6 Aaa
yuuaamaﬂs:mﬂl éNLﬂ’i]‘quL‘]J ILNIIG

o €

W El‘]_‘!fyﬁ N \‘]’laJ'l@N‘Hﬂﬂﬂ

niiwusihidusiuniivaimseinsaaningasUSyaninomaasquiindia
a arAa 6 a arAa 6
F1VNITIWENT NMAITIWRNA
AUANLIANRAT IWIRINTAUNNIINAY
Ins@nwn 2557

amawma\wwmaﬂimummmazl
unAntiauazuindayaativifuaesineinusaeubiinisAnm 2554 NliEnsluadsloyay1qiiy (CUIR)

L‘JJ‘LALLWQ\WJ@?;IJZW@QH@ML’QW‘?J@\T’JV]?_I’WLLWHﬁVIZ\‘I\‘iBJ’]“LW]’N‘LIEMW]MQV]EI’]@EI
The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository(CUIR)

are the thesis authors' files submitted through the Graduate School.



Some Aspects of Gauged Supergravity

Mr. Boonpithak Ngamwatthanakul

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy Program in Physics
Department of Physics
Faculty of Science
Chulalongkorn University
Academic Year 2014
Copyright of Chulalongkorn University



Thesis Title SOME ASPECTS OF GAUGED SUPERGRAVITY
By Mr. Boonpithak Ngamwatthanakul

Field of Study Physics

Thesis Advisor Assistant Professor Auttakit Chatrabhuti, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial
Fulfillment of the Requirements for the Doctoral Degree

..................................... Dean of the Faculty of Science
(Professor Supot Hannongbua, Dr.rer.nat.)

THESIS COMMITTEE

..................................... Chairman
(Associate Professor Udomsilp Pinsook, Ph.D.)

..................................... Thesis Advisor
(Assistant Professor Auttakit Chatrabhuti, Ph.D.)

..................................... Examiner

..................................... Examiner

..................................... External Examiner
(Pichet Vanichchapongjaroen, Ph.D.)



iv

iny mmﬁmmqa : yumadmoﬂi:mwmma)sgl,ﬂaﬁmﬁﬁ (SOME ASPECTS

W
GAUGED SUPERGRAVITY) a.fiU3nsn3neniinuinan : we.a3.a550009 4aInd,
Wi,

P it

a

=

v o = & ad Ac Aaada & a A i e v

w ldvihmsnsuinagidesun i duuudiu-lonenluaa & ndgwefBuiamIwviiu i
waznn M lUiimsdsyndlinadinsfle lagmldudinsfinmduunamnanidldmudsznn
laud inanfmidunenuie, weunanuia waz uewiniduds JInszuaumsinadnfiunislay

vad & iy & a & & Aaada ca A o o |
IFATdnwadunumes niilWadueninaglesunsidanigesduwnIwinudussvnaglugy
G/H = USp(4,k)/USp(4) x USp(k) waz G/H = SU(4,k)/S(U(4) x U(k))
seu lawdi k ﬂammumﬂamamwa@mLﬂuﬁnmuﬂmmumugmﬂaisﬁummmmumuaw
dudwndnamiunageoidesuanivinauen maamsansn 137 £ = 2,4 §wiunnue
guleiBuaniviiuiiue: £ = 1,2, 3,4 dawniungujpdeifuanivinunn dmiunidives
aauLAa uaz wawalduanuidenlyrasngu] ldsumsasaseuiiutdnlunuidarsannsd
vasnanunRanandl dndanantlasumsdwiniiedslosilunmsdnsasilnad mswind
ladanarfanilWadlunilnouuuninuauazuuuunasu uazinssiaginisinauszuuuyueas
& o ¢ el ¥ o q o a Aa &a a a @ o A o
wad ndndananinldvinldimgainganlgeiGuaniaiia AdS; laiwnanndsdndulu
MIANE 0133 IWatludndan) Fasuuediuniamia cyy/crr 193UMIAIUILLAZFOAARDI
\duetedny nopfunguniamisavesanluseadaen nydiuenaiudananiazegluzlaas
SO(N) x THmSOWN) aoyhauliasnsdiuewsiidulainanivfe duswisadeuloaivinag
& AdsL AQAI Aaa raI ¢ ol a P ea =

wesund@ludlialosnasaneuiiduueaiiivad S /Zy wuaainganidgiasiuaminuuann
‘na@“ﬁm AdS; mumﬂasmuﬂamaamﬂ Osp(5)2, R) x Sp(2,R) s wmiungudmdaiduam

AMAUFIUBZHA LQ&EII@ Lumaaaﬂumﬂassﬁu L&JY]‘SLL‘LJU@]?(] mmumquwgmﬂawu LNILYINAL
il

a aa_ € A A aa
NN Wanea AYUDTIURA



## 5273824423 : MAJOR PHYSICS
KEYWORDS : SUPERGRAVITY, HOLOGRAPHIC RG FLOW, ADS/CFT COR-
RESPONDENCE, GAUGE/GRAVITY CORRESPONDENCE

BOONPITHAK ~ NGAMWATTHANAKUL  :  SOME  AS-
PECTS OF GAUGED SUPERGRAVITY.  ADVISOR :
AUTTAKIT CHATRABHUTI, Ph.D., 14d pp.
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CHAPTER 1

Introduction

Quantum electrodynamics (QED) is the most precise physical theory that human
ever constructed. Another theory that is similarly constructed and embeds QED
into its framework, the standard model, have been also constantly tested and in
agreement with experiments over the past decades. These theories give us a much
more advancing in understanding the fundamental laws of nature. Besides its
precision and predictive power, the standard model explains three fundamental
forces of nature: electromagnatic, weak and strong nuclear forces, into a single
framework. This gives us hope to find the theory of everything — a single the-
ory that can explain all fundamental laws of nature in one idea or framework.
Unfortunately, the standard model does not include gravity. The obstacle is the
unrenormalization of quantum field theory of gravity — the inability to get rid of
the infinities during calculating scattering amplitudes systematically. During the
success of the standard model, a new idea of physics had been being developed —
it is supersymmetry. It was introduced as a mathematical idea and had no exper-
imental guidance. It is customary that the theoretical physics in this century can
drive by beauty of mathematics. This is quite distinctive when compare to the
theories constructed before the early age of quantum mechanics. Supersymmetry
is basically a symmetry that relates bosons to fermions. When apply this idea
to particle physics, it suggests a new partner with spin difference by half integer.
For example, a photon (a spin-1 particle) has a partner which is a fermion called
photino (spin 1/2). The idea of supersymmetry became more interesting because
it may solve the hierarchy problem. The hierarchy problem involves in the curios-
ity that why the gravitational force is 1032 times weaker than the weak nuclear
force. Technically speaking, this problem is also referred to as the question of
why the Higgs mass is so much lighter than the Plank mass. Supersymmetry can
hopefully provide a solution by giving the explanation of how the Higgs mass is
protected from the quantum correction. The simple answer is that supersymme-
try can remove the divergence of some loop diagrams by the exact amount of the
contribution from its superpartner. To the best of my knowledge, there are still
no solid evidences for the existence of supersymmetry.

Around 1960s, another quantum theory was proposed as an alternative ap-
proach of field theory. It was called string theory. String theory abandons the
notion of point-like particles and replaces them with string-like objects. The in-
teractions can be visualized as joining and splitting of strings. It originally was
constructed to explain strong nuclear force, since a number of mesons and hadrons
were discovered in that period. The stringy concept was indeed succeed in describ-



ing the relation between masses and spin of particles. However, QCD (Quantum
chromodynamics) turned out to be the correct framework for strong nuclear force.
QCD is a non-abelian gauge theory with color gauge group SU(3) and the mesons
and hadrons in the description of QCD are made of quarks which carry color
degrees of freedom. The string theory began to fade but it could not be totally
abandoned because it has an very interesting feature that most physicists had not
paid much attention in the first place. String theory can naturally explain massless
spin-2 particles (graviton) and the only consistent spin two theory is gravity, so
the string theory can be a good candidate for quantum gravity. Since graviton is
a mode of the oscillation along with all particles known to us, string theory is also
a perfect candidate for a theory of everything. However, there are still glitches. In
order to get rid of inconsistency in the theory the spacetime have to be ten dimen-
sional. The four dimensional spacetime theory can be achieved by compactifying
the additional 6-dimensional spacetime. The low energy interactions are given
by the geometrical profiles of the 6-dimensional compact manifold. Phenomeno-
logically, Calabi-Yau manifold is the most promising, but still we cannot get the
standard model at low energy limit.

At low energy limit, strings behave like point particle and we can rely on
field theory framework. Supergravity can be considered as a low energy limit of
string theory. For examples, the type 1IB string theory can be approximated by
the type IIB supergravity at low energy and the eleven dimensional supergrav-
ity is low energy limit of M theory. In order to get the lower D dimensional
supergravity from the eleven dimensional supergravity, we need to compactify
spacetime on 11 — D dimensional compact manifold. The shape of the compact
manifold characterizes the supergravity theory. For examples, if the manifold is
11 — D-dimensional torus, we get the D-dimensional ungauged supergavity. If the
manifold is 11 — D-dimensional sphere, we get SO(12 — D) gauged supergravity
in D dimensions.

The correct prediction of mass-spin relation from string theory may not be an
accident. There exists somehow the interrelation between string theory and gauge
theory. It was t’Hooft who inspired the identification the large color N theory to
a string theory [[]. To summarize: a string theory with some backgrounds which
include gravity is dual to a quantum field theory. In 1997, it was Maldacena [2] who
elaborated the idea and made a revolutionary conjecture of duality between the
two theories. This conjecture was widely known as the AdS/CFT correspondence.
Within a year, Witten [3] elaborated on this conjecture and proposed a prescription
for connecting the partition function of the two worlds. Although the calculation
was performed in the level of classical gravity, it paved the way to a large new
field of research. The applications in AdS/CFT have grown tremendously in more
than two decades, and seem likely to continue to grow at unreceding rate.

The AdS/CFT correspondence originally conjectured as a duality between
the two very different theories, i.e. the N = 4 super Yang-Mills conformal
quantum field theory (SYM) in four dimensions and a type IIB string theory
in AdS5 x S5 background geometry. It relates two very different theories living
in different spacetime dimensions, one lives in the bulk and the other lives in the



boundary. The degree of validity may be divided into many levels; the lower the
energy, the stronger the evidences we found. The conjecture allows us to calculate
quantum phenomena in strongly coupled quantum field theory by performing cal-
culation from classical gravitational theory. In some level of the conjecture, the
calculations in gravity side give us the information of strong coupling limit of its
dual in which the perturbation quantum field theory cannot be achievable. Up
until now, the validity of the duality cannot be proved unconditionally. However,
the convincing results are widely justified by their the low energy limits at which
the string theory can be substituted by supergravity. It is quite bizarre that infor-
mation of a quantum theory without gravity can be provided by a classical theory
with gravity in one higher spacetime dimension. This also raises some philosoph-
ical questions whether it is a simply mathematical tool or new perspective of the
universe. Excellent reviews on AdS/CFT can be found in [4, 5, 6, [7, 8, 9, 10, 11].

According to AdS/CFT correspondence, both theories shares the same sym-
metry. On the gravity side, the isometry group of AdSs and S® are SO(4,2) and
SO(6) ~ SU(4), respectively. The superstring background has the superalgebra
SU(2,2[4) where SO(4,2) and SO(6) ~ SU(4) are its compact subgroups. On the
field theory side, the conformal group is SO(4,2) and the R-symmetry of N’ = 4
super Yang-Mills is also SU(4); they can be combined into superconformal group
SU(2,2|4), so the symmetries on both side are equal. Not only the symmetries
can be matched, but also some dynamics of theories can be related. One of the
key ideas in the correspondence is matching between local fields in gravity side
and composite gauge invariant operators of the boundary dual. The by-product of
this correspondence is that masses of local field on the gravity side relate to scale
dimension of the conformal ones. The other dynamical quantity such as n-points
functions of the field theory can be calculated from the on-shell action of the bulk
theory. Nowadays the term AdS/CFT correspondence is coined in a far more
generalized fashion than in the old days. The correspondence can be extended
to theories with less symmetries non-conformal theory. The relaxed condition of
its dual for non-conformal is that the background space now merely asymtoti-
cally AdS. The non-conformal field theory associates with the bulk region and
approaches the conformal theory at boundary. A well-known application of such
non-conformal theory is the study of the so-called holographic renormalization
group flow (RG flow).

An important concept of duality is that one theory can be explained by
the other. Holographic renormalization group flow is an attempt to describe RG
flow of field theory by a phenomenon from bulk theory. In conformal field theory,
if the theory is deformed by an operator or the operator itself has non-vanishing
expectation value, the conformal symmetry of the theory would be broken and the
theory is driven to another conformal theory characterized by a different central
charge. In the language of quantum field theory we can say that the theory is
driven from a fixed point at higher energy to another fixed point at lower energy.
If the theory is deformed by an operator, the conformal symmetry is explicitly
broken because the effective Lagrangian no longer has conformal symmetry while
non-vanishing expectation value case leads to spontaneously broken. According



to AdS/CFT correspondence, this phenomenon has a dual picture and it can be
described by a classical solution of the bulk theory. The solution is composed of a
Poincaré invariant metric and kink-like solution of scalar field which is a function
of solely radial coordinate. The metric must approach an AdS solution as radial
coordinate goes to boundary and another AdS space characterized by different
length as it goes to deep interior region. In order to identify different theories in
distinct dimension of spacetime, the excess radial coordinate should be identified
with a parameter of the boundary theory, so we identify the radial coordinate
with energy scale of the field theory. Alternatively, we can say that each radial
slice can portray a snapshot of a quantum field theory at specific energy scale.
The RG flow solution can be either supersymmetric or non-supersymmetric. The
supersymmetric flow can be obtained by solving the so-called BPS equations. As
a result, a set of first order differential equations is given. On the other hand,
if we pursue the other path which is more general, we have to tackle the second
order differential equations derived from Euler-Lagrange equations. In this case,
supersymmetric solutions are not guaranteed and the BPS solutions merely are
sub-solutions.

Gauged supergravities necessitate the scalar potentials. They allow super-
symmetric AdS backgrounds as implied by negative value of critical points of the
potential, so the AdS/CFT correspondence can be established in the gauged super-
gravity framework. The very first attempt was the AdSs/C FT, correspondence. It
is strongly believed that D = 5, N = 8 supergravity is a consistent truncation' of
D = 10 type 1IB supergravity, then the study RG flows from D = 5, N = 8 super-
gravity is interesting in its own right. Some studies work directly in D = 10 type
I1B supergravity which is more complex than those in D = 5 since some branes
and some complicated geometries involve. The AdSs5 space can be achieved by
critical solutions of N = 8 gauged supergravity in five dimensions with gauge
group SO(6) [12, 70, 93]. This theory can be embedded in ten dimensional type
IIB supergravity [15]. Some AdS critical points were found by exploring a section
of the manifold [71, 17]. The RG flows from those critical points are studied in
(18, 19, 20, 21].

After they had reached the peak, the studies of RG flow from five dimen-
sional supergravity began to decline. Meanwhile the studies in three dimensions
were performed since the construction of gauged supergravity in three dimensions
was fully developed and completely classified [37]. Superficially, three dimensional
supergravity seems to be the last one picked since the higher dimensional counter-
part had been already extensively explored. The reason why the theories in higher
dimensions are quite popular is obvious, one of which is that they can obviously
connect to four dimensional theories by dimensional reduction.

Since in this dissertation we focus on three dimensional gauged supergravi-
ties and their application on AdS/CFT. We allocate some space to elaborate some
aspects of theories in three dimensions. Those include non-supersymmetric as well

LConsistent truncation means that a classical solution of lower dimensional theory can be
uplifted to a solution of the higher one.



as non-gravitational theories. The AdS/CFT aspects are postponed to the end of
the discussion.

