1)? theory with fundamental matter with meson singlets. The matter
fields decompose as

° qA;J(me)’qc}](nfﬂ (f’f: 1,--- ’Nf. i=1,-- ,k:) :

U(r; — 2) fundamental quarks which consist of Ny flavors. The f, f are the flavor indices.
e ¢%.¢* (a=1,2 i=1,--- k)
14s,, +5,, Tepresentation under the gauge group U(r;) x U(1)2. The lower indices indicate

the corresponding U(1) charges.

b M] (.]207 7k_1) :
Ny x Ny meson singlets which come from the left-upper components of the mesons.

o Myj(a=1,27=0,---,k—1):
Singlets coming from the Ng-th and (Ny + 1)-th components of the mesons M;. M;; =
MnN;41,Np+1, Maj = My,+2 Np+2

We define the composite operators;

N; i = Ui 2yidgu(ri=2) (6.19)

J o

N, =Ygl (6.20)

Strictly speaking, since we are in the broken phase (6I8) where we have no adjoint matter Y,
we should write Y field as the vacuum expectation value (Y'). However since we finally take the
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limit where the weak deformations are switched off and we expect the adjoint fields to recover as
the massless degree of freedom, we write the adjoint matter ¥ naively as the dynamical field. In
the following, since we deal with Y as the vevs, the upper indixes of ]\Aff , V. does not distinguish
the independent chiral operators. The upper indises are only important in turning off the weak
deformations.

In addition, we define the monopole operators which describe the Coulomb branches of (U(r, —

2) x U(1)2) x -+ x (U(r, — 2) x U(1)?):

Vj+ : Coulomb branch of the U(rjq —2). (j =0,--- ,k—1) (6.21)
17;]‘(11 Coulomb branch of the U(1)% (i =0,--- ,k—1.a = 1,2) (6.22)

In this notation we have the following superpotential at low-energy,

k—1 k k-1 k—
k—1— k—1—j
W=> > MiNip1j+) (MUN T Ma; Ny j) Z Vj 4 U—1—j,—
i=1 j=0 i=1 =0 j=
0 ~7,a ~1,a 7,1 = ~75,2
+ Nai 1)+ %0 (1), - *Z( 5+ 00 (1), - +‘/J‘»—”JU<1),+) (6.23)
a=1,2
i=1,-,k

where the fifth terms are due to the U(1)? dynamics. The U(1) part is the A" = 1 supersymmetric
QED with one flavor. Then we can use the dual description of the N’ = 2 XYZ model with the
above superpotential. The sixth and seventh terms come from the effect of the AfHegk—Harvey-
Witten type superpotential corresponding to the breaking U(r;) — U(r; —2) x U(1)%. f/j,i should
be identified with the monopole operators of the U(kNy — N.) in the limit s; (j # 0) — 0 and the
monopole operators ¥, 4+ in the high energy should be identified with the linear combinations of
the monopole operators o} ,, 95 _ of the U(1)* part.

The equations of motion drop the second, third, fourth, and fifth terms off, we finish with the
Kim-Park magnetic dual in the limit of s1,--- , s = 0. The magnetic theory eventually becomes
the U(kNy — N.) gauge theory with Ny flavors, one adjoint matter and singlets M;, v; + with the
superpotential

k—1 k-1
W = Tl’}/k—i_1 + Z quyk—l—jq + Z(vj,-i-f)k?—l—j,— —|— Uj7—1~]k—1—j,+) (624)
7=0 7=0

where the U(1)? Coulomb branch coordinates ¥ 11) ﬁﬁ?m , are identified with the chiral su-
perfields v; + in the Kim-Park magnetic theory and the Coulomb branch coordinates of the
U(kN¢ — N.) are denoted as 9, 1. Notice that the U(1)? part was dualized to the theory which
only contains the chiral superfields with no gauge symmetry. In the limit of s; (j # 0) — 0, the
part with U(1)2? x --- x U(1)? gauge symetry becomes the U(k) x U(k) gauge theory. Each U (k)
theory contains one fundamental matter and an adjoint field. The vacuum of the Ny = 1 theory
usually has a runaway behavior [d2]. In this case, however, the various terms in the superpotential
may stabilize the vacuum. In deriving the above duality we assumed that the enhancement of the
gauge symmetry to U(k) does not change the duality and the U(1) physics correctly produces the
duality.

6.1.2 The ungauging of the Kim-Park dual

The Kim-Park duality has the global topological U(1); symmetry which we can gauge it. In the
electric side we obtain the U(N;) x U(1) gauge theory with N flavors. In the electric side there
are no elementary fields which are charged under the U(1); symmetry. Then the gauging of the
U(1); symmetry only introduces the mixed Chern-Simons term (we can think it as the topological
mass.) between the U(1); and U(1) C U(N,), flowing at the low-energy limit to the SU(N.) gauge
theory which we want.
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In the magnetic side, on the other hand, we have the elementary fields charged under the U(1);
global symmetry. These fields X4 are the chiral superfields which describe the Coulomb branch of
the electric theory. Then we cannot forget the U(1); x U(1) C U(kNy — N,) gauge dynamics.

The gauging of the U (kN — N.) magnetic theory is the U(kN;—N.) xU(1) ; gauge theory with
the Ny fundamental matter, one adjoint field X and the singlets M, v; + with the superpotential

W = Tryk+t 4 Z;:é M;gyk=—1=ig + Zf;é(vj,Jrf)k_l_j,_ + v _VUk—1-j+). The singlets v; + are
only charged under the new U(1); gauge symmetry. Now we have the following Coulomb branch;
the Coulomb branch for the U(kN; — N.) and the one for the gauged U(1);. Notice that the
adjoint field X is coupled to the U(kNy — N.) gauge theory but is not to the U(1); gauge theory.
Then the U(1),; gauge theory is the three dimensional N' = 2, Ny = k supersymmetric QED with

the above superpotential.

6.2 SU(N) with adjoint matter

In this section we will derive the three-dimensional duality for SU(N,.) with one adjoint matter
from the reduction of the 4d duality. We will finally obtain the 3d duality proposed by [B6] who
used the un-gauging techique in deriving it. The 4d Kutasov-Schwimmer duality which we employ
is the same as the previous section but we do not gauge the U(1) g flavor symmetry.

6.2.1 4d Kutasov-Schwimmer duality

We first recall the 4d duality which we will use. This is well known as the Kutasov-Schwimmer
duality [39]. The electric and magnetic theories are as follows.

The electric theory

4d N =1 SU(N,) SUSY gauge theory with Ny flavors @, Q and one adjoint matter X with the
superpotential W = Tr X*+1,

The magnetic theory

4d N =1 SU(kNy — N.) SUSY gauge theory with Ny flavors ¢, ¢ and one adjoint matter ¥ and
singlets M; (j =0,--- ,k — 1) with the superpotential W = TrY**+1 + 25;3 M;qy*=1-iq.

Using this duality and compactifying the both theories on S' we obtain the three-dimensional
duality. In such a process we need to include the non-perturbative superpotential which arises
from the twisted instantons.

6.2.2 3d Kutasov-Schwimmer duality (Park-Park duality)

We will put these four-dimensional theories on a circle. In the three-dimensional limit which is
the case for the infinitesimally small circle, we have no axial anomaly, then we show the additional
U(1)4 symmetry in the following table. But we should keep the size of the circle finite in order
to derive the 3d dualities. After the deformation of turning off the 1 terms, we can think of these
theories as the genuine 3d theories which contain the un-lifted Coulomb branch.

The field contents are the same as the four-dimensional ones, but in three-dimensions there
is a Coulomb branch which should be naturally identified with the chiral superfield. We will use
the symbol V, V for the Coulomb branch coordinates. Due to the presence of the adjoint matters,
the monopole operators are dressed. Then we distinguish the dressed ones V;, V;; from the bare
monopoles V by the indices.