Gravity as well as pure supergravity in three dimensions have a well-known
feature — they are topological and their propagating degrees of freedom are zero.
Consequently, there are no gravitational waves. The gravity coupling to point-
particle was studied by Staruszkiewicz back in 1963 [23]. The source-free regions
are flat as determined by Einstein equation. The localized sources can affect global
geometry, as a result; the conserved quantities such as total energy-momentum is
related to topological invariants [24]. Once the cosmological constant is taken
into account, the curvature is simply constant outside the sources. Both positive
and negative cosmological constant cases are discussed in [25]. All the classical
system above can be exactly solved [26]. The three dimensional gravity can be
alternatively formulated in the Chern-Simons formalism [46, 27]. Unlike higher
dimensional gravity, this feature is exclusive for three dimensional case since it is
topological. Note that this Chern-Simons formulation is not the same as those
we discuss in this dissertation. The quantum version is also shown to be exactly
solved [27]. A thorough review on classical as well as quantum theories in 2 + 1
dimensions can be found in [2§].

In the early period of the construction, two dimensional supersymmetric
theories were exploited as prototype for building three dimensional supergravity
theories since their structures are quite similar. The supersymmetric field theory
in two dimensions was first constructed in [41] by superfield formalism. One of
the theory constructed is N = 1 supersymmetric non-linear sigma model with a
scalar manifold parametrizing 2-sphere where all scalar fields are real. The N =1
two dimensional theories with Kéhler manifold especially complex projective plane
CP" ! and Grassmann manifold G,, = U(p + q)/U(p) ® U(q) are discussed in
[42]. A classification of extended supersymmetric non-linear sigma models is given
in [43]. The presence of almost complex structures is required to preserve super-
symmetry. The scalar manifold of Kahler and hyperkédhler type are extensively
discussed as required manifolds for N = 2 and N = 4 theories, respectively. The
gauge invariant supersymmetric non-linear sigma model in two dimensions is ex-
plored in [44]. Superfield formalism is used and gauge fields are introduced via
vector superfield. The gauge groups are subgroup of isometry group of the Kéhler
manifold. Deser and Kay [47] constructed N = 1 pure supergravity in three di-
mensions with Chern-Simons term added. The resulting theory contains a massive
gravitino. The topological nature of the theory such as gauge invariant with the
presence of mass is discussed.

A. Achticarro and P.K. Townsend [46] proposed an arbitrary N supergravity
in three dimensions which is composed of graviton, massive gravitini and Chern-
Simons (CS) vectors. This theory described AdS ground state with supergroup
O0Sp(p|2;R) ® OSp(q|2; R) where N = p + ¢ and the variations of p — ¢ can give
different theories for some fixed N. The CS vectors transform as gauge fields
of gauge group O(p) ® O(q). Since the whole theory is topological they can be
recasted as a new CS theory with supergroup OSp(p|2;R) ® OSp(q|2; R).



The ungauged supergravity coupled to matter fields for maximal and half-
maximal supersymmetries was originally explored by N. Marcus and J. H. Schwarz
[45]. The half-maximal supergravity has N = 8 local supersymmetries with
SO(8,n) global symmetry. Another theory is the maximal supergravity with
N = 16 local supersymmetries and Egg global symmetry. Later ungauged super-
gravity in three dimensions are systematically and exhausively catagorized by B.
de Wit and A. K. Tollstén [3G]. The supergravity theories for distinct N local
supersymmetry are characterized by various class of scalar manifolds or alterna-
tively called target space. The maximum supersymmetry is N = 16 which relied
on mathematical rather than physical argument. For N = 1, the scalar manifold
is Riemannian and for N = 2, it is Kahler manifold. For N = 3, it is quaternionic
and for N = 4 it is a product of two quaternionic. For N > 4, they are symmetric
space and written the coset space G/H. For N = 5,6,8, the theories can be com-
posed of arbitrary k& multiplets. For N = 9,10,12 and 16, the theories are very
unique and can have at most only one multiplet. The details will be discussed in
the content of this chapter.

In three spacetime dimensions a vector field can be dualized to a scalar via
Hodge duality, so all bosonic degrees of freedom is realized by solely scalar fields
and the theory can be constructed without vector fields. Since the supersymme-
try is so restricted, no random vectors are allowed to be added without spoiling
supermultiplet. This seems to be a huge problem when we try to gauge theory
because there are no vector fields to become gauge fields. Unlike any other higher
dimensional theories, fortunately, a class of vector fields can be added via Chern-
Simons term with proper modifications on transformations and Lagrangian. This
term is topological in the sense that the vectors contains no on-shell degrees of
freedom and has vanishing field strength tensors.

Gauged supergravity can be constructed by promoting global symmetry to
local symmetry while leaving supersymmetry unspoiled. The gauging is carried
out by employing the embedding tensor method. This technique replaces the tra-
ditional gauging which is non-G-covariant and quite clumsy when we are dealing
with many gaugings. It would not be a problem when we specifically study a
particular gauge group. In order to classify all spectra of possible theories, it
seems to be complicated and labour intensive tasks. However, group representa-
tion theory is intensively used compared to the traditional one. In the embedding
tensor formalism, the consistent gaugings are implied by the so-called linear and
quadratic constraints (on the embedding tensors). The linear constraint is orig-
inated from the closure of gauge algebra while supersymmetry necessitates the
quadratic constraint.

In three dimensions, CS gauging provides a special class of theory beyond
the common YM type. With a certain gauge group, both theories are shown on-
shell equivalent. The YM gauged supergravity with semisimple gauge group G is
equivalent to a CS gauged supergravity with non-semisimple gauge group G x T
where T is a translation group. The gauged supergravity with non-semisimple
gauge groups can be obtained by dimensional reduction from higher dimensional
gauged supergravity. However, this is not the case for other gauge groups. The



existence of these theories may give us a clue for the new Physics beyond M-theory
or at least a new variation thereof.

Some updates on gauged supergravity in three dimensions can be found in
[B8]. Here we summarize some important issues concerning gauged supergravity
in three dimensions in general. Gauged supergravities in three dimensions are
abundant since the global symmetry group can be very large. For example, N = 16
theory has Fg global symmetry, so the number gauged theories with subgroups
thereof can be large as well. The situation is reversed in higher dimensional
theories such as for D = 4 the global symmetry is F; and for D = 5 the global
symmetry is Fg. The higher the dimensions, the smaller the global symmetry

group.

The first gauged supergravity in three dimensions is maximal supersymmet-
ric (N = 16). The compact and non-compact gauge groups are classified and
superconformal groups are identified in [48, 49]. The compact gauge groups are
in the form of SO(p,8 — p) x SO(p,8 — p) and many the non-compact gauge
groups are in the form of exceptional Lie groups. The extension of this work
which covers the non-semisimple and complex gauge groups are done by [50].
They also discussed the connection to ITA/IIB supergravity in ten dimensions
reduction of 7-sphere. The half-maximal theory N = 8 with coset manifold
SO(8,n)/(SO(8) x SO(n)) is gauged in [51]. The compact gauge groups are
in the form of SO(p,4 — p) x SO(q,4 — q) where p and ¢ are either 0 or 2. The
various non-compact gauge groups are also specified. The authors also linked the
relation between N = (4,4) theory with gauge group SO(4) = SO(3), x SO(3)r
to supergravity in six dimensions with supersymmetry N = (2,0) compactified on

AdS;g X 53.

Not so long after the construction of the theories and the classification of
some admissible gauge groups, the series of studies started to focus on searching
the critical points led by [62]. Vacua of N = 16 gauged supergravity are intensively
studied. Many critical points from various gauge groups such as compact, non-
compact and exceptional are found, and some of which admit AdS vacua; some
admit Minkowskian and dS vacua. The mass spectra of bosonic and fermionic
around the vacua are computed. The superconformal symmetry at critical points
are also identified as well as their irreducible representation under subgroup of
superconformal groups.

The gauged supergravity in three dimensions are completely categorized in
[B7]. The admissible gauge groups are dictated by a group theoretical argument;
it is that it must not contain a particular representation in the T-tensor. For
compact gauging, all the embedding tensors are given including N = 5,6 which
is the main subject of our study. Since this paper plays a crucial part for this
dissertation, the details will be intensively explored in the content of this chapter.
The connection between AdSs; and SCFT, was traced back in 1986 before the
Maldacena conjecture. J. D. Brown and Marc Henneaux [29] have shown that
a gravitational theory in AdS;3 corresponds to a two dimensional conformal field
theory with two commuting Virasoro algebra. After the year of Maldacena con-



jecture, the supersymmetric version of [29], the connection of N = (1,1) AdSs
supergravity and SCFT, was established and they [30] found the same central
charge ¢ = 3L/2G as in non-supersymmetric case. The study for extended super-
gravity case can be found in [31].

A very first evidence for AdS3;/CFT; correspondence is the type IIB string
theory on AdS3x S? x M, conjectured by Maldacena. It has been shown by [32, B3]
that it is equivalent to N = (4,4) superconformal field in two dimensions when
exploring in the IR limit (near-horizon) of D1-D5 system for M; = K3 or T%. In
the supergravity realm, H. Nicolai and H. Samtleben [34] constructed the non-
semisimple gauge group SO(4) X Ty, from N = 8 supergravity with coset space
SO(8,00)/(SO(8) x SO(c0)) where T, is an infinite dimensional translational
subgroup of SO(8,00). This theory can be linked, like the theory mentioned
above, to N = (2,0) supergravity in six dimensions compactified on AdSs; x S3
with Kaluza-Klien towers left untruncated.

In three dimensions, the very first analytic RG flow was studied in [p3]. In
the AdS side, it is described by N = 8 gauged supergravity with gauge group
SO(4) x SO(4). The UV fixed points is N = (4, 4) supersymmetric; and the flow
is driven by relevant operator of scale dimension A = 3/2 and sends the theory
to IR fixed point with residual supersymmetry N = (1,1). The ratio of central
charges cyy /crr = 2. For N = 2, some RG flows are studied in [35]. The manifold
of the theory is Kéhlerian, so there are some degrees of arbitrariness in choosing
the target space manifold. This work focused on Ké&hler manifold of SU(n +
1)/SU(n) x U(1) and SU(n,1)/SU(n) x U(1) type. In particular he consider only
for n =1 cases, so they are 5% = SU(2)/U(1) and H* = SU(1,1)/U(1).

The vacua in N = 10 theory are provided by [54]. They are the ground states
of gauged supergravity with the compact gauge groups : SO(p) x SO(10 — p) for
p = 6,---,10 and SO(5) x SO(5). For non-compact gauge groups, they are
SU(4,2) x SU(2), Go—1ay x SU(2,1) and Fy_9). Many trivial and non-trivial
AdSj3 critical points are found and superconformal groups are identified at each
critical point. Subsequent study for N = 10 is the study of Chern-Simons gauged
supergravity with non-semisimple gauge group SO(5) x T [57]. This theory is
on-shell equivalent to SO(5) Yang-Mills gauged supergravity which can be derived
from N = 5 gauged supergravity in four dimensions compactified on a circle. The
author also found out that the theory admits }L—BPS domain wall solution rather
than %—BPS domain wall solution which is usually found in other cases.

For N = 9 theory, the vacua as well as their RG flow are investigated in
[65]. They explored the compact gauge groups of the type SO(p) x SO(9 — p)
for p=0,1,2,3 and 4; for non-compact, they are as follows: Gy_14) X SL(2) and
Sp(1,2) x SU(2). Many supersymmetric and non-supersymmetric AdS ground
states are found and some of which can be used to study RG flow. The RG flow
solutions are obtained analytically and numerically for compact gauge groups:
SO(7) x SO(2), SO(6) x SO(3), SO(5) x SO(5) and non-compact gauge group
GQ(_14) X SL(2)

In N = 8 gauged supergravity, some supersymmetric AdSs3 vacua are found



in [56]. They studied the theory with (SO(4) x T%)? non-semisimple gauge group
in the context of Chern-Simons gauging. In that paper they also studied the
vacua for N = 4 with the SO(4) x T® gauge group and in particular the RG flow
interpolates between two AdS3 vacua. As examples, two flows are studied; both
of which are associated with vacua that have the same amount supersymmetry.
First, N = (3,1) supersymmetry flow, the analytical solutions are found whereas
in another flow (N = (2,0)) the solutions are numerically obtained. In both cases,
the flows are driven by vacuum expectation values (v.e.v) of some operators. The
authors also claimed that these flows were the very first examples of v.e.v flows in
the context of gauged supergravity. There is a subsequent study for N = 4 and
N =8 [bg]. Its objectives are to construct gauged supergravity for non-semisimple
gauge group N = 4 and N = 8 supersymmetry. For N = 4 case, the gauge groups
is SO(3) x (T3, T3) in the context of Chern-Simons gauging and it is equivalent to
Yang-Mills type with gauge group SO(3) coupled to three massive vector fields.
It is also the resulting theory of N = (1,0) six dimensional supergravity reduced
on an SU(2) group manifold. For N = 8 case, the gauge group is SO(8) x T?8
and it can be truncated from SO(8) x T?® gauged supergravity in N = 16 theory.
Moreover, it also can be considered as a theory obtained by compactification of
type I supergravity on 7-sphere. In application to Domain wall/QFT, the domain
walls solutions of both theories are analytically found and they can be uplifted to
the solutions of higher dimensional theories.

The dissertation is based on the works in [39, 40]. We study N =5 and N =
6 Chern-Simons gauged supergravities in three dimensions. They are classified into
three categories: compact, non-compact and non-semisimple gauge groups. For
N =5 case, the manifold is in the form of G/H = USp(4,k)/USp(4) x USp(k),
whereas we restrict to £ = 2,4. For N = 6 case, the manifold is in the form
of G/H = SU(4,k)/S(U(4) x U(k)), whereas we restrict to k = 1,2,3,4. The
gauge groups (G are subgroups of isometry group . The gauging is executed
by the technique of embedding tensors and the various gaugings are characterized
by distinct embedding tensors. For the compact cases, the embedding tensors
are already determined by [37]. For non-compact cases, the additional task is
the consistency checking and it has to be done case by case. For non-semisimple
gauging, the gauge group is in the form of SO(N) x THmSOW) where SO(N)
is R-symmetry group of N theory, so we consider SO(5) x T for N = 5 and
SO(6) x T'® for N = 6. For N = 5 case, we study four RG flows, two of
which are the flow between AdS vacua in SO(5) x USp(2) gauging. The other
two are the flows between AdS vacua in non-compact gauging with gauge group
USp(2) x USp(2,2). For N = 6 case, all four RG flows we studied are of compact
case because in non-compact gauging there is no non-trivial AdS critical point.
The first two flows interpolate between supersymmetric critical points of the theory
with gauge group SO(6) x SU(4) x U(1) while the other two corresponding gauge
group SO(4) x SO(2) x SU(4) x U(1).