We show the quantum numbers of the field contents in 4d theories and R3 x S! theories. The
choices for the U(1)4 and U(1)g symmetries are the anomalous combinations in 4d, but it is
convenient for the 3d perspective.
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Table 6.3: Quntum numbers of the electric side

SU(Ne) | SUWNy)L | SUWNg)r | U)s | U(1)a UM)r

Q N, Ny 1 1 1 0

Q N, 1 Ny ~1 1 0

X | adj 1 1 0 0 =

M; 1 Ny Ny 0 2 =25 _

v 1 1 1 0 —2N; | 2Ny — 25 (Ne— 1)+ 25

V| 1 1 1 0 | —2N; | 2N — gy (N — 1)+ 259

Ab 1 1 1 0 2Ny —2N; + 355

Table 6.4: Quantum numbers of the magnetic side
SU(k‘Nf—NC) SU(Nf)L SU(Nf)R U(l)p U(l)A U(l)R

q O Ny 1 N -1 T
q O 1 Ny —ﬁ%ﬁ: -1 —
Y adj. 1 1 0 0 Y
M; 1 Ny Ny 0 2 25
V; 1 1 1 0 2N; 2N + 75 (Ne + 1) + 25
Vi 1 0 2Ny | —2Nj + £ (Ne +1) + 222
A* 1 0 —2Ny 2Ny — 2

The global charges of the (twisted) instanton factor A®, AP are calculated as follows, which is
of course the spurionic symmetries for the four dimensional gauge theories on R? x S!

2
Ug: 9—>9+(+1)-2Nc+(—1 -2N.+2N;(-1) (6.25)
N—_——— k+1 —_——
A Y Q.Q
Ul)a: 60— 0+2Ns(+1) (6.26)
W~—/
Q,Q
4Nc
R[A’] = —2N 2
[A] e (6.27)
A[A"] = 2N, (6.28)
where b is the one loop coefficient of the beta function.
vector fermion scalar
11 2 1
b= 5 T~ > 3T - > 3T (6.29)
11 2 1 1 1
)\' X~ H(_/ H(_/ X
Q,Q Q,Q
= 2N, — Ny (6.31)

The monopole operators

We consider the SU(N.) gauge theories and the monopole background. We restrict ourself to the
part of Coulomb branch which is labeled by ¢1 > ¢3 > -+ > ¢ > 0 > dry1 > -+ > on,
without loss of generality, where ¢, is the adjoint scalar fields of the vector superfields. In this case



Callias index theorem tells us that the numbers of the fermonic zero-modes around the monopole-

instantons are

1 0
quark zero-mode: Ng = (¢ > 0> xi1) (6.32)
0 (¢i > i1 >00r0>¢; > dit1)
adj. fermion zero-mode: N,qj. = 2. (6.33)
Then the global charges of the monopole operators are as follows,
Table 6.5: Quntum numbers of the monopole operators
U1)a U)r
Y; 0 -2 — Q(T—H —-1)= ki—i-l
Yico1 0 —
Yi —2Nj | =2 —2(327 —1) = 2Ny(—1) = 2N; — ﬁl
Yx. -1 0 —
V =[1Y: | —2N¢ 2Nf—ki+1(Nc—1)
where we use the following notations for the bare and dressed monopole operators.
V= H Y; (6.34)
Y; ~ exp ( i+ 1) (6.35)
~(X1)'V (6.36)
Vw ~ (X11)' (Xnon, )V (6.37)

The chlral superfield ®; consists of the adjoint scalar ¢; and the dual photon a;, which is defined
as ®; = 24 4+ ia;. The tilde in the above monopole operators means that the r.h.s of (6233) is only
legltlmate at the semi-classical domain with large ¢;. At the small ¢;, the 3d gauge coupling
has a non-trivial loop correction and the metric on the Coulomb branch becomes intricate, so the
definition of the monopole operator is involved. At the large ¢; region we can think that Y;s are the
effective variables of the Coulomb branch except for the fact that the Y;s are not gauge-invariant.
At the origin of the Coulomb branch, Y;s are not good description of the moduli because Y;s are
fundamental (elementary) variables rather than the effective ones. Then the use of the equations
of motion for Y; is dangerous near the origin of the moduli space. If we want to make the monopole
operators gauge-invariant, we need to combine the monopole operators in a Weyl-invariant way:

N.—1
v=][] v
i=1

This combination is globally defined throughout all the region of the moduli space (all the chamber)
and is expected to be un-lifted even if we include the non-perturbative effects.

The powers of X;; and Xy, n, are truncated at O(Xk_l) due to the superpotential W =
Tr X*+! whose F-term equation gives X* ~ 0.

The relation of the monopole operators between the SU(N,.) and U(N,
an adjoint matter is as follows.

(6.38)

) gauge theories with

V=V,V_ (6.39)
Vij = ViV (6.40)
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KK monopole induced superpotential

By the symmetry argument we assume the following superpotential is generated by the 1-KK
monopole (twisted instanton) configuration.

Wee= Y. AVi= > vy (6.41)

i+j=k—1 i+j=k—1
N‘B ~ _—
Wimg = Y AWi= Y iV (6.42)
i+j=k—1 itj=k—1

The index theorem says that the fermionic zero modes around the KK monopole solution are too
many for the KK monopoly to contribute to the superpotential. However we now have the adjoint
matter which interact via the superpotential as

W = trx*+! (6.43)
This superpotential produce the following interaction.
L3 (Xu) vxan, Xnow)" ™ oxna (6.44)
Then the KK monopole vertex
My ~ e~ 0?7 )22 (6.45)
is modified to
Mk ~ e 501002 (X11) (Xy,n)" (6.46)

which is precisely coming from the above non-perturbative superpotential (621).

The dimensional reduction of the 4d Kutasov-Schwimmer duality with n terms.

Just like in the U(N.) duality, we first construct the duality on R? x S!. This can be easily done
by including the KK monopole induced superpotential.

The electric side is the three dimensional ' = 2 supersymmetric SU(N,) gauge theory with
Ny fundamental flavors @s, Qs and one adjoint field X with the superpotential W = trX*+1 +
> itj=k—_1MVij. The magnetic side is the three dimensional N = 2 supersymmetric SU(kNy — Nc)
gauge theory with Ny fundamental flavors gs, s and one adjoint field Y with the superpotential
W= Y5 ST Mgy R g+ 3, iV

In order to obtain the duality without the n terms we start with the N; 4 1 flavors as the
U(N,.) case. We turn on the real mass for the last flavor in the electric theory side, which is the
background gauging of the SU(N; +1) x SU(Ny +1) x U(1) g flavor symmetries. In the dual side
the corresponding real mass is mapped as follows.

my —mg

mdual _ ‘-, mdual _ I (6.47)

k N, — kN;

AN kN, " T kN, k- N,

(6.48)

The electric theory flows to the SU(N.) gauge theory with N; flavors with no 7 terms since
the high energy monopole operators vanish due to the absence of the complex masses as discussed
in [34]. The quantum numbers of the electric theory are following,
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Table 6.6: Quantum numbers of the 3d SU(N.) theory on the electric side

SU(Ne) | SUWNy)L | SUWNg)r | U)p | U(1)a ULr
Q N, N; 1 1 1 r
Q N. 1 Ny -1 1 r
X adj. 1 1 0 0 a1
M, 1 Ny Ny 0 2 2r + 25
Vi 1 1 1 0 —2Ny | 2Np(1 —r) = g (N — 1) + 2H)

where we keep the R-charges of the quarks as generic values.

The flow to the low-energy in the magnetic side is complicated and it is helpful to consider the
weak deformation of the theory. In the next subsubsection we will introduce the potential for the
adjoint field which breaks the U(1)g symmetry and we will find the dual description.

Before doing so, we need to care about the following fact. Without the weak deformation
presented below, the magnetic theory will flow as follows. The adjoint scalar field which comes
from the Ag part takes the vev as

—my

0= —my (6.49)
—ma
—m2
Then the gauge symmetry breaks as follows.
SU(k(Ny+1) = N.) = SU(kNy — N.) x SU(k) x U(1)/(Zgn;—N. X Zi) (6.50)
or
SU(k(Ny+1) — N.) = S(U(ENy — N.) x U(k)) . (6.51)

It might be more rigorous to consider the symmetry breaking as the second one (E5dl) than
the first one. But it is easy to consider the first one (EB0) practically. To obtain the dual theory,
we need to change the U(1) and the U(k) dynamics to the dual description. But this is very
difficult at present. The one difficulty would be related to the fact that the minimal monopole
charge is smaller than the usual one since Zj Nj—N, X Zy, is factored out from the broken gauge
symmetry. This fact makes the relation between the high- and low-energy monopole operators
quite complicated. Then the superpotential from the KK-monopoles takes the complicated form
in terms of the low-energy monopole operators, leaving the some supersymmetric vacua.