We devote this section to discuss the outline for each chapter. In chapter
2, we review the structure gauged supergravity in three dimensions, holographic
RG flows, Weyl anomaly and c-theorem. We start the chapter with a discussion
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on massless Poincaré supermultiplet. The supersymmetric algebra form a Clifford
algebra and some mathematical properties thereof are discussed. The by-products
are that the number of irreducible multiplets and centralizer for each supersym-
metry N are specified. These ingredients play an important role in determining
the shape of the scalar manifold. Next, we explore the ungauged supergravity
in three dimensions. We first discuss the pure supergavity which is composed
of graviton and gravitini and the theory exists for arbitrary supersymmetry N.
Since in three dimensions both particles carry no on-shell degrees of freedom, the
pure supergravity is simply topological. The matter supermultiplet can be in the
form of supersymmetric non-linear sigma model and it exists for some value of N.
The ungauged supergravity can be constructed by coupling the supersymmetric
non-linear sigma model with the pure supergravity. The mathematical argument
sets the bound of supersymmetry N to 16 as well as excludes some theories with
N = 7,11,13,14,15. The supersymmetry puts severe constraint on scalar mani-
fold, so it is fairly to say that supersymmetry shape up the scalar manifold. The
more value of NV, the more restricted the manifold is. For N > 4, the scalar man-
ifolds are symmetric space and they can be specified in the coset G/H. Next, we
discuss their symmetry beyond general coordinate transformation, local Lorentz
and supersymmetry. The symmetry is isometries of scalar manifold generated by
Killing vectors that take value in Lie algebra g. This symmetry is global because
the parameters of transformation do not depend on spacetime. Then we move on
to the discussion on equivalence between CS and YM gauging. In order to convert
from YM to CS, a vector field in YM is exchanged for two CS vector fields and
a scalar. In the next step, we will gauge this theory by promoting global to local
symmetry. In doing so, we deviate from the traditional routine by introducing the
notion of embedding tensor. In the gauging, the gauge fields are introduced via CS
terms along with modification of some expressions and introduction of fermionic
masslike term as well as a scalar potential. Not all subgroup of isometries can be
gauged without sacrificing supersymmetry. In order to preserve supersymmetry
the so-called T-tensor for a particular gauging must satisfies a constraint. Vacua
of the theory are determined by the critical points of the scalar potential and we
will discuss their symmetry at those points as well. The discussion on supergravity
in three dimensions ends here and then we move on to holographic RG flows. We
begin with the general concept of renormalization group in quantum field theory
and then discuss RG flow in the context of AdS/CFT correspondence. We end
this chapter with discussions on Weyl anomaly and c-theorem.

In the chapter 3, we study N = 5 Chern-Simons gauged supergravity in
three dimensions. The gauge groups are classified into three classes: compact,
non-compact and non-semisimple gauge groups. The scalar manifold is in the
form of coset space USp(4,k)/USp(4) x USp(k) where, in general, k is even inte-
ger. Due to the complication in calculation, we restrict ourselves to only k = 2,4
cases. We obtained many AdSs5 critical points via extremization the scalar poten-
tial. In each critical point we determine the unbroken supersymmetry as well as the
residual gauge symmetry. Moreover, the scalar mass spectra are specified in the
representation of unbroken gauge group. The non-semisimple group is in the form



11

of SO(5) x T' and it can be related to higher dimensional theories via dimensional
reduction. In chapter 4, we study N = 6 CS gauged supergravity in three dimen-
sions. The scalar manifold is in the form of coset G/H = SU(4,k)/S(U(4)xU (k)),
whereas we restrict to kK = 1,2,3,4. The non-semisimple case is in the form of
SO(6) x T*. The format of this chapter is similar to the chapter 3. In the chapter
5, we study RG flow for N = 5,6 using the results of chapter 3 and 4. For N =5
theory, we explore four cases; the first two are of compact cases and the other
two are of non-compact gaugings. For N = 6 theory, we consider four cases in
compact gaugings. The solutions are analytical and exact. However, the approx-
imated solutions also are required to determined some dynamical contents of the
theory such as scale dimension. The ratio of central charges is also specified in
each case and in agreement with c-theorem.

The conclusion and comments for this dissertation are given in the last
chapter as well as open problems and future works are discussed. In the appendix,
there are three sections. In the first section, we overview basic supersymmetry and
supergravity. In the second section, we give the details of branching of T-tensors
for N = 5,6 theory. In the last section, we review the mathematical structure
of Euler parametrization. Two examples are explicitly given, the first one is from
parametrizing a coset in N = 5 theory and the other is in N = 6 theory.



CHAPTER 11

3D Supergravity and RG Flow

This chapter is devoted to a review on the construction of three dimensional
ungauged and gauged supergravity. We begin with an introduction to the subject
and then we move on to massless Poincaré supermultiplets and Clifford modules.
Next, we discuss the ungauged theory and present the ungauged Lagrangian as
well as explore its target spaces. We then discuss the global symmetry of the
theory. Before we jump into the gauged theory, we compare and contrast between
Chern-Simons and traditional Yang-Mills gauging. Next, we explore the gauged
theory which is achieved by the notion of embedding tensors. We also devote
a section on studying the vacua and their symmetry. Moreover, we discuss the
application of AdS/CFT on holographic renormalization group flow. For more
information on ungauged and gauged supergravity, we refer the readers to the
original papers [36, B7, B8] and a concise review on RG flow, Weyl anomaly and
c-theorem, we refer to [5].

2.1 General aspects

In three dimensions, pure supergravity contains a graviton and a specific num-
ber of gravitini where the number of gravitini is equal to number of arbitrary N
supersymmetries. The matter sector theory which is composed of scalar fields
parametrizing a target space and spin one-half fermions can be described by a
supersymmetric non-linear sigma model. For rigidly supersymmetric non-linear
sigma model, the theories are bounded to N < 4, whereas in locally supersym-
metric cases the bound does not exist. Once a non-linear sigma model is coupled
to extended supergravity, the resulting theories are bounded to N < 16 and exist
for some values of N. The argument that restricts the number of supersymmetries
is purely mathematical and it makes the theories in three dimensions special com-
pared higher dimensional theories. For example, in four dimensinal spacetime, the
extended supergravity is bound to N < 8 because we require no massless particles
with spin more than two since the consistent interacting theories does not exist.
The physical argument above cannot apply to the three dimensional cases since
helicity is not well-defined in three dimensions. The on-shell degrees of freedom of
various particles in three dimensional spacetime is given in the table [l. According
to the table || graviton and gravitino have no propagating degrees of freedom. That
agrees with the fact that pure supergravity is topological. Another unique feature
in three dimensional case is that vector fields can be dualized to scalar fields, as a
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Spin Particle On-shell d.o.f.
0 Scalar 1
% Fermion 1
1 Vector (via CS term) 0
% Gravitino 0
2 Graviton 0

Table I: On-shell degrees of freedom for each particle in three dimensions

result the bosonic degrees of freedom can be solely described by scalar fields. On
the fermionic side, the degrees of freedom are counted solely from spin one-half
fermions.

Local supersymmetry coupled to supersymmetric non-linear sigma model
restricts the class of target space manifolds as shown in [36]. The argument is
geometrical and can be briefly summarized in the diagram below.

local SUSY — almost complex structure — curvature tensor —

holonomy — target space

The N extended local supersymmetry requires the existence of N — 1 almost com-
plex structure. Moreover, the local supersymmetry put constraints on the Rie-
mann curvature tensor R;j;; and this tensor is related to holonomy via Ambrose-
Singer’s theorem on holonomy [60]. If the holonomy group is determined, the
target space manifold can be specified. The key results of [36] is the classifica-
tion of ?@ﬁget space for each supersymmetry N. We discuss them in detail in the
section

2.2 Massless D = 3 Poincaré supermultiplets

In three dimensional spacetime, irreducible representation of supercharges are
Majorana with SO(N) automorphism group or R-symmetry group. The anti-
commutator of supercharges of three dimensional rigid supersymmetry is

{QL.,Q3} = —2i0"4L, P, (I,J=1,...,N) (2.2.1)

where @/ are Majorana supercharges and P, is the translation generator. Recall
Dirac conjugate Qf = ZQB 7,3a and Majorana condition, we pick the massless
states in a particular frame of reference where P° = P! = w, P? = 0; the algebra
now takes the form

(QL.QJ} =25 (14 03) . 2.2.)
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The QL must annihilate states, Q% [p*, s) = 0, so the leftover real supercharges Q!
now act as the creation operator acting on Hilbert space. The non-trivial part of
the algebra now is

I J

{ @9 G }=0d". (2.2.3)

2w’ 2¢/w

It is N-dimensional Clifford algebra with signature (p,q) where ¢ = 0. In order
to construct a supermultiplet, fermion number operator F satisfying F? = 1 and
{F,Q!} = 0 is required. All in all a massless supermultiplet are representations
of a real (N + 1)-dimensional Clifford algebra with signature (p,q) = (N + 1,0)
or Spin(N +1). Now we will use I'! instead of @, in discussing representation of
Clifford algebra. The explicit form of I'! and F real representation are chosen to

be ;
0o IY. 1 0
I = ( ! AD) : F = ( ) (2.2.4)
where I'! and F are (.2d‘>< 2d)-dimensional matrices and A, B,... = 1,...,d are
bosonic indices and A, B,... = 1,...,d are fermionic indices. As a result the

Clifford algebra can be written as

T+ T The =26 045 (2.2.5)
Another mathematical concept that is needed to be specified is centralizer. Roughly
speaking, it can be defined as elements in G that commutes with a particular sub-
set (or subgroup) S. In our case, they are a set of matrices that commute to '/
and fermion number operator F. According to Shur’s lemma, they form a divi-
sion algebra! and by Frobenius theorem they are isomorphic to fields as follows:
real numbers R with basis {/} where [ is an identity matrix, complex numbers
C with basis {I,j} where j> = —1 and quaternions H with basis {I, ey, es, 3}
where e? = —1 and e;e; = —4;; + Zizl €ijk € [61]). For C, the centralizer corre-
sponds to group U(1) and for H, the centralizer corresponds to group SU(2). As
an example, some constructions of representation has been worked out in [36]. It
builds up from N =1to N =8, i.e. N =1,2,4,8, by tensor product with Pauli
matrices. The procedure requires no further analysis since the pattern repeats
itself for N > 8. An intermediate values of N can be constructed by embedding

in larger N representation.

Note that, at this stage, there is no limitation on the value of N as we
mentioned earlier; however, the value of N is bounded and restricted to some
values once we discuss local supersymmetry coupled to non-linear sigma model.
So far we have discussed irreducible representation and it corresponds to a single
multiplet. In order to extend the results to arbitrary k& multiplets, the reducible
representations are sufficient. The centralizers generate group SO(k), U(k) or
USp(k) corresponding to the division algebra of R, C or H, respectively. The
dimension d of manifold is related to number £k of supermultiplets and number

Tt requires the following properties : addition, subtraction, multiplication and division.
Division requires a unique element of = that satisfies a = bz where a,b and x are all elements
in division algebra, for example, R, C, H and Q.
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N dy  Centralizer
1 1 R
2 2 C
3 4 H
4 4 H
5 8 H
6 8 C
7 8 R
8 8 R
8+n 16d, same as n

Table II: Irreducible massless supermultiplets where d is the number of bosonic states
andn=1,2,...,8.

dy of bosonic states of an irreducible supermultiplet by d = kdy. The content
discussed above not only tells us about degrees of freedom for each multiplet, it
also helps us to determine the holonomy group and then the shape of target space
manifold as we will discuss later in the forthcoming sections.

2.3 The Ungauged Theory

Before we consider a pure supergravity coupled to supersymmetric non-linear
sigma model, let us discuss them separately. Pure supergravity is composed of
a graviton and gravitini whose fields are dreibein e,* and Rarita-Schwinger fields
Qﬁi In three dimensions they are topological and both type of particles in theory
have no on-shell degrees of freedom. It exists for any number of supersymmetries
N. The resulting Lagrangian is composed of two sectors: the Einstein-Hilbert
action written in an alternative form and Rarita-Schwinger Lagrangian modified
to couple to graviton.

Es,g, = —%ie“”ﬂ(eua Rypa(w) + lEiDy(W)l/Jl{) (231)

where wj; is the spacetime spin connection. For the whole dissertation, we use the
Pauli-Kéllén metric with hermitean gamma matrices v* satisfying

YoV = 5ab + igabc")/c 5

VNaVoVe] = 1€abe 5
Yab = ’Y[a’}/b] = 7:Eabc ’Vc s (232)
The covariant derivative acting on Rarita-Schwinger field is given by
1 a
Dy (W)t = (O + 5wiva)¥y (2.3.3)

2
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The Lagrangian () is locally supersymmetric and the supersymmetric trans-
formations are as follows:

de,* = %Ejyal/}i,
ol = Dyu(w)e', (2.3.4)

where €’ is a supersymmetry transformation parameter. It also has other symme-

try such as, spacetime diffeomorphism and local Lorentz invariance.

The Lagrangian of supersymmetric non-linear sigma model is composed of
scalar fields ¢; acting as coordinates in target space and their superpartner spin
1/2 fermions x; with i = 1, ..., d. Now we are discussing the rigidly supersymmetric
theory and the locally supersymmetric non-linear sigma model will be discussed
later in this chapter. The rigidly supersymmetric non-linear sigma model some-
times is called matter sector and it is given by

1

»Cmatter - _§gz](¢) [a,ugbz 3“¢] + X@(F)XJ] + £X4 s (235)

where I" is the Christoffel symbol for rigid supersymmetry but it can be arbitrary
connection for locally symmetric theory. The covariant derivative is given by

D,(') X' = auXi + F;k<¢) au¢j X" (2.3.6)

and this definition can be applicable to any connection I". The four fermion term
is quadratic in bilinear term of fermions and it is proportional to Riemann tensor
of the target space,

1

£X4 = _ﬂ

Rijra(6) X'vax’ XX (2.3.7)
A geometrical quantity which also plays an important role in analyzing manifold of
the target space is the so-called almost complex structure? f7;(¢). It is originally
introduced to the theories via rigid supersymmetric transformation ansatz [43]. In
order to preserve supersymmetry, these tensors satisfy many identities so that they
have a natural interpretation as almost complex structures. They are introduced
to the theory when N > 1 therefore P = 2,..., N and 7,5 = 1, ..,d where d is the
dimension of the target space. They are hermitean in the sense that

9ii [+ gig [ = 0. (2.3.8)
The supersymmetry algebra (R.2.1)) implies
FUR O 4+ 9 7 = 287905 (2.3.9)
which can be considered as Clifford algebra. Consequently, we can construct
sN(N —1) SO(N) generators f/ via the definition

fro=rrd, ===y (2.3.10)

2An almost complex structure f on a manifold M is a smooth tensor rank (1,1) with the
propery fg = —idr, ps. If this tensor can be defined globally, the manifold is a complex manifold.
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They are anti-symmetric tensor for both pair indices ¢, 7 and I, J:

1] _ Tl (2.3.11)

1] 1] J

The SO(N) commutation relation (in obvious matrix form) can be written as
fIJ fKL fKL fIJ 46K[I fJ]L 45L[I fJ]K, (2312)
Moreover, they satisfy the following identities
fIJ fKL _ f[IJ fKL] . 46[1[1{ fL}J] . 25][[( 6L]J 1’
fra L = 9q §IE SET gy TR T (). (2.3.13)

J tensor is relevant for only N' = 4 theory and its definition is J = & epgr f¥ f9 f7.
Other identities and a discussion for J are mentioned in [36]. Once pure supergrav-
ity coupled to supersymmetric non-linear sigma model, the covariant derivative
is modified by SO(NN) target-space connection Q!7(¢) as will be given later. Its
role is quite similar to a gauge field in gauge theory when [I.J is replaced by gauge
group index and 7 is traded for spacetime indices.

Note that the vanishing of variation on d¢ d¢ x € and ¢ 0¢ 1) € requires that
the SO(N) curvature must satisfy the following condition

1
RE(Q) =0,Q —0,Q +201Q" = 21l (2.3.14)

The equation above shows the relation between SO(N) connections QF/(¢) and
.7 where R[/(Q) is SO(N) field strength tensor. The tensor f'/ are covariantly
constant in the sense that

D;(T.Q) fji = aifji - 2Fi[k J]z +2Q fJ]K (2.3.15)
From () and () one can derive the integrability condition
Rijomk f17 = Rigoa [ = — 51 0K (2.3.16)
Contracting () with fMN* one gets
Riju f175 = 1 f17 (2.3.17)

Contracting () with ¢/' and using cyclicity of Riemann tensor and (),

one can derive Ricci tensor as the following
Rij = Ry g™ = cgyj, (2.3.18)

with constant
c=N-2+43d>0, (2.3.19)

so we are dealing with Einstein space (R;; « ¢;;). In order to solve for the
Riemann tensor, we introduce antisymmetric tensor h{; that commute with the
complex structure, i.e.,

o fIR =g, FUR = 0. (2.3.20)



18

The tensor hjo.‘i is called centralizer subgroup H C SO(d) which obviously com-
mutes with the group SO(N). Let f*#, is structure constant for H' subgroup, so
the Lie algebra is the following

h*h? — P R = [ 7. (2.3.21)
The normalization is chosen to be
h§shP Y = 2dy 67 . (2.3.22)
They are covariantly constant in the following sense

Di(D)hs, — Q25 bl =0, (2.3.23)
where Q?’B is a connection associated with hf;. After a some more analysis, one
conclude that

1 I1J pIJ a 1B
Riju = 3 ( i S + Cap i hkl) ; (2.3.24)
where C,p is a symmetric tensor and it varies with N. C,g plays an important
role in analysis of manifold. A solution for C,p is in the form of Cy3 o d43. The
detailed discussion about C,s can be found in [36] and the solutions of C,s for
the orther cases are discussed in the appendix of the reference thereof.