The second difficulty is due to the theory with SU(k) gauge symmetry. This part of the full
theory contains one fundamental flavor and one adjoint matter. This theory seems to have no
SUSY vacua since the Affleck-Harvey-Witten type superpotential lift the all the SUSY vacua.
However, this theory contains the complicated superpotential and this may give the stable SUSY
vacua. Again the complicated relation between the high- and low-energy monopole operators make
it difficult to analyze the stable SUSY vacua.

Then we will adopt the weak deformation in the next subsection, which successfully produces
the 3d Kutasov-Schwimmer duality. We should remember that turning off the weak deformation
for the adjoint matter gives the enhanced gauge symmetry U (k) or SU(k). However we expect
this enhancement would not destroy the duality obtained by the weak deformation.
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Weak deformation of the theory

The flow in the magnetic side is complicated and it is helpful to consider the weak deformation of
the theory. We consider the weak perturbation of the theory by

k
Wae = Y g Tr X" (6.52)
=0
k .
Winag = Z g Tryit! (6.53)
=0

where go is the Lagrange multiplier imposing the constraint such that TrX = 0. This weakly
perturbed theory has generically the k vacua for the vev of X. Then the gauge symmetry is
generically broken by the vev of the adjoint field X like SU(N.) — SU(i1) x SU(iz) x --- X
SU (i) x U(1)F~1, where 325 i; = N..

Again we should note the following fact: It might be better to consider that this breaking
should be actually written as S(U(i1) x - - - x U (ix)). This might be important when considering the
matching of the monopole operators between at the high and low energies. In this case the monopole
operators which are required to describe the Coulomb branch become quite difficult. And we do
not know how to find such set of the monopole operator. In this thesis, so we don’t consider this
possibility and concentrate on the breaking SU(N,) — SU (i1) x SU (ig) x - - - x SU (i) x U(1)¥~1,
where Zle i; = N.. This possibility is left as the future work.

In the electric side, we start with Ny + 1 flavors and take A3 = o = 0 and flow to the low
energy limit with QV/*1 and QNs*! integrated out. By tuning off the g; (i # k) we finally get the
SU(N.) gauge theory with Ny flavors and an adjoint field X recovered at the low energy. This is
a three-dimensional version of the electric theory in the Kutasov-Schwimmer duality.

In the dual side, W = Zf:o giTr Y"1 breaks the gauge group as SU(kN; — N..) — SU(nq) x
<o x SU(ng) x U(1)F1, Zle n; = kNy — N.. When we start with Ny + 1 flavors and turn on
the real masses corresponding to the electric side, we have the additional breaking of the gauge
symmetry by the vevs of A; = & as follows.

SU(k(Ny +1) — N.) — SU(Ny) x --- x SU(Ny,) x U(1)*!
— SU(ny) x --- x SU(ny) x SU(my) x -+ x SU(my,) x U(1)* x U(1)F?

(6.54)
where
ni =N; —m; (6.55)
k
> Ni=kNj—Nc.+k (6.56)
K ;
> mi=k, Y n;=kNj-N, (6.57)
=1 =1
aiy Akl
&N1><N1 = [ 75.Nk><N;c: (658)
ain, Ak Ny,

where a;; take the value of —m or —mg and satisfy the condition that Z” a;; = 0 and (the number
my) = kNy — N, due two the traceless condition of the adjoint field &.
We need to choose the correct vacuum which corresponds to the electric theory which is

—my —mg
ONixNy = ' sty ONgx Ng = : (6.59)
—m —m
—ma —ma
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Then the gauge group is broken as
SU(k(N;41) = N.) = SU(N, — 1) x -+ x SU(Ny — 1) x U()*! x U(1) x U(1)F1. (6.60)

Here we will clarify the U(1)2*~! part. The first U(1)*~! corresponds to the generator coming
from the left upper (kNy — N.) x (kNy — N,) part. The second U(1) is following.

T = 1 , TrT =0 (6.61)

[SJ[SY

3
2

where we show the case with kN; — N, = 3, k = 2 for simplicity. The last U(1)*~! is the right
lower part:

T =

|
o

(6.62)

which is also the case with kNy — N, =3, k = 2.

In order to obtain the original SU(N,) duality with an adjoint matter and with no 7 term we
need to tune the potential as ¢g;(i = 0,--- ,k — 1) — 0 in the electric and magnetic side.Thus the
gauge group SU(N; —1) x - - x SU(Nj —1) xU(1)*~1 is expected to recover the dual SU(kN;— N,)
gauge group with the adjoint matter in the limit of ¢g;(¢ = 0,--- ,k — 1) — 0. Before doing so, we
will change the dynamics of the second U(1)*~! to the dual description with no gauge group. Here
we do not expect that the recovery of the SU (k) gauge group from the right-lower U(1)*~! in the
limit of g;(i = 0,--- ,k — 1) — 0 modify the low-energy duality. This is only an assumption and
is not justified because the non-diagonal components of the k x k adjoint fields become massless
and these should be taken into account to the low-energy dynamics in the limit with g; — 0.
Although this is a working assumotion, it will be found this nicely works. The theory can be seen
as SU(kNy — N.) x U(1) x U(1)*=! 2 U(kNy — N.) x U(1)*~! gauge theory at this stage.

We may alternatively have the U(kNy — N.) x SU(k) gauge theory in the limit of g;( =
0,---,k—1) — 0. If this is correct, we have the various fields from the adjoint fields Y and g, q.
In this thesis we will not consider this possibility.

Taking the limit as g; (i = k) — 0 we obtain the U(kN; — N,.) x U(1)*~! theory whose matter
contents are as follows.

e U(kN; — N.) fundamental matters: N flavors ¢, §

o U(kN;—N,.) adjoint matter: One adjoint field ¥ which comes from the (kN; —N;) x (kNy —
N.) left-upper components of the original adjoint fields Y. With the weak deformation Y
should be replaced with the vacuum expectation value.

e The singlets M;, Mj (j=0,---,k—1): M; fields also have the Ny x N flavor indices. On
the other hand M; are the flavor singlets because they are originally from the last component
of Mj .

e The singlets Y; (i = 1,---,k), which comes from the diagonal parts of the right-bottom
k x k components of the adjoint field Y. These fields should be recognized as the vacuum
expectation values (Y;).

e U(1)¥! charged fields: ¢;, ¢ (i = 1,---,k). We consider the gauge group U(1)¥~! as
U(1)*/U(1). In this perspective the charge assignment of g;, ; are precisely the same as the
3d N = 2 mirror symmetry [22,61]. They are also charged under the U(1) C U(kNy — N,).
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The superpotential becomes as follows.

k-1 k-1 k k—1
W = Try " +ZY’““ MGy T g Y Y MY T g+ Y Vi (6.63)
i=1 7=0 7=01i=1 7=0

where Y in the superpotential should be constant vevs and Y fields are all massive. However we
loosely write the superpotential as presented above.

We define a new singlet fields S5; := Zk ! M Yk 1= (i =1,---,k), yielding the following
superpotential.

k—1 k—1
W = TrYkH—l-ZYkH—i—ZMqu 1= ]Q+ZS%%+Z?7V;I€ 1—j (6.64)
i=1 j=0 i=1 j=0

The U(1)k¥=! theory has the dual description by the mirror symmetry due to the appearance
of the superpotential W = Zle S;Giq;. The mirror theory is the three-dimensional NV = 2
supersymmetric U(kNy — N.) x U(1)™"™" gauge theory. The field contents are summarized as
follows.

e U(kNfy — N.) fundamentals: Ny flavors ¢, g.
e U(kNy — N.) adjoint: one adjoint field Y’
e The Ny x Ny gauge singlets: M; (j=0,--- ,k—1)

U(1) N =2 SQED with k flavors b;, b; (i =1,--- , k)

The quantum numbers of the fields are calculated by identifying the baryonic operators betwen
the electric and magnetic theories.

k
BRLia M = Q- Qs D omy =N (6.65)
j=1

m me U(1 mirror m m
Bmalgnetlc b= V— = q(O)1 T q(klil)’ mj = Nf — Nkt+1—j (666)

where the magnetic baryon operators contain the Coulomb branch coordinate of the mirror U (1)mirror
because in the U(kNy — N,.) x U(1)*~! theory, VU™ s identified with N_ := q1q2 - - - qi and

the baryonic operators become Bn”falén;t’lglk = ng)l e q(mk’i 1 Hle qi, which are the natural baryonic
operators to be identified with the electric side.

The quantum numbers are summarized as follows. Actually we have an ambiguity about the
choice of the U(1)p charges to mix it with the other U(1) symmetries. The U(1)r charges of the

b;,b; fields are different from the conventional assignment of the mirror symmetry. This is due
U(ka , which breaks the usual U(1)g
symmetry and generate a new U(l)r symmetry at the low energy. Notice that the U(1)mirer
symmetry is the gauging of the topological U(1) symmetry corresponding to U(1) C U(kNy — N.)
gauge group and the U(1) C U(kNy — N.) symmetry is the gauging of the topological symmetry
coresponding to the U(1)™™" gauge group. Thus we have the Chern-Simons coupling between
U(1)mirer and U(1) € U(kNy — N,).

to the presence of the superpotential W = Zf;é bj+1V
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Table 6.7: Quntum numbers of the mirror theory

U(kNy — No) x U)™™ [ U(1)p [ U(1)a U)r
2
q (Dkal_Nc ,0> 0 —1 -+ P
q 0 2
q D,Fﬁﬁja,o 0 1 —r+ 2
Y (adj., 0) 0 0 w2
i (o, 1) 0 | =Ny —(r =Ny = 255 + 55
bi (1o, —1) 0 — Ny —(r—1)Ny — iﬂ\r’l + k2TZ1
Vf(l)murror (141,0) N, kN (r — 1)kN; + Qkkfr\flc
~U(kNy—N. '
Via (Lo, £1) 0 Ny | (r=DNj+ 25 (Ne+ 1) + 25
The superpotential is
k—1 _ k=1
W=TrY ™ 43 Mgy" " g+ iVieo1-; (6.67)
=0 =0
The monopole operators at high energy should be identified as follows.
Y ~U(kNj;—N. .
‘/j,kflf‘j = j+1vk_(1_jf,_ ), (,7 — 0’ e 7k _ 1). (6.68)

In addition to the above superpotential we have the Affleck-Harvey-Witten type superpotential [I75]
which is generated by the gauge symmetry breaking SU(k(Ny + 1) — N.) — U(kNy — N.) x
Uk ~ U(kNy— N,) x U(1)mirer;

mirror

k-1
Wanw = Z bj+1VkU,(fiV£;N°) (6.69)

Jj=0

Putting these into the superpotential we obtain the dual (mirror) theory,

k—1 k—1
W= Tey S Mgy g+ 3 (b VLY TN 4 5 i) (670)
j=0 Jj=0

where 7] is absorbed by the field rescaling. This is precisely in accord with with the result obtained
by the un-gauging technique [56].

6.2.3 Summary of the 3d SU(N) Kutasov-Schwimmer-Kim-Kim-Park
duality

We summarize the 3d SU(N,) duality with an adjoint matter which we found here.

The electric side

The electric side is simple. SU(N.) gauge theory with N; fundamental flavors Q,@s and an
adjoint matter X with the superpotential W = tr X**1. The charge assignment is summarized in
the above table.

The magnetic side

The N = 2 supersymmetric U(kNy — N.) x U(1) gauge theory with N flavors ¢, g, one adjoint
field Y, k charged fields b;, b; under the U(1) and the gauge singlets A;. The superpotential is
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following.

k—1
W =TrY*+! 4 Z Mj(ijflqu
j=0
k—1
37 (Boa g Vi TN v NN (6.71)

Ji—
=0

This theory which was obtained from the 4d duality is identical to the one which was considered
by [66] in which the authors used the un-gauging technique to obtain the SU(N,) duality from the
U(N.) Kim-Park duality [64].
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Chapter 7

Summary

In this thesis we discussed the three-dimensional A" = 2 supersymmetric gauge theories, their quan-
tum dynamics, the non-perturbative effects coming from the semi-classical analysis, the relation
between the three- and four-dimensional Seiberg duality. We extensively reviewed what we know
to date about the Coulomb branch and its dynamics. We also revealed how the duality of the three-
dimensional N' = 2 supersymmetric gauge theory with Ny fundamental matters and one adjoint
matter with a superpotential W = Tr X**1 comes from the four-dimensional Kutasov-Schwimmer
duality.

In the 3d SUSY gauge theories we inevitably have the adjoint scalar which in some cases
makes the analysis easier and in some cases makes more difficult than the 4d SUSY theories.
Especially the appearance of the Coulomb branch due to the adjoint scalar makes the 3d physics
more interesting and more complicated. The description of the Coulomb branch is always effective
and the loop corrections should be considered at higher order. However the flat direction of this
adjoint scalar makes the theory more tractable. At the large vev region of the adjoint scalar we can
rely on the semi-classical analysis. Then the one loop plus the instanton analysis gives the correct
quantum picture of the gauge theories. The monopole-instanton generates the non-perturbative
superpotential and lifts almost all the Coulomb branch which are flat direction at the classical
and one-loop level. In this thesis we derived the various superpotentials. One of these is the
superpotential generated by the monopoles. The second one is the superpotential generated by
the KK-monopoles, which is important when considering the S' x R? theories and the reduction
of the 4d physics to 3d. We found that when we include the adjoint matter the different form of
the potential is generated by the KK monopoles. This superpotential was crucial for deriving the
3d duality with an adjoint matter from the 4d duality.

We investigated the relation between the three- and four-dimensional SUSY gauge theories
and their 3d, 4d Seiberg dualities. The 3d Seiberg duality is derived from the 4d Seiberg duality
if we include the non-perturbative superpotential frm the KK-monopoles. Especially we derived
the duality of the three-dimensional N' = 2 supersymmetric gauge theory with N; fundamental
matters and one adjoint matter with a superpotential W = Tr X**! from the four-dimensional
Kutasov-Schwimmer duality. We especially concentrated on U(N,.), SU(N.) gauge groups and the
dualities obtained here were the ones which are given by [64,66]. While in [64,66] the dualities were
guessed by the generalization of the Aharony duality and by the un-gauging technique respectively,
we offered the derivation of these dualities in this paper. The duality for the U(N,) with an adjoint
matter was derived in a similar way of the derivation of the Aharony duality from the 4d U(N,)
Seiberg duality [63]. Hence, the superpotential from the KK-monopoles, Affleck-Harvey-Witten
and the XYZ model from the U(1)? part play a crucial role to modify the Coulomb branch on
the magnetic side. The SU(N,) duality with an adjoint matter was derived in a same way as the
U(N,.) case, where we used the N’ = 2 mirror symmetry which is the generalization of the duality
between the SQED with Ny = 1 and the XYZ model, which makes the Coulomb branch of the
dual gauge theory lifted together with the Affleck-Harvey-Witten type superpotential.

It would be worth analyzing the derivation in this paper without the weak perturbation for the
adjoint matters X and Y, in which we will have to include the dynamics of the non-abelian gauge
group SU (k) for the SU(N,..) duality and U (k) x U (k) for the U(N..) duality. In deriving the duality
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we assumed that the U(1)*~1 part does not enhance to SU(k) in the limit of s; — 0 for SU(N,)
and this enhancement does not modify the duality we found. In the U(N,) cases we relied on the
similar assumption. This was only the working assumption that discarding the off-diagonal part
of the adjoint fields would not be important for deriving dualities, hence it should be investigated
more carefully. It would be also worth considering other gauge groups, for example O(N,), SO(N,)
and Sp(2N,) with an adjoint matter.