Having obtained the explicit form of Rijy in term of fl/ and A, many
identities can be derived. Contracting (2.4.1]) with metric as in (R.3.1§) and using

cin (R.3.19), one gets

Cagh¥* hy; = [N(N = 1) — 8] g;; - (2.3.25)

From above equation, we can derive the condition involving H’-invariant tensor 3
on Cyg:

Ch(a fg; hen? = 0. (2.3.26)

The constraint on cyclicity of Reimann curvature tensor (R.4.1]) implies

i Fil + Cap iy by = 0. (2.3.27)

Since_the holonomy group can be determined from the Riemann tensor,
equation (2.3.25) tells us that the holonomy group should be in SO(N) x H' C
SO(d) and also acts irreducibly on the target space manifold. Similar to SO(N)
curvature tensor (2.3.14)), the H' curvature tensor can be defined by

R i = 20325 — Qs ) s) = 575 Cos b (2.3.28)

1) )

We devote the rest of this section to discuss the ungauged Lagrangian and its
supersymmetry transformations; in this theory no matter fields are charged under

3 . . . ep s . m a
Ciy, - i, 1s an invariant tensor if it satisfies > 7, fg; C;
component is omitted.

=0, where the hatted

RN e URTRIN
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some gauge groups. Before we proceed, it is useful to define a new set of matter
fermions in an SO(N) covariant

XT= ) (2.3.29)

which is subject to projection constraint
i i j 1 i i j
X' o= Py = N (6"78: — 7 ) X7 (2.3.30)

where PI¢ = d. The projection above reduces the independent part from dN to d
so the number d of the fermion is left unchanged. This SO(N) covariant notation
helps us treat both matter fermions and gravitini on the same ground. It is a
matter of convenience and it does not imply SO(N) invariance of theory even
though the SO(N) tensors of Lagrangian itself appear in the contracted form.

The ungauged Lagrangian can be obtained by combining pure supergravity
with supersymmetric non-linear sigma model and adding a Noether term which is
required by supersymmetry. The covariant derivative is modified by SO(N) target
space connection Q!7. The target space Christoffel connection is replaced by a
more general connection I'. We give the final form of the ungauged Lagrangian
here,

1 . v a 7 1 v 7 1 —1 -z
Lo = —5ie (e Rupa+ 0y D)) = e g (9 040" 6’ + N P)

]' =1 v j a j ]' — a
+ 5695 XYY P (000 +0,67) = e N2 R Xy XX

1 il i il a
+ 5N 2 (3 (g0 XX = 2(N = 2) (g X"v*X7)?) (2.3.31)

The covariant derivatives for gravitini and spin-1/2 fermions are given by

Dl = (0 + L) 0L + 0,6 QU1
DuXH - (8 + 2”# 7@) XZI + aﬂd)] ( ik XM - QJI'JXU) ’ (2.3.32)
Supersymmetry transformations for the ungauged lagrangian are
Je,@ = 1 —I,ya w[
0, = Due' =595 XX € = 69" Q)
0t = 5 e X
o = L (671— Y Dol ? — 5 (ThX™ + QX)) ,  (2.3.33)

where supercovariant derivative 5M¢i of scalar and covariant derivative D, (w, Q) e
of supersymmetry parameter are defined by

5,u¢i — au(bz w[ zI
Dyel = (B S a) €+ 000 Qe (2:3.34)
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2.4 Target space geometry

In this section, we continue the analysis from the previous section and discuss
some important geometrical constraints and the classes of solution of target space
geometry. Since holonomy groups is related to curvature tensors by [60], the re-
striction governs the holonomy groups as well. For convenience, we recall Riemann
curvature tensor

1
Rijkl == g < inJ ]glj —|— CaIB h% hfl) 5 (241)
with a proper of C,g; we can conclude that the holonomy group must be contained
in SO(N) x H'. If the target space is in the form of coset space G/H, Riemann
curvature tensor (R.4.1) would associate with Lie algebra of subgroup H. Once H
is specified along with N and number of scalar fields d = kdy = dimG/H, dimG
and then coset G/H can be determined by looking it up in the categorized coset
space [63, 62]. After a long discussion in [36] we get the condition that determine
whether the theories should exist are the following equation

dy 1 for N =7,8,9 mod 8 ,

( ) dn+k—2

N(N -1 2

80 - dN(éVN-‘er‘) fOI' N = 6 mOd 4 ) (242)
T2 for N =3,5,12 mod 8.

The equations above imply that there is no theory beyond N = 16. As mentioned
earlier, mathematical arguments govern the bound of supersymmetries rather than
physical arguments like higher dimensional theory. The constraints above also
imply that there is no theory with supersymmetry N = 7,11,13, 14, 15.

To summarize: pure supergravity coupled to supersymmetric non-linear
sigma model shapes up geometry of scalar manifolds. B. de Wit and A.K. Tollstén
[B6] show that for some supersymmetry N there exists theories and each super-
symmetry N associates with a particular class of manifold. The exhaustive list
for possible supersymmetry N is given in the table . Here are some comments
on the target space listed in the table. For N = 1, the target space is Riemannian
with dimension d equals to number of matter supermultiplet and the holonomy
group is SO(d). For N = 2, the target space is a Kéhler manifold with a complex
structure f!2 and vanishing of Nijenhuis tensors. The complex structure is also co-
variantly constant. Like any Kéaler manifold, number of dimension is even d = 2k
with holonomy group U(k). For N = 3, the target space is a quaternion Kéhler
manifold with number of dimension mulipled of four d = 4k. Three covariantly
constant almost complex structure f12, f2 and f3! are required. The holonomy
group is contained in USp(2) x USp(k). The N = 4 theory is special and requires
a careful treatment. Since this dissertation focuses on N = 5,6, so we skip the
details and recommend the enthusiast to consult the original work. For theories
N > 4, the target spaces are homogeneous spaces and can be written in the form
of coset G/H. They are also symmetric spaces except for N = 9. For theories
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N Target Space d H'

1 Riemannian k 1

2 Kéhlerian 2k U(l)
3 Quaternionic Kéhlerian 4k USp(k)
4 Two Quaternionic Kahlerian 4(k; + ko) USp(k1) x USp(ks)
5 Tt 4k USp(k)
6 SU(k)iggif))xU(l) 8k U(k)
8 BT 8k SO(k)
9 B 16 1

10 SOt 32 U(1)
12 T 64 USp(2)
16 = 128 1

Table III: Target space or scalar manifold for D = 3 supergravities for each N. The
number of independent supermultiplets is given by k. For N = 5, in our convention k
is an even integer, so the number of independent supermultiplets is k/2.

with 4 < N < 8, we are left with freedom in selecting number of supermultiplet
k. For N > 8, the theory is very unique since only one supermultiplets is allowed.

Before we end this section, we would like to elaborate some arguments on
target space behind the table . It shows that the target space for high value
of N must be homogenous and symmetric which are in the form of a coset space
G/H. There are two theorems involving in classifying holonomy groups here, the
first one is proposed by M. Berger [65] and another one belongs to Simon[64]. We
recite only Simon’s version as follows

Theorem 1(Simon’s version): Let M be an irreducible Riemannian manifold with
dimension d. M is a symmetric space of rank > 2, if the restricted holonomy group
Hol”(M) does not act transitively on the unit sphere S in T, M.

As discussed earlier the holonomy group is contained in SO(N) @ H', if
SO(N) ® H' does not act transitively on S? ! so does the smaller group like
holonomy group. On the other hand, if SO(N) ® H' acts transitively on S9!,
then M is not symmetric. Once H is specified together with N and number of
scalar fields d = kdy = dimG/H, dimG and then the G/H can be determined by
looking it up in the categorized symmetric coset space [63, 62]. This is how we
apply the theorem. For N < 4, they are not symmetric space because SO(N)® H'
acts transitively on S471. For N > 4 except for N = 9, SO(N) ® H' does not
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act transitively on S%!, so they are symmetric space and we can look them up
to specify the exact form of coset G/H. For N =9 case, SO(9) acts transitively
on S¥ so it is either non-symmetric or symmetric rank 1. According to [62],
F,/S0(9) is a symmetric space rank 1 so the theorem cannot directly apply;
however, Fy/SO(9) is still a valid solution.

Note that goup H can factorize into actual holonomy group SO(N) & HcC
SO(d), where H c H'. In our case the target space given in the table , the
factor group coincide with H’, i.e. H ~ H'. We end this section here and the
group-theoretical aspects on coset manifold will be discussed later in other section.

2.5 The Global Symmetry

Apart from local supersymmetry, local general coordinate transformations and
local Lorentz transformations, there is a global symmetry associated with the
isometries of target space manifold and SO(N) R-symmetry rotations. The target
space may have isometries — metric or distance preserving transformations. The
question is: Can we extend the isometries to the symmetry of the Lagrangian? The
answer is Yes; however, with the help of some tricks. The SO(N) R-symmetry
rotations solely cannot be an invariance of Lagrangian. The invariance of the
Lagrangian can be established if isometries and SO(NN) R-symmetry rotations are
combined and the parameters of transformation are properly compensated. The
scenario is quite similar to comformal symmetry in bosonic string theory which is
constituted by world sheet diffeomorphism compensated by Weyl transformation.

The fields that transform under SO(N) R-symmetry rotations are ., x*
and Q!7. The infinitesimal transformations are as follows

L= A (@), ST =AY, QY = —DAY(9).  (25.0)

J7

The A'/(¢) is the field-dependent SO(N) rotation parameter. Since f/ depends
on Q) one obtains

ST = 2 AKU (g) fIIE (2.5.2)

Those SO(N) transformations above cannot establish the invariance of Lagrangian.
Next, we will discuss isometries and then we will see that with those transforma-
tions combined the invariance can magically appear.

The isometries generated by Killing vectors denoted by X (¢) which are the
solutions of

They can be written as X (¢) = X*(4)d; and the component is X'(¢) = XM (¢)A ,,
where A, is spacetime independent parameter of transformaion. The Calligraphic
typeface style denotes element of isometry group G. In term of basis of generators,
we have XM = X™M!(¢)0;. The Killing vectors realizes Lie algebra g which is

XM XN — XN 9 XM = fMNXE (2.5.4)
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with structure constants f*%.

The target space isometries acting on Qf/ and Z-I]-J via Lie derivative £LxQ!’

and Lx i[j‘] , respectively. In order to set up an invariance, the cancellation requires

EXQ{J = _DiSIJ<¢7X)7
Lyt = 28", x) 7" . (2.5.5)

v

We now use S’/(¢, X) to replace the old parameter A’/(¢) because it is also
explicitly a function of Killing vectors X.

To summarize: the Lagrangian () is then invariant under the combined

transformations,

66" = X(9). Uk =8"(6.X)0, ox" = x"9,X +8"(6.X)x" (25.6)

1 Y
The fermion transformations can be covariantly rewritten as
oy, = Ve, X) 0 — 06" Q17
X" = DX+ VY (9, X)X = 67 (T XM + QXYY (25.7)
where V7 (¢, X)) = XjQJI-J(@iSUI ¢, X). The merit of this definition will become
..3.1

clear later. From equations ( ) and (E.3.15), one can show that the second
equation of (2.5.5) can be written as,

DV"(¢,X) = 31l (6) X(¢) . (2.5.8)

This equation has a natural interpretation as a the moment map associated with
the isometry X*. The second equation of () now become

F7%0(0) DyXi(o) = fEY(0) VK (9, X) . (2.5.9)

This is merely the integrability condition of (2.5.8). If we contract () with
FMNG we get

f”ij . %dV” : for N # 2.4 (2.5.10)
T (dy PEE 4 g PUEEYYEL  for N =4 -
One can derive
Ldyt7 for N # 2,4
DDV = ! 2 ’ ’ 2.5.11
{ Hd PRE p a PIPRRYWEL - for N =4 ( )

According to the discussion above, we can extend an isometry of target space to
a symmetry of the Lagrangian as long as equations above are satisfied. However,
there is an exception for N = 2 where the discussion can be found in [37]. Let
SMIT = 81 (¢, XM) and VM1 = VI (¢, X)) the closure of the algebra implies

[SM,SN]IJ _ _fMN)c SrlJ + (XMz 8iSNIJ _ X aisMIJ) . (2512)
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One can derive
[VM, VN]IJ _ _fMN)C V}CIJ + % finJ XMZXN] ’ (2513)

Since the equation () implies that D;X; — ; fJ/N VMY commutes with the
almost complex structures f;/, combined with the fact that hf tensors commute
with the almost complex structure , i.e. (R.3.20), this suggests that we can de-
compose as the following

DX} =17y = hvM, (2.5.14)

4/ij
Note that, for a generic Killing vector property, we have
D;iD; Xy = Ry X', (2.5.15)

together with VM* = X*? we can derive a set of differential equations,

1J _ 1J j
DiVMj — 411 inJ VMIJ + ]’L% VMa 7
DY™, = LCushvi, (2.5.16)

where the covariant derivative contains the Christoffel connection and the SO(N) x
H' connections, i.e. D;(T', @, ). From equations above, we can derive two equa-
tions that is proved to be crucial in algebraic structure analysis:

fMN)C V’Ci — le ,L'IjJ(VMIJVNj . VN]Jij) + hlo;(vjvlavj\/j . VNQVMJ> 7
FYNVE = VM VY LCs R VM VYT (2.5.17)

In order to extract the algebraic structure from the equations (), we first
define the algebra a = {t*} = {t!7,t* '}, as an extension of so(N) @ b’ with
commutation relations,

[tIJ,tKL} _ _451[KtL}J’ [ta’tﬁ] _ foa,é’ﬁth’ [tIJ,ti] _ %J('Iintj7
[t t] = hyiE, [t 4] = Lt +1Cah” it . (2.5.18)

If C,p is an H'-invariant tensor, the algebra a is associative. In addition, we define
the map

Vig—a, VXM = V4 = VM M+ v (25.19)
We also define a Lie algebra homomorphism, i.e.
V(X X)) = P(X), VX)) (2.5.20)

In general, the image of g under V is an associative subalgebra of a. If the target
space is symmetric space (N > 4), the algebra a and g coincide. Note that ()
can have a compact form by the new notation (2.5.19),

DYV(X™) = [g;t/,V(X™M)] . (2.5.21)
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The target space of N > 4 theories are a symmetric space represented by
coset space G/H. The material discussed above work well for both symmetric and
non-symmetric space, but the coset space formalism that we are about to discuss is
more convenient when it comes to symmetric space. In this formalism, the scalar
fields are described by G-valued matrix L(¢), so the kinetic term of the Lagrangian
is in the trace of the derivative of the matrices thereof instead of the old-fashioned
non-linear sigma model. The action of the scalar fields is invariant under a group
operation that act globally from the left of L(¢) and act locally from the right.
Global means that group elements ¢ € G do not depend on the coordinates or in
this case the scalar fields themselves. And local means that group elements g € G
depend on the coordinates. The degrees of freedom of the G-valued matrix L(¢)
could be redundant and the exceeding degrees of freedom can be eliminated by
gauge fixing condition such as unitary gauge. Once the gauge is fixed, the G-valued
matrix L(¢) is simply a coset representative L(¢). From now on we use L(¢) as
a coset representative instead of generic G-valued matrix. Number of scalar fields
corresponds to dimension of coset space d = dim(G/H) = dim G — dim H. We
can decompose isometry group G into H = SO(N) x H" and its complements; the
generators can be written as {t* ¢ g} = { X/, X* Y4}, The X/ generate SO(V)
and the X generate the group H’'. These generators are the basis of subalgebra
. The noncompact generators (or coset generators) Y4 transform in a spinor
representation of SO(N).