It is important to extend the procedure of deriving the 3d dualities from 4d to the dualities with
various matter fields as [B6] (See [41] for examples of the 4d dualities). In [A1] the symmetric tensor
matter or anti-symmetric tensor matter are added to the 4d dualities and the chiral theories are
also considered. It is interesting to study the corresponding 3d dualities. Although the procedure
to obtain the 3d dualities is the same as ones in [84-386] and in this paper, it would be more and
more subtle because the structure of the Coulomb branch becomes complicated. To obtain the 3d
dualities, it is necessary to match the monopole operators at high- and low-energy theory when we
turn on the real masses and take the low energy limit and it is very subtle task. This extension is
left as a future work.
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Appendix A

The fermion zero-modes on the
inatanton-monopole background

The number of the fermion zero-modes around the monopole background is calculated by the
Callias index theorem [71]:

N = % Z sign (Tr we) Tr(wg) (A1)

where w is the weight of the fermion considered and the sum is taken over all the weights. In
this appendix we resterict ourself to the vanishing real masses. g is the dual simple root which
represents the particular monopole we consider. Please see the references [43] for the physical
derivation of the index theorem and the notation of the Lie algebras for [I79].

A.1 U(n) case

Cartan

In this case the dual simple roots take the same form as the simple root. Let’s us define the Cartan
subalgebra.

1 1
1 | . .
h1: 0 ah2: -1 0 a"'vhn—lz
0
-1
1
1
hyn = 1 (A.2)
hi = B — B =1 n—1
J 1 J+1 (] ) , ) (A3)
hp =1
The corresponding monopole operators become as follows.
V= e¢1—¢2’ Vo = €¢1_¢3, o Vol = e¢1—¢n’ vV, = b1t ton (A4)

We here assume that we are in the region of the Coulomb branch of ¢; > -+ > ¢ > 0 >
Pkl >0 > Op.
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The fundamental representation

The weights of the fundamental representation are labeled by

nxn
1 0 0
1
0 0
wy = , W2 = ) y Wp = 0 ) (A 5)
0 0 1
which are of course n-dimensional.
For g = h; (j # n), the zero-modes are counted as
1 n )
N =3 ; sign(w; $) Tr(w; g) (A.6)
1
=3 > 6i(din — 8ij11) (A7)
1 . .
= 5 (signé; — signg;1) (A.8)
_ )0 (91> 0541 >0) (A.9)
L (¢1>0>¢j11).
For g = h,,, zero-modes become
1~ .
N= > sign(¢:) (A.10)
i=1
1
= (k—(n—k)=k—_. (A.11)

2 2

Thus the fundamental fermion zero-modes are summarized for each instanton factor as follows:

Vi = e®17%2 . 4 of quark zero-modes = 0 (A.12)

Vo = e?1 7% . 4 of quark zero-modes = 0 (A.13)

Vi1 = e?1 =% : 4 of quark zero-modes = 0 (A.14)

Vi = e %041 1 4 of quark zero-modes = 1 (A.15)
Vi1 = e 7% 4 of quark zero-modes = 1 (A.16)

V,, = e 92t o of quark zero-modes = k — g (A17)

If we alternatively consider the following instanton factor

t= , : (A.18)
0

which is represented by V; = e, then the zero-modes around this instanton are calculated as

1 1 1
Vi=WVa- V)™ : # of quark zero-modes = - (1 (n—k)+ k- %) =3 (A.19)
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Notice that the number of the fermion zero-modes around each instanton factor depends on where
the Coulomb branch we are in. Then it is important to consider the branch parametrized by
¢p1> > Pk > 0> drg1 > -+ > ¢p,. However the combination V. are not dependent of k.

Actually in this thesis we are considering the 3d N’ = 2 SQCD which is a vector-like theory.
Then we have double the number of quarks which come from Q and Q. And we consider the N ¥
flavors. So the fundamental sermonic zero-modes becomes:

2 - Ny (A.20)
=~
@Q N, flavors

DN =

Vi = e® : # of quark zero-modes =

Note that the above calculation of the fermonic zero-modes around the monopole-instanton are
independent of the choices of the matrices h;. We can use the following matrices:
1 0 0
-1

-1

hn (A.21)

I
—_

which are natural for the simple roots.

The adjoint representation

In the supersymmetric gauge theories we inevitably have the gauginos which are the adjoint
fermions. So, next we will consider the adjoint fermion zero-modes. The roots (weights for the
adjoint rep.) is given by

iy = wi—w; (i # j) (A.22)

For g = hx (K # n), the adjoint fermion zero-modes are counted by the Callias index theorem:

1 n
N = 3 Z sign (Trov; @) Tr(aujhi) (A.23)
i#]
ig=1
1 .
= 5 Z 51gn(aij¢)(5i1 — (SiKJrl — (5]‘1 + (SjKJrl) (A24)
%,
= Z (0i1 — Oix4+1 — 051 + Ojk+1) (A.25)
1<i<j<n
=n-1)—-n—-K-1)+K (A.26)
— 2K (A.27)

where we again assumed that we are in the Coulomb branch: ¢1 > -+ > ¢ > 0> 1 > -+ > ¢y,
For g = h,

1 n
N = 3 Z sign (Trov;¢) Tr(ojhy) (A.28)
]
i,j=1
1 n
=3 Z sign (Troy;¢) Tr(o;) (A.29)
,i?’éjl
i,j=
-0 (A.30)
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Thus the adjoint fermion zero-modes for each instanton factor becomes:

Vi = e?7%2 . 4 of gaugino zero-modes = 2K |jr—; = 2 (A.31)

Vo = e?1 7% . 4 of gaugino zero-modes = 2K |g—o = 4 (A.32)

Vi1 = e?1 7% . 4 of gaugino zero-modes = 2K |g—p_1 = 2(k — 1) (A.33)

Vi = €217 %5+1 1 4 of gaugino zero-modes = 2K | x—j, = 2k (A.34)
Vi1 = e®17%n + 4 of gaugino zero-modes = 2K |k=n-1=2(n—1) (A.35)

V,, = eP1td2ttdn - of gaugino zero-modes = 0. (A.36)

If we alternatively consider the following instanton factor

t= , , (A.37)
0

which is represented by V. = e, then the zero-modes around this instanton are calculated as

Vi=(WVy--- Vn)% : # of gaugino zero-modes (A.38)
1
:E(2+4+-~-+2(n—1)+0) (A.39)
1 n—1
= Z 2k (A.40)
j=1
—n—1. (A.41)

The calculation of the global charges of the monopole operators

Let us calculate the quantum numbers of the monopole operators for 3d A/ = 2 supersymmetric
U(n) gauge theories with the Ny fundamental vector-like flavors. The monopole operator V. ~
e?, ¢; > 0 has the non-trivial charges under the U(1)z and U(1) 4 global symmetries:

1
RV == (1) - 5 - 2N —E) @) =Noakl o (A4)
R[Q]:R[Q] fundamental Q,Q: R[A]  adjoint

fermion

fermion Ny flavors zero-mode

zero-mode

1
VT ~— V.
A[QI=A[Q] fundamental Q.Q:

fermion Ny flavors
zero-mode

The result is summarized below.

UDr | U(1)a
V+ Nf —n+1 —Nf

The quantum numbers for V_ ~ e™7» ¢, < 0 are calculated in the same way.
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A.2 SU(n) case

For SU(n) group and the corresponding Lie algebra, their properties are summarized as follows.

dimensions : n? — 1 (A.44)
rank: n—1 (A.45)
= dim. of the Cartan sub algebra (A.46)
= # of simple roots (A.47)
roots: (n?—1)—(n—1)=n?>—-n (A.48)
The dual simple roots are identical to the roots.
0
1 .
]’LiZEi—EZ‘+1= 1 (7,:1,'~' ,Tl—l) (A49)
0
Cartan sub-algebra
The Cartan is the diagonalized matrices and we need to impose the traceless condition.
Cartan:
a1 n
t= > a1 =0 (A.50)

1=1
Qap

Fundamental representation

The fundamental representation is n-dimensional. The eigenvectors are parametrized by the fol-
lowing bases. The number of the weight vectors is n and the number of the components of the
each weight vector is n — 1.

The bases:
1 0
0 :
O: ,o-+»| - | :n-dimensional (A.51)
: 0
0 1
The action of the Cartan for the bases:
1 1 1
0 0 0
t] . |=a| . | =Tr(wit)| . (A.52)
0 0 0
The weights for the fundamentals:
nxn
1 0
0 .
wy = . y o, Wy = ’ (A53)
0 1
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The zero-modes for the fundamental fermion are calculated as follows.

n

N=— Z sign (Trw; @) Trw;hy, (A.54)
= Z signe; Tr w; Iy (A.55)
1 . .
= 5 (signéy + (~1)signgu+1) (A.56)
1 >0>
)1 (@ Pr+1) (A.57)
0 (¢r > dr41 >0 or 0> ¢ > dpy1)
Adjoint representation
The adjoint representation is (n? — 1)-dimensional.
The bases for the adj. representation:
1 0 0
-1 1 0
Adj. = 0 0 (A.58)

In the calculation of the zero-modes we should sum over all the bases. But we need only to sum
over the diagonal bases which are called roots since the off-diagonal matrices have no overlap with
the simple roots. Then automatically trwagjh; = 0. So we can concentrate on the roots.

Weights for the adjoint rep. (roots):

Wagj. = {aij = wi —w;} = {+(w; — w;)|i <j} (A.59)
dim Wadj. =2 X nCQ = n(n — 1) (AGO)
The simple roots:

The dual simple roots are identical to the simple roots in SU (V). Notice that the number of the
weights is less than the dimensions of the representation. But it is okay because the bases which
are not the weights don’t contribute to the zero mode calculation.

The zero modes for the adjoint fermion:

1 - .
N = 5 ijZ:1 s1gn (TI' Olijgf)) TI‘ aijhk (A62)
1 .
. > sign(¢s — ¢;)(Gik — Sikt1 — Ok + Gjni1) (A.63)
= Z(5ik — Oikt1 — Ok + Ojk+1) (A.64)
i<j
=2 (A.65)

So the adjoint fermions always contribute to the monopole-instanon with two zero-modes.

The symmetric representation

The symmetric representation has the dimensions: "(T'TH) This state is represented by the tensor

product of the fundamental representations with symmetrized combinations:

1
symm. = i(vi ®vj +v; Q) (A.66)
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The action of the Cartan to this state is
(t®1+1®t)symm. = (a; + a;)symm. (A.67)

The weights for the symmetric representation become

0 0
1 .
W = 0 e " e (A.68)
1 2
0 0
-1 1
dimW = ,Cy +n = %—Fn:% (A.69)

The anti-symmetric representation

The antisymmetric representation is W—dimensional. The corresponding state is expressed as
) 1
anti symm. = 5(112» ®vj —v; @ v;). (A.70)
. 1 1
(t X ]. —+ 1 X t) anti symm. = 5(0,1 —+ a]‘)’Ui [ Uj — 5((1]' + ai)vj X V; (A?l)
= (a; + a;) anti symm. (A.72)
The weights for the anti-symmetric representation are
0
1
W = 0 yo (A.73)
1
0
-1
dimW = ,Cy = % (A.74)
rank 3 symmetric tensor
The dimensions of the rank 3 symmetric tensor is W The corresponding state is
1
(v ®v; @ vpy). (A.75)

3!

A.3 SO(n)

Next, we proceed to the orthogonal groups [59]. Again the adjoint fermion zero-modes are always
2. The arguments are different depending on whether n is even or odd.

A.3.1 SO(2n)

For SO(2n) group and the corresponding Lie algebra, their properties are summarized as follows.

dimensions : n(2n — 1) (A.76)
rank : n (A.TT)

= dim. of the Cartan sub algebra (A.78)

= # of simple roots (A.79)

roots : n(2n — 1) —n = 2n? — 2n (A.80)
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Cartan
The Cartan subalgebra can be taken as

2n

th :diag (61,-“ ,Gn,—Hl,-n ,—9n). (ASI)

Roots

The root system of the SO(2n) is called D,, in the Dynkin classification. The set of roots are

A={t(e;ite)|1 <i#j<n}, #=,C0sx4+2n=2n (A.82)
Apositive = {Ei + 6j|1 <i<j< n} (A83)
5|mp|e - {Ej €j4+15€n—1 + Gn‘] = 1; e, N — ]-}7 # =n (A84)

where the action of €/ to the Cartan is

e; -diag(z1 -+ ,2n, =21, ,—2n) = 2. (A.85)

Dual simple roots

The dual root system to D,, is itself, that is to say, a self-dual. Then the dual simple roots are
the same as the simple roots above. However in actual calculation it is better to consider the Lie
algebra so(FEs2,) isomorphic to so(2n). In this case the (dual) simple root becomes as follows.

hi = (ei — €it1) = (€itn — €itnt1), =1, ,n—1 (A.86)
hn = (en—l + en) - (6271—1 + 6271) (A87)
where
2n
—_—~
e; = diag (1,0,---,0) (A.88)
€2n = dlag(ov -0, 1) (A89)

Let us consider the following branch:

¢:d1ag(¢la 7¢na_¢1a"' 7_¢n)a ¢7, Z ¢i+17 ¢n—l Z |¢n| (AQO)

which is always realized by the operation of Weyl group. Notice that the sign of ¢, cannot be
arbitralily tuned.

Instanton factors

The monopole-instantons are characterized by the following monopole operators which are repre-
sented by the effective coordinates of the Coulomb branch at the semi-classical region of the moduli
space.

Y; ~ exp BTr } (A.91)
= exp [(dual simple roots - ¢)] (A.92)
= exp [(simple roots - ¢)] (A.93)
=expl(ej —€j41) - @], exp(en—1+en)- P (A.94)

Y] ~ €<I>1*<I>27 o Y1~ e<1>n—1*<1>n7 Y, ~ ePn—1+%n (A.95)

96



Fundamental representation

The weights of the fund

wyp = . s, Wan =

We can think of this as
For g = hj, (j = 1,-

amental rep. are as follows.

1 0

0 1

the bases of the fundamental representation.
-+ ,n — 2), the Callias index theorem says that

N = % Z sign (Tr we) Tr(wg)

For g = h,,—1, we have

For g = h,,, we have

N = %Zsign (Trwo) Tr(w((en—1 + en) — (e2n—1 + €24)))

2n
1 .
=3 > " sign(i)(8i; — Gij41 — ijin + Oijini1)
=1

= (signg; — signg; 11 — signg;1n + sighg;yni1)

DN = N =

(+1) = (+1) = (=) +(-1)) = 0.

N = % Ew: sign (Tr we) Tr(wg)

1 .
=5 Z sign(¢i)(0in—1 — din — dizn—1 + di2n)

(signgn_1 — signe,, — signpa,—1 + signeay,)

((+1) — signg,, — (—1) + signgay,)

(2 -2 Sign¢n)

(¢ > 0)
(¢n <0)

Il
——\ O = N
SR

2n

1 .
3 ZSlgn(¢i)(5in—1 + 0in — dizn—1 — Gi2n)
i=1

%(Signaﬁnq + signgn, — signgan—1 — signdan )
5 (1) + signn — (1) — signén)
% (2 + 2signe,)
{2 (én>0)
0 (¢n<0)
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(A.97)

(A.98)

(A.99)

(A.100)

(A.101)

(A.102)

(A.103)
(A.104)

(A.105)

(A.106)

(A.107)

(A.108)

(A.109)
(A.110)

(A.111)

(A.112)



A.3.2 SO(2n+1)

For SO(2n + 1) group and the corresponding Lie algebra, their properties are summarized as
follows:

dimensions : n(2n + 1) (A.113)
rank : n (A.114)
= dim. of the Cartan sub algebra (A.115)
= # of simple roots (A.116)
roots : n(2n+ 1) —n = 2n? (A.117)
Cartan
The Cartan subalgebra can be taken as
2n+1
t2n+1 = dlag (01, cee ,Hn, —91, Tty —Gn, O) . (A118)

Roots

The root system of the SO(2n + 1) is called B,, in the Dynkin classification. The set of roots are

A={t(e;te),tell <i#j<n}, #=,0ox4=2n(n-1) (A.119)
Apositive = {Ei =+ €5, 6j|]- < 1 <] < n} (A120)
Asimple = {€j - €j+17€n|j = 1, e, N — 1}, # =N (A121)
where the action of €/ to the Cartan is
€ -diag(z1 -+, zn, —21, , —2n,0) = 2;. (A.122)
We can alternatively use the following representation for the roots.
1 1 .
ihi =3 [(e; — €ei41) — (€ign — €igny1)], i=1,---,n—1 (A.123)
1 1
Zhn = Z [26n - 2e2n} (A124)
where
2n+1-components
——
e; =diag (1,0,---,0) (A.125)
eon+1 = diag(0,---,0,1). (A.126)

Dual simple roots

The dual simple roots are not themselves. The dual root system of the B, : so(2n + 1) is the
Cp @ sp(2n). We will check this statement below. Rememer that the dual roots are defined by

. o«
Then the dual simple roots of the so(2n + 1) are
1 sh 1
Shi=—2"' o =_h
2Ty
1
=3 [(ei — €it1) = (€itn — €itnt1)] (A.128)
1
ip,
hY = —4 5 = 5hn
Tr ihn)
= e, — € (A.129)
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which are precisely the simple roots of the sp(2n).