Since we are dealing with symmetric space, we can replace Killing vectors
which are differential operators that realize algebra with matrix representation of
algebra G. The algebra (2.5.18) now become

[XIJ,XKL} — 5JKXIL _ 6IKXJL o 6JLXIK +5ILXJK — _45WJ ’
(X X = f5 X7 X" X =0,
XV YA = AT YR XY = —hg, Y
YAYP = XY 4+ 1Csn5s X7, (2.5.22)

where '}, =T [j AI‘J] .. The matrices %F 1J. are generator of the spinor represen-

tation of SO(N). Analogous to the general case (not necessary symmetric), the H’'
generators now satisfy

a I o I o
aclop TMgelye = 0
%C th o hiC %B = fa/j'y thB . (2523)

The tensor C,p is the same as used previously. The Jacobian identity obtained
from the commutator [[Y4, Y] Y] is given by

Dl Ty + Cag hfag Wi =0, (2.5.24)

which is in the same form of () with f/ and h$ are replaced byI'}{j; and

ij
h% g, respectively.
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In the coset space formalism, we define a Lie-algebra-valued one-form g x
M
p

L™'dL = L7'0;L d¢’ (2.5.25)
Its components read
L'OL = QM X" +Qr X +e YA, (2.5.26)

where , Q7 and Q% are SO(N) and H’ target space connections respectively. ;"
is vielbein for target space manifold. The relation to the metric is the following

9i; = e’ e;%dap . (2.5.27)

Note that in performing real calculation we usually operate in flat basis, the equa-
tions above can transform nicely from curved basis to flat basis by using vielbein.
The h; tensor can be related to the tensor in orthonormal basis by

hi; = hS zedt e] . (2.5.28)
Note that the curvature tensor on G/H is given by
Rijiw = —ei ¢ (3RUTY, + RS hSp) | (2.5.29)

which is an alternative form of ()
17

The antisymmetric tensor that are derived from complex structure re-
lates to SO(N) T-matrices T'}/; by

[ = —Ihele? (2.5.30)

Now the spin-1/2 fields can be defined as the conjugate spinor representation of

SO(N)

= %ez It (2.5.31)

If one multiplies a constant element gy € G from the left of the coset

representative L(¢), the coset representative changes and no longer is in the same

form. In order to bring back coset representative in the same form but it is now

written in a new coordinate system ¢, we compensate them by multiplying a

proper ¢-dependent matrix which is an element in b, denoted h(¢), to the right.
In explicit expression, we have

L(¢) — goL(¢) = L(¢) h(¢) (2.5.32)

The infinitesimal transformation is generated by Killing vectors as follows ¢' —
@' = ¢' + X(¢). The infinitesimal group element is gy ~ 1+t and h ~ 1+ S(¢").
In term of component M, we obtain

XMOL = tML— LSM(¢"), SM(¢") €ph. (2.5.33)
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S™ decomposes into SM!7 and SM*, so it is useful to define the quantity
PM = SM 4 XMQ;, (2.5.34)
which is the generalized version of the parameter previously given.

The map V mentioned in () can be written as
LML = VMt = Ly X M X M, YA (2.5.35)

where VM = ge;AVM 4. This equation allows us to obtain V*’s once the coset
representative L is chosen by exploiting orthogonality of the generators with some
proper normalization. The trick is multiplying both side with one of the genera-
tors that associate with the desired component of V™ and then take trace. The
orthogonality leaves us only the desired component. For example,

VM, =+ tr (LTHMLX?) | (2.5.36)

Tk

where the normalization is defined by tr (X®X#) = k§*¥ and k is a proper nor-
malization constant.

2.6 Yang-Mills and Chern-Simons Gauging

The formalism used throughout this dissertation is called Chern-Simons gauging
where vector fields are introduced to the theories via Chern-Simons (CS) terms
instead of the traditional Yang-Mills (YM) terms. The YM gauging commonly
emerges via dimensional reduction. On the other hand, the CS theory can be
constructed by freely adding some CS terms to a well-established theory without
changing the number of dynamic degrees of freedom. There is a possible conversion
between those two if we manage the total degrees of freedom of both theories to
be equal. We give an overview on this subject. Some serious discussions can be
found in [66].

In the conversion from YM to CS, a vector field in YM is replaced by two
CS vector fields and a new scalar field. Schematically, it reads

1YM Vector = 2CS Vectors + 1 Scalar. (2.6.1)

Although there is a mismatch between field content of the two theories, the number
of dynamic degrees of freedom of both theories are the same because the vectors
in CS are topological and occupy zero degrees of freedom, that is left with the
YM vectors and a new scalar which have the same number of degrees of freedom
in three dimensions.

In this analysis, we start with a YM kinetic term which the general form
thereof can interact with some scalar fields ® which transform in some represen-
tation of the gauge group Gyy. The Lagrangian reads

L = =35 (Fa(A)+00(A ) Map(®) (FP™(A)+0P" (A, D)) (2.6.2)
LA, D) .
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O;‘V is a gauge covariant object which is depends on both vector and scalar field
forming the so-called moment interaction. A,‘:‘ is the non abelian gauge field and
F ;‘V is its field strength tensor. Gauge group indices are A, B, C, .... The definition

of field strength is conventional and f45° denotes structure constant, so it reads

Fi(A) = 0,48 — 0,A% — fpc ADAT .

The scalar symmetric tensor Myp(®) is a function of only scalar fields. £/'(A, @)
is an allowed term that is separately gauge invariant. We can avoid discussing the
exact form of this term here, since it plays a minor role in our discussion. The
equation of motion and the Bianchi identity are the following:

V]

DFA(A) =0, Dy, (Man(®) (FF(A) + OF(A,@))) — Japw(A, ) = 0,263)

where DA, D)
JA;},V(A) Q)) = %Z 9Euwp T%’.; (264)
The dual field strength take the form
FHA) = 5ivgeum F1(A)
O} (A, ®) = Liyge,, 0" (A Q).
Before we proceed, we first denote the final form of the new Lagrangian
»Cn _ —%\/gﬁugbA MAB((I))bugbB + % ighvP (Fl‘:}jBAp — O;‘V ngbA) (265)

+L'(A, D),
where the covariant derivative is given by
Dy¢a = Dyuda — Bap = 0,04 — fan® ABpc — Bay, . (2.6.6)

With this goal in mind, we can walk through the analysis a lot easier. In this
scenario, we write the field strength in term of a new vector field B4, and the
compensating scalar field ¢4, and all of which transform in adjoint representation
of the gauge group. This setting also has an interpretation as a field equation of
the new Lagrangian. Such field equation reads

L1 VG e (FA7(4) + 0MP (A, @) = MAP(Bp, — Duos) . (26.7)

From equation of motion (), one observes that they have additional abelian
gauge symmetry,

0Bay=DuNy,  S¢a=ANA4. (2.6.8)

We call this abelian group 7. It contains nilpotent generators (A # 0, A% = 0)
and transform in adjoint representation of gauge group Gyy. The full gauge
symmetry now becomes a semidirect product Gyy X 7 which its dimension is
doubled compared to the original. In order to restore the original Lagrangian

(R.6.2), we impose gauge fixing condition ¢4 = 0 and integrates out the vector
fields By .
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2.7 Gauged Theory, Embedding Tensors and Con-
straints

In this section, we construct a gauged supergravity from the ungauged from the
previous section. A subgroup of the isometries group Gy C G can be gauged by
promoting global symmetry (spacetime independent parameters) to local symme-
try (spacetime dependent parameters). The gauging is not trivial. Only some
gauge groups are allowed because of the constraints due to supersymmetries. The
technique we use here is the notion of embedding tensor originally introduced in
theories in three dimensions [37]. Theories with different gauge groups are charac-
terized by their unique embedding tensors. The embedding tensor method allows
us to threat theories G-covariantly. Each theory with different gauge groups share
the same structure such as Lagrangian and supersymmetry transformations, but
they have different embedding tensor. The applications to higher dimensions such
as four dimensional spacetime can be found in [67] and five dimensional spacetime
are presented by the same author in [6§].

The embedding tensors O ,,, are constant rank-2 symmetric G tensors. They
can be considered as a projection operator on the isometry group G to the gauge
group Gjy. If the gauge group is the isometry group itself, the embedding tensor is
simply identity operator. The Killing vectors that generate the gauge group are
defined by

X' = g0 AM(z) XV, (2.7.1)

with spacetime dependent parameters AV (z) and a gauge coupling constant g.
Dimension of gauge group is rank of matrix constructed from embedding tensor,
ie.,

dim gy = rank © . (2.7.2)

Subset of Killing vectors of a gauged theory must generate a group, the
embedding tensors must satisfy the following condition,

@MP @NQ fPQR = fM/\/’P @PR s (2'7'3)

where constants f v are the structure constants of the gauge group. The con-

straint above is derived by requiring that the gauge generators J,, form an algebra

9o )
[Tats In] = o T - (2.7.4)

Note that the G algebra g is
[t ] = N tT (2.7.5)

and the gauge generators are the projection under the embedding tensor of gen-

erators in g:
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The embedding tensors are gauge invariant, i.e. dgauge©@mn = 0. It gives rise to
the following constraint

fMPQ Oon + fNPQ Orme =0. (2.7.7)
Using equation (R.7.3), it can be written in G-covariant form as
O, (f**mOnk + [“4Oux) = 0. (2.7.8)

The Jacobi identity for the gauge group structure constants are also satisfied.

The gauge fields A} are introduced to Lagrangian via two channels: mod-
ifying covariant derivative and adding Chern-Simons term to the Lagrangian in
order to restore supersymmetry. In the new definition of covariant derivatives, the
gauge fields attach to embedding tensors. For example, for scalar field we define

D¢’ = 040" + g Opun A XN (2.7.9)

The transformation of gauge fields is traditional but valid when attach to embed-
ding tensors

O pin e AN = O (—@LAM g fre™ AT AQ> . (2.7.10)
So is the field strength tensor
O Fit = O (0uAS = 0,42 = g fra™ ATAZ) (2.7.11)
The commutator of two covariant derivatives is
D, D] ¢ = gOun Fip XV (2.7.12)
The covariant derivatives for fermions are found to be
Dt = (O b 6L+ 0,0Q1 6 + g O ATV 0
Duel = (O + 3t 70) € + 0,0 Q€+ 9O, ANV &
Doy = (au X %wz%) X+ 0,07 (sz N QjJXiJ)
+ 9O AN (S5 VNTT — 61 g% DV ) X (2.7.13)

Modifying covariant derivatives with gauge fields is a cause of supersymmetry
breaking. One of terms that leads to this violation is proportional to the field
strength tensors. It takes the form

(0L) = —3gOunFle™ (W ple! + LV iy el) o (2.7.14)
It can be cancelled by introducing a Chern-Simons term [69] which is topological?

Les = Ligemr Ay @MN<8VA;Y — g fpo AL’A,?> , (2.7.15)

4In the general context, it means that it does not rely on notions of geometrical structure of
manifold, i.e. metric independent.



31

Its supersymmetry transformation is,
O SAL = Oy [2VM1 el 4 Vel | (2.7.16)

According to many higher dimensional gauged supergravities studied previously,
it is useful to define the so-called T-tensors even though the embedding tensors
technique did not emerge. In our case, we can define T-tensors as the images of
themap VYV xO xV —>T

TIJ,KL = VM IJ@MNVNKL , TIJz' = VM IJ@MNVAM ,
TV = YMO, WV, T, = VM0, WV, (2.7.17)
TCY,B = VMa@MNVNﬁ 9 T[Ja = VM [J@MNVNQ .

The virtues of these definitions will become clear later when we discuss about the
constraints on T-tensors forced by supersymmetry.

Even though we can get rid off term (), still there is another exceeding
term that is a consequence of adding vector fields. It emerges from introducing
supersymmetry variation of vector fields. It is in the first order of the coupling
constant g:

(0L)2 = —egOun VY le! + VM Xy, ) VY; DY . (2.7.18)
In order to cancel this term, we postulate mass-like terms
£y = eg{3Al Lyl + AL BL + Bt T, (2719)

together with additional modifications of the supersymmetry transformation rules
of fermions

St = g Ay, el S = —gN AJT € (2.7.20)

The unknowns now reside in the tensors A;, A and As. The shape of A’s tensors
should be revealed as we continue to construct the supersymmetric Lagrangian.
Note that tensors A; and As are symmetric,

AT = Al Al = Al (2.7.21)
After some calculations, for N > 2, the tensors Ay, A; and As are written in terms
of the T-tensor and tensor f/
Al = 4 TIMIM 2 §1J TMN,MN
! N-2 (N—1)(N-2) ’
2 4 2617
ALl 2l M(Lm )M KL mpKL
23 N 3+N(N—2)f ! * N(N—1)(N—2)f ! ’
1 K[I pJIK
Asl) = m{ —2DuDyAY + gy AL+ ATV f]

12Ty 8" — A DT = 2T f174 ) (2.7.22)
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It is obvious that A;, As and Az become undetermined when N =1 or N = 2, so
N = 1,2 cases need special treatment as discussed in [37].

The analysis above is valid up to the first order in coupling constant g. In
order to preserve supersymmetry to order g? we need to add more term to the
Lagrangian, it reads

deg? ’
Lp = —eV = ;‘;7 (AIVAL — LN g9 ALTALYY (2.7.23)

It is proportional to ¢ and depends only on scalar field so it is called the scalar
potential. Not only we add scalar potential, we also need more constraints on A’s
tensors to eliminate the unwanted terms coming from varying the scalar potential.
They read

. 1 )
QAPAR - NAFKAJ = 61 (2AFF AR - N AR ALY
S ALK AKT | N g ALK AT = PLi (3 AKD AKL 4 N gH ALK AKT) |

(2.7.24)

There are still many constraints that we do not mention, all of which can
be found in [37]. Setting supersymmetry as a main goal and manipulating many
constraints, it boils down to one master equation that justifies validity of gauging
without spoiling supersymmetry,

TIIKL _ pllLKL] _ 4 5W] B 2 §IE LI
N—=2 (N—1)(N-2)

MNMN  _
(2.7.25)

There is a more compact way to represent the constraint () by exploiting
group representation theory:

P T = 0. (2.7.26)
The symbol B denotes the Young tableaux for a vector representation of SO(N).
This notation comes from an observation that

H Xgym H = 1+m+E+H}, (2.7.27)

Note that the dimension of each Young tableaux for SO(N) is as follows ,  N(N+
1) =1, LN(N=3)(N+1)(N+2), and (7).

712

For symmetric space (N > 4), the constraint on T-tensor (an SO(N) ten-
sors) can be uplifted to constraint on embedding tensor (a group G tensors). As
a result, we deal with constraint on constant tensor instead of field-dependent
constraint. In order to uplift SO(N) to G constraint we simply project out the
representation (5 in SO(N) that contain in a representation Ry in G of T-tensor
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and the projection is a G-covariant condition, so it also work for the embedding
tensor.
]P)RO T_AB - O — ]P)RO @MN - 0 . (2.7.28)

The T-tensor is decomposed under GG as symmetrized tensor product of the adjoint
representation of G as follows

Ruy Xeym Fagy = 10 |, R (2.7.29)

where 1 and R,q; are the singlet and the adjoint representation of G, respectively,
and “Xgym” denotes the symmetrized tensor product. According to the branching
above, it can be written as

This = 10 nas + ZZ git1 ]P)Ri Ths , (2.7.30)

where 1,5 is the Cartan-Killing form of G, 6 is constant that we will identify later

, g1 and g;41 are the gauge coupling constants and Py denotes the G-invariant
projector onto the representation R;.