Instanton factors

The monopole-instantons are characterized by the following monopole operators which are repre-
sented by the effective coordinates of the Coulomb branch at the semi-classical region of the moduli

space.

Tr(h ] , exp [Tr(h) ®)]

N |

4~exp{

= exp [(dual simple roots - ¢)]

[(
= exp [(simple roots of sp(2n) - ¢)]

= e (6~ 1) B, exp[2e, - @]

1
2

exp | =Tr( jp(%)@ ] , exp {Tr(hfbp(%)q)) .

Y ~ 6‘1’1*@2, P e‘?nfl*q’n’ Y, ~ 62‘1%.

Fundamental representation

The weights are given by e;. Let us consider the Coulomb branch parametrized by

¢:diag(¢17¢2u'“ 7¢n7_¢17"' 7_¢n70)7 ¢1 2¢2 Z 2¢n20

For g=h} =hy (k=1,--- ,n— 1), the zero-modes are calculated as follows.
2n
=3 Z sign (Tre;¢) Tre;g
i=1

1 .
3 Z sign(¢:) (0ik — Gik+1 — (Giktn — Oiktn+1))

(sign(¢x) — sign(r+1) — sign(Prin) + sign(Pr1n+1))

DN = DN =
<

[(+1) = (+1) = (=) + (-1)] =0

For g = 2h}, = h,, = 2e,, — 2e3y,, the zero-modes become

2n

1
=3 Z sign (Tre;¢) Tr (e;hy,)
i=1
2n

= sign(¢;)(0in — dizn)
=1

= sign(¢n) — sign(¢2n)
=(+1)—-(-1)=2

(A.136)

(A.137)

(A.138)

(A.139)

(A.140)

(A.141)

(A.142)

(A.143)
(A.144)

Note that the magnetic charge is two times lager than the simple roots. This is because the gauge
group is now SO(2n+ 1) and the Dirac’s quantization condition differs from the one of the SU(n).
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A.4 O(n)
A.4.1 O(2n)

For O(2n) group and the corresponding Lie algebra, their properties are summarized as follows:

dimensions : n(2n — 1) (A.145)
rank : n (A.146)

= dim. of the Cartan sub algebra (A.147)

= # of simple roots (A.148)

roots : n(2n — 1) —n = 2n? — 2n (A.149)

which are the same as the SO(2n) but in O(2n) we have the additional reflection symmetry.

Cartan

The Cartan subalgebra can be taken as

2n
tgn :diag (61,"' ,Qn,—Hl,n- ,—Qn). (A150)
Dual simple roots

The dual simple roots are as follows.
hi = (61' - €i+1) - (ei+n — ei+n+1), 1= 1, R £ 2 1 (A151)
hn = (enfl + en) - (€2n71 + e2n) (A152)

Let us consider the following branch:

¢:d1ag(¢1a 7¢TL7_¢17"' 7_¢7L)7 ¢1 Z ¢i+17 ¢TL—1 Z (bn ZO (A153)

which is always possible by the Weyl group.

The fundamental (vector) representation: 2n-dimensional

The weights of the fundamental representation are as follows.
1 0
wy = . S, Wop = (A.154)
. 0 1

These are the bases for the vector representation.
For g=nh;, (j =1,---,n—1), the Callias index theorem says that

N = % Z sign (Tr we) Tr(wg) (A.155)
1 2n
=3 > " sign(¢)(0ij — Gijp1 — Gijn + ijns1) (A.156)
i=1
L . . . :
= §(s1gn¢j — signg; 1 — signg;+p + Signd,1n41) (A.157)
1
= 5= (D) = (=) + (=1)) (A.158)
= 0. (A.159)
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For g = h,,, we have
1 .
N = B g sign (Tr we) Tr(wh.,)

1 .
=5 sign(éi)(0in—1 + din — dizn—1 — di2n)

=1

1 . . . .
= 5 (signgn—1 + signgn, — signgo,—1 — signezy)

= S+ 1 (1) = (1)

= 2.

The adjoint representation

The weights for the adjoint representation, which is called roots, are defined as follows.

aj =de;te; (i,j=1,---,2n; i # j)

The dimension is 5, C,, = n(2n — 1)-dimensional.

A.5 Sp(2n)

(A.160)

(A.161)

(A.162)

(A.163)
(A.164)

(A.165)

The group Sp(2n) means that the defining representation is 2n-dimensional. The properties of the

correspondingg Lie algebra are summarized as follows.

dimensions : n(2n + 1)
rank : n
= dim. of the Cartan sub algebra
= # of simple roots

roots : n(2n 4+ 1) —n = 2n?
Cartan
t = {diag.(i61,-- - ,i0,, —ib1, -, —i0,)| 0; € R}.

Roots
The Lie algebra of the Sp(2n) is a C,, root system.
Aallroots = {:‘:(El + 6j)a :l:2€z|1 < 1 7£ ] < n}v # = nC2 X 4+2n = 2n2
Asimple = {6]‘ - €j+1a26n|j = 17 e, — 1}a # =n
where the action of the ¢; is
€ - diag(z1, -+, 20, =21, ,—2n) = 2
We can represent the root system as follows.
hi—j = (ei — €;) = (€itn — €j4n)
hivj = (ei +€;) = (€itn + €jtn)
haj = €j = €j4n
The simple roots are as follows.

1 1
“hy ==
2 2

hn =€n — €2n

[(ei —eit1) = (€iyn —€it14n)], i=1,--- ,n—1
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(A.172)

(A.173)

(A.174)

(A.175)
(A.176)
(A.177)

(A.178)
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Dual roots

The dual of the sp(2n) is the so(2n + 1). Then the dual simple roots are as follows.

1 so(2n simple 1 ,
§h2‘ G = 2 [(ei — €iv1) — (€itn — €itny1)], i=1,-+- ,n—1 (A.180)
h;o(2n+l)simple — 2671 _ 262” (A181)

Instanton factors

The monopole-instantons are characterized by the following monopole operators which are repre-
sented by the effective coordinates of the Coulomb branch at the semi-classical region of the moduli
space.

Y; ~ exp ETr } (A.182)
= exp [(dual simple roots - ¢)] (A.183)
= exp [(simple roots of so(2n + 1) - ¢)] (A.184)
=expl(€ —€41) - D], explen - P (A.185)

Yy ~ e®rm %2 Y ety e (A.186)

where the h; represent the dual simple root of the sp(2n), which is the simple root of the so(2n+1)%.

Fundamental representation

The weights of the fundamental representation are denoted as e; (i = 1,---,2n). Let us consider
the instanton factor et'? = ¢#1. The fundamental fermion zero-modes are calculated as follows.

2n
Ntund. = % Z sign(tre;¢)tr(e;(e1 — €nt1)) (A.187)
= ZSIgn ) (011 — Gint1) (A.188)
= % (signy — signen41) (A.189)
= () - () =1 (A.190)

In this thesis we consider the Sp(2n) gauge theories with 2N fundamental flavors. Then the
fundamental zero-modes are 2Nj.

'In the paper by Karch [6Z], the instanton factor is defined as Y, ~ e??n. But I think it would be better to
denote Y,, as Y, ~ e®n.
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Adjoint representation

The roots are given by +(e; + ¢€;).