To summarize: the key equation whose solutions are called admissible gaug-
ing Gg is
Pr, Orn =0 (2.7.31)

Analogous to T-tensor, the embedding tensor can be decomposed as

@MN = 91977/\/1./\/’ + Zz gi+1 ]P)Ri ®MN . (2732)

Finding exhaustive solutions of equation () may give us a complete clas-
sification of gauged theories for N > 4; therefore, it is purely group-theoretical
argument which distinguish itself from higher dimensional theories. The trivial
solution is the pure singlet which corresponds to gauging full isometry group G.
According to () the solution is simple Cartan-Killing form of G. The non-
trivial solutions are classified into four classes: compact gauge group, non-compact
gauge groups, non-semisimple gauge groups and complex gauge groups. Only the
last one that is excluded from the study in this dissertation.

For compact gauge groups, the solutions are provided by [37] for arbitrary
N > 5 and N # 8; we simply give the results here

O©a = 0
Orja = 0
Oup = 0
Okr = 06"+ Ori Epjy - (2.7.33)

The traceless symmetric tensor Z;; and 6 are chosen to be

aECA ) ¥ 2 for I > p 0= N (2.7:34)

— {2(1—%)(&; for I <p 2p— N
N
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This embedding tensor corresponds to the gauge group of the type
SO(p) x SO(N—p) C SO(N) , (2.7.35)

with relatively opposite charges between two subgroups; the embedding tensor

reads
© — OSO) _ gSOW-p) (2.7.36)

Note that the overall coupling constant is omitted. In this dissertation, for the one
coupling theories, the coupling appear as ¢g;. For some cases with more than two
couplings the embedding tensor is written in the explicit form with couplings g1,
g2,.... Not all compact subgroup of G' can be gauged; for example, the SO(p;) X
SO(p2) X SO(p3) X ... gauge groups with more than two factors are excluded from
admissible gauge groups because they are not solutions of ()

Since this dissertation studies only on N = 5,6 cases, we limit ourselves dis-
cussing only those two. For N = 5 with G = USp(4, k), the adjoint representation
Ragj is (2,0,...) and

Rag; Xsym Ragj — (0,...) +(0,1,...) 4 (0,2,...) + (4,0,...) (2.7.37)

Note that the underlined representation contains Ry and the three dots . .. is filled
with zeros where the number of zero depends on the rank of the group. We use
Dynkin label instead of conventional notation since they share the same form for
arbitrary k.

For N = 6 with G = SU(4, k), the adjoint representation Raq; is (1,...,1)
and

Riagj Xsym Baaj — (0,...,0)+ (1,...,1) +(0,1,...,1,0) + (2,...,2) (2.7.38)

To summarize: we list the full Lagrangian, covariant derivatives, supersym-
metry transformation rules and gauge transformations below. The full Lagrangian
reads

L = —5ie" (e, Rupa + U, Duty) — 3¢ i (9" D¢ Do’ + NP
+ Lige A2 @, (0,4Y — L fro A7A2)
+Le gy YY" UL (D¢ + D) — e N2 Ryjy X vax” XMy
+ 25e N72 (3 (g0 XXT)? = 2(N =2) (955 X"'v"x)?)
+6g(%A{J1/7LV“”¢J AP AT + 5 AT XN )

—2eg? (gij Agg’Aéf _ 2N’1A{JA{J) ) (2.7.39)



35

The covariant derivatives are given by
Du¢i — auﬁbi‘i‘g@MNAMXNi, ﬁ‘ugbz — D,u(bl_ wl zI
Dutyy, = (0 + 3wive) ¥ + 0,0'Q1 ) + g Oun AV V]
DX = (O + 30i7a) X1+ 0ud (T XM + Q1 XY)
+ g@MNAlj:A (5; VNIJ . (SIJgik Dk:VNj) XjJ 7
Due' = (0u+3wiva) € + 0,0'Q1 € + g O AT VY €
(2.7.40)

The supersymmetry transformations are
de,* = % e wi
51424 _ 2vMIJ7I)I€J_+_VMi>7(iI,YM€I’
ol = Due’ — 295 X'V X Y € = 60" QI + g ATy e”
5ot = Lelyil
o = L= 1) P € = 507 (T + Q) — N A ¢2.7.41)

1
2
1
2

The gauge transformations read

5gauge¢i = g @MN AMXNZ )
Ol = 9O un NV T — 6567 Q4]

17
5gaugeX” — g@MN AM(XjI Djv./\/"i 4 VNIJ XZJ) o 5¢] (F;k Xk[ T Q]IJXZJ) ’
Onin Oguuge AN = Oun (=0 A + g fro™ A7 A2). (2.7.42)

2.8 Vacua and their symmetries

In the previous section, we have discussed the construction of theory and the
constraints. In this section, we discuss how to obtain the vacua of theories as well
as their symmetries. At this stage, the dynamical quantity that concerns us the
most is the scalar potential V(¢). Once being obtained, many things can be drawn
from such as critical points or vacua. The computational codes are written and
run by the computer application Mathematica whereby the scalar potentials and
many quantities are symbolically solved. The very first task in the computation is
to identify the explicit form of various generators such as isometry group, SO(N)
R-symmetry group, etc. Next, the gauge group in question is chosen and we
construct coset representative accordingly. The coset representatives represent
the manifold of the scalars and we construct them under either unitary gauge or
Euler’s angle parametrization. A short review on Euler’s angle parametrization
is given in the appendix. The constraints on T-tensor are also checked for non-
predefined gaugings. And finally, the scalar potential is produced for further



36

analysis. The detailed discussions for N = 5 and N = 6 theories will be given in
chapter 3 and 4, respectively.

The jargon critical point is mentioned constantly throughout this disserta-
tion, so it is crucial that we should elaborate this term. The critical points are
the loci where OV (¢)/0¢; = 0. In general, they may contain maxima, minima
or saddle points. They can be normally obtained via traditional multi variables
calculus; or other branches of Mathematics, if they are available. If the critical
points admit the AdS vacua and there are at least two supersymmetric points, an
RG flow can be calculated as we will encounter in chapter 5.

In some cases, we can parametrize full manifold without any problems. How-
ever, in some cases, to deal with many scalar fields (more than 8) all at once seems
to be a daunting task. Armed with the brilliant trick by Warner [71, [72], it al-
lows us search for critical points by analyzing much smaller manifold. The trick
originally was applied to D = 5, N = 8 gauged supergravity case. Because it is
based on group theoretical argument, there are no problems if we apply it to other
dimensional theories. The strategy can be break down as follows: first, we pick
a subgroup Hj of the group GG. Next, we find the set of generators that are sin-
glets of Hy. This means that some scalars i) form singlets while the other scalars
¢ transform non-trivially under group Hy. The expansion around critical point
should take the form V (¢, &) = Vo(¢) + Va(¥)& + (O)(£?). One can see that if ¢
is a critical point of V4 (1), then 1) = ¢y and & = 0 is also the critical point of the
potential.

In order to study supersymmetry of the vacua, we consider the so-called BPS
solution. It can be determined by considering differential equations originated
from vanishing of supersymmetry transformation of fermionic fields together with
setting those fields to zero. Schematically, the equation reads

D,e(z)=0. (2.8.1)

These are necessary and sufficient condition for invariant of spacetime under su-
persymmetry [59]. The discussion on BPS solutions is closely related to studying
RG Flow which will be explored in more details in the chapter ff. According to
the proof in [49], the unbroken supersymmetries are determined by the equation

Vo

AIKAKJ J_ 79
1 € 42

1 1. .
¢ = FUAMAT = SNgY A A ) (2.8.2)

which is derived from the BPS equation mentioned above. The number of residual
symmetries corresponds to the number of eigenvalue of A/, The positive and the
negative eigenvalues correspond to left ny and right ng chirality of supersymmetry,
respectively. The total supersymmetry is then n; + ng. In practice, we simply

check whether eigenvalue of A{” at critical points equals to /—2 up to sign.
It is also pointed out in [49] that at the origin where all scalars are turn-off,

the supersymmetry is maximal and the residual gauge symmetry is the maximal
compact subgroup of gauge group Gy. The argument is originally developed for
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N = 16 theory in three dimensions [48, 49]. However, for the other value of N,
the same argument is equivalently applicable. At the origin, the vacua undergo
the Brout-Englert-Higgs mechanisms and the non-propagating vector fields from
Chern-Simons theory in non-compact direction acquire mass. Subsequently, the
vector fields split into two sector which are dim (Gy/Hy) = dy massive self-dual
vectors and dim H,y non-propagating vector fields from Chern-Simons theory.

Next, we discuss supergroup at critical points. The supergroup at vacua is
the superextension of the product of maximal gauge groups and isometry group
of AdSs, i.e. Hy x SO(2,2). Note that the group SO(2,2) is homomorphic to
SU(1,1);, x SU(1,1)g and sometimes we often use this group as an isometry
group since it explicitly splits left and right chirality. Subsequenctly, the extended
supergroup can be written as G X Gg; Hy can be factorized into H;, X Hg and the
supersymmetry generators are split into N = (ny,ng). According to classification
in [[70], the supergroup G, and G is given by one of the following

1. OSp(N|2,R) > O(N) x Sp(2,R)

2. SU(N|L,1) D U(N) x SU(1,1) for N £2 ,
SU(2|1,1) > SU(2) x SU(1,1) for N = 2

3. OSp(4*]2N) D 0*(4) x USp(2N) ~ SU(2) x USp(2N) x SU(1,1)
4. G(3) D Gy x SU(1,1)

5. F(4) D Spin(7) x SU(1, 1)

6. D'(2,1,a) D SU(2) x SU(2) x SU(1,1)

Note that the fermionic generators of the supergroups listed above transform as
(2,0) & (0, 2) of isometry group SO(2,2) ~ SU(1,1) x SU(1,1).

The discussion on the stability of gauged supergravity can be found in [92,
59]. The stability of gauged supergravity with AdS background is required for
a sensible quantum field theory. The stability in this context roughly means the
positivity of energy of fluctuations around background. Even though the condition
is proved in the context of gauged supergravity in four dimensions but it also works
in three dimensional cases or even non-supersymmetric theories with scalar fields
coupled to gravity.

2.9 Holographic RG flow

The AdS/CFT correspondence is more attractive when we go beyond conformal
world since the physical world we live in is non-conformal. Holograpic RG flow is
coined to describe the duality between a gravitational theory with scalar potential
and renormalization group flows of deformed comformal field theories. Note that
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RG flows throughout this paper mostly means holographic RG flows. The word
holographic occasionally is dropped for the sake of brevity.

Physical systems depend on scale. We describe nature defined at a different
energy scale or a distance (sometimes both are called a scale) by distinct theories
with a different dynamics and degrees of freedom. We will consider this phe-
nomenon in the context of quantum field theory. In quantum field theory, renor-
malization groups play an important role in describing the change in the behavior
of the physical system when the scale is changed. Different physics at different
scales emerge because a scale parameter is inevitably introduced via mass scale
parameter attached to coupling constant in dimensional regularization scheme or
cut-off momentum parameter. We call this parameter a scale u. Most often, the
prescription for renormalizations is arbitrary. Obviously Physics must not depend
on those prescriptions, so two distinct discriptions are related and share the same
Physics. However, their relations somehow might form abelian group (actually this
is not necessary true), so they are called renormalization group due to partially
historical reason.

The spirit of renormalization group is captured by renormalization group
equation (RGE). It is constructed by an observation that the bare n-points Green’s
functions I' do not depend on scale parameter. Consequently, we get a differential
equation describing how renormalized quantities change with scale parameter. It
is given by

) dT'r[p1, 9] ) I r[u, g] +6(g(ﬂ))8FR[u,g]

rramial 7 el (2.9.1)

According to equation above, a quantity that play a major role in the study of
RG flow is called beta function defined by

dg(p)

Blg(p)) = s (2.9.2)

where ¢ is coupling constant of the theory. The ¢* € g when (g*) = 0 is called
fized points. At g* # 0, it is called non-trivial fixed point. Quantum field theories
defined at fixed point do not depend on scale, in other words they are conformal.
g* is called an ultra-violet (UV) fixed point when the coupling is driven to this
point when increasing in p. On the other hand, we call g* an infra-red (IR) fixed
point when the coupling is driven to this point when decreasing in p. According
to flow equation, the theories would be driven along a trajectory in the coupling
space changing in energy scale p visualized as a flow, so this process deserves
the name. Note that there is a theory whose beta function vanishes identically,
it is ' = 4 SYM and of course it is conformal. There is no RG flow for such
theory; however, the scenario is changed once it is perturbed by some operators
with specific scale dimension. As a result, the conformal symmetry would break
and RG flow can be triggered.

We continue by elaborating the discussion above with a conformal field the-
ory in d dimensions. If the original action of a conformal theory is deformed by
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an operator with scale dimension A such that:

SCFT — SQFT = SCFT + /ddil? ¢($)0A($) (293)

The conformal symmetry could be broken and the theory would be driven along
a trajectory in the coupling space changing in energy scale pu. This process is
commonly called RG flow as we discussed earlier.

The operators above are classified into three classes:

o relevant operator : an operator that increasingly deforms the theory as u
flow to IR.

o maginal operator : an operator that leaves the theory remain conformal.

o irrelevant operator: an operator that decreasingly deforms the theory as u
flow to IR.

The theory at UV contains more information than at IR. If a theory makes
a transition from UV to IR, some degrees of freedom are discarded or integrated
out. Once the process undergoes the transitions, it cannot retrieve all the lost
information back. This is referred to as irreversibility. Special to two dimensional
spacetime, there is a theorem called Zamolodchikov c-theorem that can guarantee
the irreversibility. We will discuss this issue again in the section P.11l.

2.9.1 RG flow via Supergravity

In the AdS/CFT context the holographic renormalization group flow is the renor-
malized group flow of the boundary theory narrated by a particular class of clas-
sical solutions of the bulk theory. The boundary theory in this context is a con-
formal field theory perturbed by specific operators or the operators themselves
acquiring non-vanishing expectation value. In the perturbing operator scenario,
the additional terms may cause conformal symmetry breaking. As a result the
deformed theory induces RG flow between fixed points. In our study we narrow
down to a class of RG flow that is a flow between two conformal fixed points
identified as UV and IR fixed points. In the bulk theory this can be interpreted
as a class of solution of gauged supergravity which contains a scalar potential.
The solution contains a metric of domain wall type and a kink-like solution of
scalars. The critical points of scalar potential are identified with specific AdS so-
lutions characterized by distinct AdS radii. For simplicity, we are now considering
flows associating with two critical points, so there are AdS spaces of two regions
in the bulk; the first one is at the boundary and the second one is in the deep
interior region identified by radial coordinate r associated with limit » — 400 and
r — —oo. In our convention the two AdS radii characterized by Lyy and Lig
correspond to r — 400 and r — —oo, respectively. In general, there are various
classes of flows, for example, the flow can also undergo from a UV fixed point to a
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new non-conformal field theory that associates with non-AdS geometry inside the
bulk. Unfortunately, in this dissertation we will not discuss this case.

The flow solutions can be either analytical or numerical. They can be either
approximated or exact. Even though the flow solution is exact, the asymptotic
analysis of the flow solutions is still very useful in determining the scale dimension
A of perturbed operator. They are considered in two limit at which AdS spaces
are specified, so the AdS with radii Lyy and L;g correspond to scale dimensions
Ayy and Ajpg, respectively.

One of key concepts of holographic renormalized group flow is that the radial
coordinate r in the bulk theory has a dual picture as an energy scale p in QFT.
At intermediate radius r, it can be interpreted as a specific quantum field theory
defined at a particular energy scale. This interpretation gives us a wonderful
discription between a single theory in higher dimensions and a spectrum of theories
defined in a range of energy scales formulated in lower dimensions.

The other dynamical quantity such as central charges can be obtained as
well. According to AdS/CFT, the AdS with radii Lyy and L;g are identified with
conformal field theories characterized by central charge cyy and c¢yg, respectively.
The detailed discussion is mention in the section @

There are many ways to study flow solutions. For example, one can com-
pletely abandons fermionic sector and obtains flows from Euler-Lagrange equation
like a toy model we about to discuss or one can solve for equations of motion via
Cartan structure equations. In this dissertation we only interested in supersym-
metric flow whereby a sub-solution of full Euler-Lagrange equations is considered.
It can be obtained by solving the so-called BPS solutions which are set up by van-
ishing of supersymmetry transformations on fermions with vanishing of fermions
themselves. The equations are first order derivative rather than second order
derivative which obtained from full Euler-Lagrange equations and they preserve
some supersymmetries of the original Lagrangian. The detailed discussion on BPS
solutions for 3D gauged supergravity will be addressed in the end of this section.

In order to obtain RG flow manifestation from gravity dual, it is easier to
consider a toy model of a supergravity. It simplifies the gauged supergravity by
considering only gravity and a single scalar with a scalar potential. The vectors,
matter fermions and gravitini are neglected. It is easier if we work in d + 1
dimensional Euclidean space instead of Minkowskian. The results in this section
are in the form of general d + 1 dimensions; therefore, in three dimensions we
simply set d = 2. The action is given by

1 1 1

This simple model still serves our purpose quite well since throughout this disser-
tation we study flows from a single scalar. We explore only the supersymmetric
flows associated two different AdS vacua. The dual picture is the UV CFT is
perturbed by a particular operator O and drive a flow to another IR CFT. That
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amounts to the scalar potential V' (¢) should have at least two critical points, i.e.
solution of V'(¢) = 0 and we label the distinct critical points by the abbreviated
notation ¢;. The scalar potential may have a local maximum and a local minimum
critical points as shown in figure R.1. In order to get AdS geometry profile, we
identify the value of the scalar potential as follows

1
so another requirement is that V(¢;) < 0. The sketch of the profile of scalar
potential is shown in figure P.1l. Note that we may shift the maximum to ¢ = 0

V()

Figure 2.1: Scalar Potential V' (¢).

without loss of generality.

The equation of motions obtained from extremizing the action () or
Euler-Lagrange are given by

1

O 0) —V(9) =0 (2:9.6)

1

By =yl =2(0,00,0 — g (3007 +V(0))| =21 9)

At critical points ¢;, the first equation trivially satisfies. The second equation
reduces to Einstein equation with cosmological constant. Using the identification
in (2.9.5), we get the connection between the critical points and AdS radii or
cosmological constant. We now need a proper ansatz to study renormalized group
flow. Since conformal symmetry would break down to the non-conformal one
and the symmetry should match on both side, so AdS geometry now become less
symmetric, i.e. Poincaré invariance. The generalized Poincaré invariant metric in
some literature is called domain wall solution. It reads

ds? = 0§ datda? + dr?,
¢ = or),
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where r is radial coordinate and z; are transverse coordinates. Note that the
scalar field is a function of radial coordinate only. The role played by the radial
coordinate of the bulk field is crucial. It can practically be identified as an energy
scale of the boundary theory. This seems to be a perfect way to interpret the
additional coordinate in the context of lower dimensional theory. We are looking
for solutions that interpolate between two conformal fixed points of the dual the-
ory. The boundary region of AdS (r — +400) corresponds to the UV regime of
conformal field theory, whereas the deep interior region (r — —oo) is associated
with the IR. So we must have

: r : r
lim A(r) = Tov ' lim A(r) = Iin

(2.9.10)

As explained in [5], the solution can be alternatively solved by Cartan structure
equations. Having equipped with the ansatz above, we finally get three coupled
second order differential equations and they are not independent. They read

2

A% = m(¢>’2—2V(¢)), (2.9.11)
" ! dV(¢)
" +dA'¢Y = a6 (2.9.12)
"o _L /
AT = e 1¢2. (2.9.13)

The differential equations above are more interesting when we evaluate at critical
points, i.e. ¢(r) = ¢;. Using (E.9.5), the solution from the A’ equation is

r

A(r) = j:L,-

+ ag (2.9.14)
The integration constant is not important here since we can always relabel the
coordinates. The positivity of solution is purely conventional, and we choose the

positive signature. The solution above now corresponds to the AdS space as we
have identified in ()

We have discussed only the solution at the boundary and the deep interior
region. The next task is to discuss the interpolated solution between the two limits.
The solution may be exact; however, it is also useful to obtain the expansion
around the critical points themselves. As mentioned earlier, this section is crucial
in determining the scale dimension A. At critical points, the scalar field ¢(r) and
the warped factor of the metric A(r) can be written as

6(r) = i + h(r), A:%+dm. (2.9.15)

The equation of motion reduces from non-linear and coupled differential equation
of motion to a second order homogeneous ordinary differential equation :
d m?

R VL . 2.9.1
H oW = h=0 (2.9.16)
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The general solution is given by
h(r) = Belfimdr/ki 4 ¢ e=Air/Li (2.9.17)

From Witten’s prescription [3], scale dimension A, is identified with scale dimen-
sion and it relates with mass of bulk field and bulk dimension by

1
NL; = 3 (d+ \/d? + 4m?) or (2.9.18)

miL; = Ai(A;—d) (2.9.19)

Note that @ is in order O(h?), so the contribution from this factor is ne-
glected since we consider only linear order. The asymptotic solutions in the limit
r — oo are given by

P(r — +00) & ¢y + By I/ 4 Oy em B/l (2.9.20)
O(r — —00) & ¢+ ByeB2mdr/le 4 ¢ gmRer/ L2 (2.9.21)

Note that the scalar potential around the critical points can be expanded such

that

Lmi , 3
V(9) = V(¢i) + 575" + O(1) (2.9.22)

In the context of AdS/CFT, h is the fluctuation of the bulk field which is dual to
some operator Oa where the mass of the bulk field m; is given by

mi = LIV"(¢;) (2.9.23)

which is equal to ()

As mentioned earlier, the solution approaching critical points (constant val-
ues) in the limit » — +oo is a kink-like solution and its sketch is given by figure
@. Some constants in (2.9.2 I) need to be specified to get sensible solutions. The

$(r)

-10 -5 | 5 10

0.5 -

Figure 2.2: A sketch of a kink solution.
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first boundary condition is that the fluctuation field must vanish in both limit.
Using the fact that the scale dimension A; is always positive and negative mass
squared is allowed, one can obtain the valid range of the scale dimension. For
r — 400, By and C; can be non-vanishing but the scale dimension must take
value within some domain. From the solution, it requires A; < d and (2.9.19)
implies g < A with m? < 0, so it should take value within the range

g < A < d. (2.9.24)
Since the mass squared is negative and the local maximum has V" < 0, so this
critical point is at local maximum. The generic solution with C'; = 0 corresponds
to deformation of relevant operator. On the other hand, the solution with C # 0
and B; = 0 corresponds to the deformation of conformal field theory (in UV) by
a non-vanishing vacuum expectation value, (Oa,) ~ C; # 0. In the context of
holographic RG flow this critical point corresponds to a conformal field theory
(UV fixed point) perturbed by relevant operator of dimension A; and it induces
the flow to drive to other field theory. This interpretation fits perfectly well for
identifying radial coordinate to energy scale in field theory, i.e., the larger the
r, the higher the energy in dual theory. We may set L; to Lyy including other
parameters with subscript 1.

For r — —o0, (', must vanish. According to the asymptotic solution, it
requires Ay > d and from (2.9.19) we get m3 > 0 which is consistent to the
fact that this critical point should be local minimum. In view of dual theory,
this can be interpreted as an IR fixed point deformed by irrelevant operator with
scale dimension Ay > d. We may set Ly to L;g including other parameters with
subscript 2.

There are alternative ways to obtain equation of motion, many of which are
in the form of a collection of coupled first order differential equations. One way
to achieve this is that we exploit Hamilton-Jacobi formalism instead of Lagrange-
Euler formalism. It requires introduction of auxiliary function such as Hamilton-
Jacobi function W (¢) where its explicit form may reveal once we solve the system
of equations. In some literatures W (¢) may be called superpotential. In our
example, two second order flow equations are replaced by three first order flow
equations with introducing superpotential W (¢). They read

%(‘%) _%WQ = V(¢) (2.9.25)
dp AW (¢)
el (2.9.26)
dA 2
= W) (2.9.27)

The first order equations are also originated from BPS equations sometimes
called Killing spinor equations. Since their mathematical structures are quite
similar, so two names can be used interchangeably throughout the literatures. As
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mentioned earlier, Killing spinors also tell us about the residual supersymmetry
of the solution via eigenvalue of A; tensor. In order to get the idea how equations
for solving Killing spinors are set up, consider a variation of a generic supergravity
action

865 = / (—63 + —6F) =0, (2.9.28)

where B are collections of bosonic fields in the theory and F' are collections of
bosonic fields. It satisfies equations of motion if S = 0. Since 6B ~ F and clas-
sical background requires F' = 0, so it is left with vanishing of fermions equation.

From this point forward, we discuss RG flows from gauged supergravity
in three dimensions via BPS equations. This material is crucial in obtaining
all flows in chapter 5. For convenience, we present the transformations of the
fermions (Mﬁ and §x* here (they appears once when we discussed supersymmetry
transformation of the Lagrangian in the beginning of chapter ).

0y, = Due +gA{ e’ =0

“w

. 1 o :
S = L@ Y P - gNA =0 (2920)

where D,e’ = (5u + %w/‘j%) e! for vanishing vector fields. In three dimension, the
domain wall ansatz is of the form

ds® = 4 da? | + dr? (2.9.30)

where dz? | is the compact form of —daz§ + dxi. It obviously preserves Poincaré
symmetry in two dimensions. The ansatz for scalar is

b= o(r), (2.9.31)

which depends only on radial coordinate r. According to AdS/CFT correspon-
dence, the radial coordinate r is identified to energy scale of the dual theory. The

ansatz for Killing spinor is
A(r)
I

e =e2 €, (2.9.32)

with constant spinor satisfying projection condition v,e) = €} which reduces the
supersymmetry by half. From the domain wall metric given above, the spin con-
nection is defined by

w;”" = Ao (2.9.33)

where ji, 7 = 0,1 which are flat basis indices. The covariant derivative for scalar
reduce to ordinary derivative with respect to r. Note that, given coset represen-

tative, we can obtain the derivative of scalar field by
d A
j = Tr(TAL7'L)). (2.9.34)
,

The analysis above can give us analytical solution, then we can expand solution
around critical point to obtain scale dimension A as previously discussed.
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2.10 Weyl anomaly

The calculation of conformal anomaly or Weyl anomaly from gravity side is one of
the successful prediction from AdS/CFT correspondence. The very first evidence
is the agreement in calculations of conformal anomaly of D = 5 AdS supergravity
dual to D = 4 SYM. The conformal anomaly reveals the failure of conformal
symmetry at quantum level. Note that the criterion for conformal symmetry of
classical system is

08
Gii——
Y 0ij
The conformal anomaly can be expressed as the non-vanishing of the trace of
energy-momentum tensor, i.e.

T! = =0 (2.10.1)

(T}) #0. (2.10.2)
A very first example of conformal anomaly from a gauge theory coupled to non-
dynamical metric was done by [74] for D = 4 and in an appendix for D = 2 where
in those theories the scale is inevitably introduced via dimensional regularization.
Soon after string theory had become a mainstream, much efforts were paid for
calculation of anomaly in string world sheet D = 2. Polyakov [76] showed that
Weyl anomaly-free condition for bosonic string corresponds to 26 dimensional
spacetime. For superstring, he proved that critical spacetime dimensions is 10 [[77].
A nostalgic review with a slightly sarcastic tone on Weyl anomaly can be found in
[75]. An approach in the AdS/CFT context called the holographic Weyl anomaly
and the paper itself goes by this name is done by Henningson and Skenderis [73].
The calculation gives a correct values of the central charges and proposes a possible

monotonic c-function °.

Let us first consider the conformal anomaly for D = 4 since it is widely
discussed among many literatures. In quantum field theory the conformal anomaly
in general is given by

(T} € ez Y pe

z> = WVVijkl - 1672 ikl (2-10-3)

where a and ¢ are central charges which characterize the theories and of course
they are model-dependent. The Wjj;, is Weyl tensor and it relates to Reimann
tensor and Ricci tensor via

1
Wik = Ry — 215 + S F? (2.10.4)

and the second contribution is Euler density
i mnkl

. 1 2
R = (56?}‘"1%2 > = R, — 4R}, + R? (2.10.5)

whose integral gives rise to a topological term which is Gauss-Bonnet term and it
is proportional to Euler characteristic x of manifold, i.e. [d*z\/gR;;,, = 4mx.

5The monotonic function is a function which is either increasing or decreasing.
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We have discussed the general structure of D = 4 field theory. Now we
discuss the special case which plays an important role in justifying AdS/CFT
correspondence and it is of course N' = 4 SYM. We simply give the important
results since the detailed discussions can be found in many reviews on AdS/CFT
correspondence. The central charges a and c relate to the number of degrees of
freedom via N in gauge group SU(N) as follows

1 o 1
a=c= Z(N2 —1) N5 ZNQ. (2.10.6)
The equality of @ and ¢ is a unique feature of conformal field theory that is involving
in AdS/CFT correspondence. The conformal anomaly is given by

, c g 1
T!) = — | R'Ri; — R 2.10.7

< Z> 87T2 ( J 3 ) ( )
This anomaly can be derived in the context of AdS/CFT correspondence as we
will discuss in the next topic.

The next task is calculating the conformal anomaly via AdS/CFT corre-
spondence. For D = 2,4, 6 the holographic Weyl anomalies are calculated in [73].
We discuss the D = 5 AdS dual to D = 4 SYM case. First, one considers the
action of pure AdS gravity in five dimensions,

S = 16;10 U d°z/g(R + %) +/d4z2\/§K} . (2.10.8)

Note that the surface term called Gibbons-Hawking is added.

Replacing the radial coordinate p = e’%, the metric for asymptotic AdS
(AAdS) becomes
ds® = LQ(al—p2 + lg(x p)dx'dx?) (2.10.9)
4p2  p7V7
Note that the boundary is replaced from r — oo to p = 0 and the boundary metric
is given by
gij(x,p) =0 Gilz). (2.10.10)

The expansion around flat background can be written as g;;(z) = 6;; + hi;. The
flat metric associates with background metric for conformal theory at boundary
and h;; can be interpreted as the source term for the energy-momentum tensor
T;.