N =3 O sien(e+e) 6) (et o) a)

1<i<j<n

+% D sign(E(e; — ) - @) (£(ei — ;) - 1) (A.191)

1<i<j<n

= > Sign(¢i+¢j)(§li+5lj):| +[ > sign(¢i — ¢;) (61 — 61;) (A.192)

1<i<j<n 1<i<j<n

= n—1) + 2 + n—1 A.193

( ) Z ( ) ( )
li=1;j=2,,n =7=1 i=1;j=2, ,n

=2n. (A.194)
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Appendix B

Parity Anomaly

In this appendix, we calculate the parity anomaly by the one-loop calculation. First we consider
the current one-point function such as

(" (@), (B.1)

which is obviously zero for the theories with Poincare invariance. However we consider the some
background field of the gauge fields, then this one point function would be non-zero. Let us
consider the following graph which indeed contributes to this one-point function, where the current
is inserted in the left vertex and the wavy line is the gauge field coupling to the fermion. the dashed
line should be recognized as follows.

p p
- - >
l+p

Figure B.1: Current 1-point function

If the current is related to the global symmetry, the dashed line indicates the gauge field which
couples to this global symmetry. So we need to weakly gauge this global symmetry. On the other
hand if the current corresponds to the gauge symmetry, the dashed line should be replaced by
the wavy line or some new gauge fields. Then if this one-point function is non-zero, the mixed
Chern-Simons terms between the global-global, global-gauge, ore gauge-gauge vector fields. Please
note that the coupling of the gauge field at the right vertex is necessary for the existence of the
anomaly, but it is not required that the left vertex couples to the external gauge field. This is the
same as the case with the well-known four-dimensional chiral anomaly.

This graph gives

J+p+m o [+m

" Y
(I+p)2—m?" 12—m?

(B.2)

(-1(=ie) [ =5 |7

where the factor (—1) is due to the fermion loop. We should note that the almost all terms vanish
but the terms proportional to Tr(y#+4*~”) remain since in 3d the trace formulas of the gamma
matrices is

Tr [y#47yP] = —2ietVP. (B.3)
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We also have
Tr(y*4") = 2g" (B.4)
Tr(y#9"97) = 29" 9" = 9""9"" + ¢"79""). (B.5)
By the introduction of the Feynman parameter the denominator becomes

1

1
denominator = / dx 5 (B.6)
0 [z(l+p)2 —a2m? + (1 —2)I?2 — (1 — z)m?)
1
1
= / dr —————— (B.7)
o U+ — Al
! 1
= / dr ——— (B.8)
0 [l' _ A]2
where A = m? + p?z(z — 1).
The numerators has the following structures.
Tr [mgfy“'yp] = 2m?2gh’ (B.9)
Tr [m’y“(l er),yp + m’y“’ypl] =mTr [’y“pfyp] (B.10)
= 2im " p, (B.11)
2
Tr [y [1°]] = (Vz (D - 1) - x2p2> Tr [y*4°] 4 42°p*p” (B.12)
Tr [y'py* 1] = —dap'p’ + 2xg""p® (B.13)

where we used the fact that the Tr(y?) = 0 and we omitted the linear terms in !’. Let us first
calculate the ’*-proportional term:

(5-1)mer [ | Gego w/ INE
(3 mienf e (D) () e

1
= (; - 1> Tr [’y“y”]/o dx éAlm (B.15)

The other therms are calculated as follows.

dDz 1
(2ng“p — daphp? + 2w p? + 2imet P p, — 22p? + 4x2p”p / dx/ l’2

dx Z\F

}2

s (eatemp)
(B.16)

= (2m2g“p — daphp? + 2xg'Pp® + 2ime*p, — 22%p? + 4x2p“pp) /
0

where the first term cancels the contribution from (BXTH). Combining all the contribution, we have

1

! dm [43:(1 —z)(p*gh? — pHp”) + Qime“p"pg] A2, (B.17)

87
The first term is the one—loop vacuum polarization contribution and the second term is the anoma-
lous contribution. In three space-time dimensions we encounter the non-locality in the wave-
function renormalization since at one-loop level we only have the following dimensionless combi-
nation:

e2

VP2

(B.18)
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where e? is the gauge coupling and it has the mass dimension 1. Then the renormalization procedure
in 3d becomes highly complicated. In order to derive the parity anomaly, it is simpler to consider
the heavy particle limit where

m — o0. (B.19)

Multiplying the photon polarization vector € we thus obtain

1 ; 1/2
(BD) - € = (2im e“’”eppg)/o dx (in)372 v ( ! @ 1)> (B.20)

m?2 + p2x
e m
= — _—¢hor . B.21
A |m|© P (B.21)

Then the one-point function under the background field becomes

(JH (@), = 4isign(m) 70, A, (1) (B.22)
Iy
€ : ns
= 8?51gn(m) etPFE,,. (B.23)

where we switched to the configuration space. Here we derived the parity anomaly by using the
dimensional regularization. This is not problematic because the parity anomaly comes from the
finite loop graphs. If you be careful about the regularization dependence, you can adopt the other
regularization scheme, for example the cut-off regularization. We should notice that the parity
anomaly is only generated by the massive fermion loops.
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Appendix C

Parturbative analysis of the 3d
gauge theories

In this appendix we discuss the perturbative behavior of the 3d gauge theories with much attention
to the structure of the Coulomb branch [&3]. We restrict ourself to the one-loop calculation, but it
suffices to the non-trivial information of the dynamics on the Coulomb branch. Of course we will
need the higher order corrections for the understanding of the dynamics of the Higgs branch.

C.1 3d SQED

Let us consider the 3d N' = 2 supersymmetric U(1) gauge theory with Ny = 1 flavor. In 3d we
have the two types of scalar fields coming from the vector multiplet, ¥|,_g_, = ¢ which is the
fourth component of the 4d gauge field and a dual photon Im®|y_5_, = a. The moduli space of
vacua is labeled by these two coordinates. The one-loop metric on the moduli space is calculated
as

-1
1/1 1 1 1
ds® =~ <+> d¢* + <+> da®. C.1

i\t ERR (-
Then the size of the circle of the dual photon becomes small when the vev of the anther scalar |9
goes to zero. The shape of the moduli space of vacua is as follows, where we consider the vanishing
real masses.

Figure C.1: The quantum structure of the moduli space of vacua for 3d SQED with Ny =1

This metric is somewhat confusing because the two scalar fields comes from the different su-
perfields which are related the duality transformation presented in this thesis. Now we derive this
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metric from the linear superfield perspective. The effective action for the linear superfield becomes
at one-loop

1 by
The Legendre transformation becomes
(D)
O+ P =——
RS
1 )y
1 1 b 1
1/1 1
P=—-|=5+- j .
d 5 <€2—|—r>dr+zd0 (C.5)

We should notice that at ¢ = 0, the real part of ® diverges and the coordinate ® is not good
parametrization everywhere. The Kahler potential is also defined by the Legendre transformation,

K(®+®)=f(2) - X(®+ ). (C.6)

Then, the inverse Legendre transform is

K@+3)=-x""3 4 (C.7)
_ A(®+d)\
K"(® + &) = ( (a; )> (C.8)
o (1 ) !
1 1\ " 11\
- (62 + E) — <e2 + ¢) (C.10)
Finally the metric becomes
ds* = K"(® + ®) d®dd (C.11)
1 1\ 'T1/1 1 , 1/1 1 ,
= (62 + E) [2 <e2 + r) dr + zdo} [2 ((32 + r) dr — zda] (C.12)
111N . (1 1N\,
1) g o (1)

Again we recovered the one-loop metric.

C.2 3d SU(2) SQCD

The Coulomb branch of the SU(2) SQCD is labeled again by the two scalar fields: ¢, a. The dual
photon a is periodic:

a~a+27. (C.14)
Furthermore we have the Weyl reflection symmetry:

(¢va) - (_¢7 _a)' (C15)
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The classical metric for these moduli is as follows.
1
2 _ 2 25 2
ds® = 12 do” + e“da

The one-loop quantum corrections for pure SYM modifies this as

o_L(1 2\ o, (1 2\ ,
d8‘4<e2 |¢|>d¢’+<e2 |¢> da”

(C.16)

(C.17)

From this one-loop metric, we see that at the point |¢| = 22 there is a singularity. This suggests
us that we need the more higher order corrections or non-perturbative corrections. As the rsults,

the metric would become non-singular.
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