The metric is divergent at boundary p = 0. In order to regularize it we need
to introduce the cutoff at p = €. The integration of the action above is bounded
to the range p > € and we evaluate the boundary integral at p = e. The induced
metric at p = € is given by

_ gij(xap = 6)

2.10.11
; (210.11)

Yij
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The K in the surface term in the action is given by

K=K~ oo (M) e (2.10.12)

€
The Weyl transformation at boundary is given by

It induces the diffeomorphism called Penrose-Brown-Henneaux transformation in
the bulk, i.e.

p = p(1—20(x")) (2.10.14)
vt = 2" +d(2,p), (2.10.15)
where
. L? rr .
i) =2 [ dpgappiyote). (2.10.16)
0

The next task is to derive on-shell renormalized action S,.,[g] from which
the anomaly can be derive via

. Y 5STen [g]

Ti) = g7 (Tij) = — : 2.10.17
where Weyl transformation is given by g = —25%do. The renormalized on-shell
action is defined by

Srenlg] = lli% (Selg] — Se[glet) (2.10.18)

where Sc[g] is the on-shell action with cutoff € and S[g]. is the counter term
constructed to cancel the divergent terms as the ¢ — 0. In order to evaluate the
Selglet, we need the data near boundary. According to Fefferman-Graham theorem
[79], we can expand the metric near the boundary as

gij(z,p) = g7 + PY2)ij + P29(4)z‘j +p°Inp hayij + - - (2.10.19)

Note that if we are working in odd dimensions, the expansion above is defined
differently. for instance; there is no Inp term. We substitute (E.lO.lQ) to the
action (R.10.§) and identify the divergent terms. At the lowest order, we simply
give the result here,

1 . 3 R L’lne ... 1.,

where ]A%ij is the Ricci tensor and R is the Ricci scalar of induced metric vij- We
can associate divergences above to its UV divergences of its dual field theory if
we identify e with 1/A? in field theory. Finally, we can calculate the conformal

anomaly,

. 3 1 .. 1

i\ _ “RUR. — — R? 2.10.21
(T7) 87TG<8R Rij — 5 RY) (2.10.21)
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In order to make AdS/CFT a correct framework, we compare the result with
2.10. {) and identify central charge as follows

P

B w3
- 8G

c (2.10.22)

Note that the identification above depends on dimensions of spacetime, so it is
valid for bulk theory in D = 5. For D = 3 case, the central charge is given by

3L
- 2G

The equation () is crucial in justifying c-theorem in our context from RG
flows analysis in chapter 5.

c (2.10.23)

2.11 c-theorem

It is worth mentioning the relation between central charges and degrees of freedom
of a system. The insight is influenced by Wilson approach of renormalization. The
central charges ¢ measure the degrees of freedom of the conformal field theory.
This is shown by the explicit form of central charges which can be written in
term of number of particles as discussed in the previous section. As a matter of
fact, not only it applies to conformal fixed points, it can be used to measure the
degrees of freedom of the intermediate states with particular energy scales. The
constant central charges are replaced by a monotonic function which approaches
central charge in a particular limit. As it undergoes the transition to long distance
physics, the heavy particles will decouple from the low energy dynamics in some
literatures sometimes is referred to as integrating out the heavy particles degrees
of freedom. If the theory has two fixed points in short distance and long distance
identified by two conformal theories with central charges cyy and ¢y, respectively,
a direct outcome is that cyy > crg. This inequality plays an important role of
this section, since this observation help establish the so-called c-theorem.

The Zamolodchikov c-theorem [90] states that there exists a monotonic func-
tion ¢(g) of the coupling constant g in a two dimensional renormalizable field
theory. This function has a constant value only at fixed points and the ¢(g*) at
that point is the central charge of the conformal theory in two dimensions which
coincides with central charge in Virasoro algebra. Alternatively, Zamolodchikov
c-theorem can also be encapsulated by three properties as follows

 ¢(g) is a monotonic function along renormalized group flow.

« ¢(g) is exactly a central charge of a conformal field theory at fixed point.

 ¢(g) is stationary at fixed points g = ¢* where 0c(g)/0g|s = 0.
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For a theory with two conformal fixed points, a major consequence of Zamolod-
chikov c-theorem is that
Cuv > CIR (2111)

which is in agreement with the argument from Wilsonion renormalization discussed
in the beginning of this section.

The question of generalization to higher dimensions was firstly proposed by
Cardy [82] and also discussed the difficulties in the extending. This paper was
titled Is there a c-theorem in Four Dimensions? and around that time short
answer is Probably No. However, until 2011, the proof for four dimensional case
was proposed by [83] and it is widely accepted among physicists. For a general
proof for arbitrary dimensions, to the best of my knowledge, it may not exist.

It is important to note that the monotonic function ¢(g) has an interpretation
as central charges only at fixed points. At UV conformal fixed point and IR
conformal fixed point, they are ¢(g7) = cyy and c(g3) = cr, respectively. The
intermediate value of ¢ along the flow depends on what regularization scheme we
choose. This interpretation concurs with ¢ function calculated from AdS/CFET
correspondence, since there is generally no unique way to identify a monotonic
function interpolating between two AdS spaces characterized by Lyy and Lig. In
our case for four dimensions, the obvious candidate for holographic c-function is
given by c(r) = n/8GA”. However, this does not mean that we have only this
choice.

The next task is to find a description for c-theorem from gravitational theory
side via AdS/CFT correspondence. The c-theorem obtained in this way is called
the holographic c-theorem. According to the identification (2.10.23) for four di-
mensinal conformal fields, the central charges in UV and IR relate to radius of
AdSUV and AdS[R by

Ly mLip
= = 2.11.2
Cuv 3G CIR ek ( )
so we have Ly > Lir. It corresponds to label local maximum as Vyy and the

minimum as Vg,

d(d—1)
L2,

d(d—1)

Viy = —
uv 4L%R

>Vip=— (2.11.3)

Recall that the scale factor A(r) is concave downward because A”(r) < 0 as
sketched in the figure @ and the slopes A’(r) at the two fixed points are related
by 1/Lir > 1/Lyv, so as the deeper we go, the steeper A(r) we get.

Let us consider a candidate for c-function in four dimensional case,

™

c(r) = SCAB (2.11.4)

it gives the correct value of central charges at fixed points. The first order deriva-
tive ¢(r) > 0 since A”(r) < 0. Note that for arbitrary dimension d, it is given by
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Figure 2.3: Profile of the scale factor A(r).

c(r) = 5= and for D = 3, it is given by

3
)= sca

(2.11.5)

The function ¢(r) is suitable for c-function since it satisfies the properties listed
above.

Before we end this section we note that the RG flows studied in this dis-
sertation are all in agreement of c-theorem, i.e. cyy > crr. We will discuss the
results in details in chapter f.



CHAPTER III
N =5 Theory

In this chapter, we study N = 5 gauged supergravity in three dimensions [39].
They are categorized by gauge group type: compact, non-compact and non-
semisimple groups. The scalar manifold is a symmetric space with coset mani-
fold USp(4,k)/USp(4) x USp(k) where k is an even integer. For compact and
non-compact gaugings, we explore £ = 2 and £ = 4 cases which are the sub-
group of USp(4, k). And for non-semisimple case, the gauge group we studied is
SO(5)x T corresponding to USp(4,4)/USp(4) x U Sp(4) scalar manifold. Among
all the gaugings we considered, non-semisimple case has a special aspect, since it
can be described by dimensional reduction on an orbifold S*/Z, from four space-
time dimensional theory as previously pointed out in [57]. Moreover, according to
Yang-Mills and Chern-Simons equivalency [66], this theory is equivalent to SO(5)
gauged supergravity of Yang-Mills type.

The dimension of scalar manifold of k£ = 2 and k£ = 4 case correspond to 8
and 16 respectively. For compact gauging in k = 2 case, we can parametrize full
8-dimensional manifold by Euler angles which is discussed in the appendix. On
the other hand, we cannot parametrize full manifold for £ = 4 in compact case
since it is too complex for personal computer to handle. We have to parametrize
submanifold which is invariant under a certain subgroup of the gauge group in-
stead. According to argument in 71, 72| and review in chapter 2, a critical point
found from this submanifold is also a critical point of the full manifold.

Many supersymmetric critical points for each case are reported together with
their unbroken supersymmetry and unbroken gauge symmetry. The scalar mass
spectra are identified as a representation of unbroken gauge group. Breitenlohner-
Freedman stability condition (BF bound)[92] is checked and no violation is found
if the gauge couplings belong to specific domain. Moreover, we determine the
mass spectrum of the scalar around background at which we expand and present
their irreducible representation of supergroup extension of AdS isometry group
SO(2,2). At each critical point, the A; tensors are reported. The study of RG
flows from discovered vacua are postponed to chapter Bp

This chapter is organized as follows. We discuss some theoretical as well as
technical aspects for N = 5 theory. We identify group generators for USp(4, k)
and R-symmetry group SO(5). In exploring vacua we start with compact gauging
of k = 2 case which is split into three subcases:

e SO(5) x USp(2)



e SO(4) x USp(2)
e SO(3) x SO(2) x USp(2).

Next, for compact gauge group of £ = 4 case we consider:

o SO(5) x USp(4)
o SO(4) x USp(4)
o SO(3) x SO(2) x USp(4).

23

Then we move on to the non-compact gauge groups. For k = 2, we study
gauge group USp(2,2). For k = 4, we study gauge group USp(2,2) x USp(2,2).
Finally, non-semisimple SO(5) x T'° case is explored.

Before we proceed, it is important to identify the generators used in N =5
theory. We define USp(8) generators from Gell-Mann matrices for SU(8) labelled
by A;. For analysis of k = 2 case we need USp(6) subgroup which are identified
by the first 21 generators given below.

Z/\1 Z)\Q Z)\3
s )
1 NG 2 /2 3 NG
i)\lg i)\14 Z/\g i)\15
Jo= 2B = = R s
! V2T T2 T Ve V3
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Joo= Lo e g T Jy = 04 A
7 2 + 2 ) 8 2 92 ) 9 2 9 )
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The SO(5)r R-symmetry generators, labeled by a pair of anti-symmetric

indices 7'/ = —T7!, can be identified as follow
12 1 13 1 23
T - E(Jg—t](;), T :—7(J1+J4), T :7( J5)
1
T34 - E (Jg —|— J@) 5 T14 - 7 (JQ + J5) T24 = 7 ( J4)
Y = —J,, T% = —Jy, T = J, 5 = J,. (3.0.2)

The non-compact generators Y4 are identified by

YU = iJu, Y2 =iJs, Y3 =iJg, Y4 =iJig,

YS = iJis, Y% = iJy, Y7 =iy, Y8 = iJy,

Y? = iy, Y10 = s, YU =iy, Y12 = i,

Y = iy, Y = iJs, Y =iJs, Y10 =iJsn. (3.0.3)

For k = 2 case corresponding to 8 scalars, the associated non-compact generators
are given by the first 8 generators, Y4 with A =1,...,8.

3.1 Compact gauge groups

In this section, we study N = 5 gauged supergravity with compact gauge groups.
The gauge groups are subgroups of maximal subgroup Gy C H C GG. We classify
them into three cases: SO(p) x SO(5 — p) x USp(k) where p = 5,4,3. Since
SO(0) and SO(1) are ill-defined, so they can explicitly be written as the following:
SO(5) x USp(k) , SO(4) x USp(k) and SO(3) x SO(2) x USp(k). The sector
SO(p) x SO(5—p) can be embedded in USp(4) ~ SO(5)r as in the representation
— (p,1)+ (1,5 — p). For convenience, we repeat the embedding tensor below

Oryxr = 0075 + durEry (3.1.1)
where (-1 .
= _J2(1=8)du, I'<p _ 2p—
=1 = { __5% I>p o+ V=75 (3.1.2)

Then the full embedding tensor for SO(p) x SO(5 — p) x USp(k) schematically

written as
0= g].@SO(p)XSO(5—p) + gz@USp(k) (3.1.3)

where ¢; and go are gauged coupling constants. At this stage, we treat them
independently but in the study of mass spectrum and RG flow, they are related
and bounded to some domain. Ogo()xsoiE-p) and Opgpyk) are the Killing forms
of SO(p) x SO(5 — p) and USp(k) respectively.
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3.1.1 The k£ =2 case

As mentioned earlier, the number of the scalar of the theory is 4k. For k& =
2, the scalar sector of the theory is parametrized by 8 scalars of coset space
USp(4,2)/USp(4) x USp(2). We choose Euler angle parametrization with full
8-dimensional manifold for SO(5) x USp(2) and SO(4) x USp(2). For SO(3) x
SO(2) x USp(2), we parametrize merely submanifold as we will discuss this issue
in SO(3) x SO(2) x USp(2) gauging section.

In this case, the theory contains 8 scalars parametrized by USp(4,2)/USp(4) x
USp(2) coset space. The full 8-dimensional manifold can be conveniently parametrized
by the Euler angles of SO(5) x USp(2) ~ USp(4) x USp(2). The details of the
parametrization can be found in the appendix.

SO(5) x USp(2) gauging

In this case, we use Euler angle parametrization with USp(4) x USp(2) Euler
angles. The full USp(4,2)/USp(4) x USp(2) coset can be parametrized by the
coset representative

I = €a1X1 eang€a3X3€a4J76a5Js6a6J96a7J106bY7 (314)

where X;’s are defined by

1 1 1
Xl — E(Jl — Jll); X2 — E(JQ — Jlg), X3 — E(Jg — Jld) (315)
According to L we have 7 scalar fields associated with generators which are ele-
ments in compact generators and a scalar associated to non-compact generator.
The scalar potential is found to be

1
vV = = 64 (g5 — 1247 + 4g192) coshb — 107647 — 180g192 — 4545

—4 (52g7 + 209192 + 5g3) cosh(2b) + (2g1 + g2)* cosh(4b)] . (3.1.6)

The scalar potential V' depends only on scalar field b associated with non-
compact generator Y. This feature is a result of gauge invariance. Note that the
scalar potential should not depend on how we parametrize manifold, we expect
the same result as in unitary gauge parametrization.

The exhaustive list of critical points is given in the table m We found three
critical points, they are labelled by roman number in the first column of the table.
Note that b in the second column represents the value of scalar at their critical
point and Vj is the value of the potential associated with each critical point.
Unbroken supersymmetries at critical points are listed in the forth column. We
use two dimensional dual CF'T to represent the number of supersymmetry; i.e.,
(n_,ny) where n_ and n, are the number of supersymmetry of different chirality
of supercharge. This also can be realized in three dimensional theory via the
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b Vo unbroken unbroken
SUSY gauge symmetry
I 0 —64g7 (5,0) SO(5) x USp(2)
_ _ 64 2 2
I1 | cosh™ |g=2ar) | _Bgotel | (4.0) | USp(2) x USp(2)
- 6492 (3 2
T | cosh™" |Sotee | | _SiG0tal | (1 g) | USp(2) x USp(2)

Table I: Critical points of SO(5) x USp(2) gauging.

numbers of negative and positive eigenvalues of AL/ tensor where the eigenvalues

of A; tensor is given by + —%.

It is well-known that at L = I (all scalars are turned off) is a trivial critical
point and automatically preserves full supersymmetries and full gauge symmetry.
The other two traditionally called non-trivial critical points preserve USp(2) x
USp(2) guage symmetry and preserve only a subset of full supersymmetry. Note
that we will consider RG flow in this case later in next chapter. Since A; tensor
also plays many roles in the analysis such as counting supersymmetry, so we give
the A; tensor explicitly at each critical point below

Agl) = —4gilsxs,
A?D = diag (a,a,a, a, —491(91 _ 92)) ,
291+ 92
AT diag (,3, 8.8, 8, _4921;139;;;92)) (3.1.7)
where
. —4g1(g1 + 92)’ 5= —441(591 + g2) ' (3.1.8)

291 + g2 291 + g2
The superscript of A; tensor denote the critical point at which it is calculated.
Note that a and ( are local parameters which are defined independently for each
gauging.

In order to compute the mass spectrum at each critical point, we simply
perform Taylor expansion around the critical point and set vector fields to zero.
The quadratic term implies mass squared of the scalar particle. The coset repre-
sentative must be calculated in unitary gauge, i.e.,

8
L=]]e. (3.1.9)
=1

The scalar mass spectrum at the trivial critical point (I) is given in the table
below.

m*L? | SO(5) x USp(2)
-3 (4,2)
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All scalars have the same mass m?L? = —% with L being the AdS3 radius at this
critical point. There are no massless scalars or Goldstone bosons, since the ground
states preserves full symmetry. The full symmetry of the background corresponds
to Osp(5)2,R) x Sp(2,R) superconformal group.

The mass spectrum at (4,0) critical point is shown below. We have one
massive particle in the singlet and seven massless scalars corresponding to (2,2) +
(1,3). Those massless scalar are called Goldstone bosons. The number of massless
scalars is confirmed by dimGy — dimG = dim(SO(5) x USp(2)) — dim(USp(2) x
USp(2)) corresponding to symmetry breaking SO(5) x USp(2) — USp(2) x
USp(2). Since we set the vector fields to zero and consider only composite sym-
metry, therefore no vector fields eat up scalar and become massive. The example
for non-vanishing vectors whereas the traditional Higgs mechanism can happen
can be found in [93].

m?L? | USp(2) x USp(2)
92(291+3g2)
(91+92)? (1’ 1)
0 (2,2)+(1,3)

The mass spectrum at (1,0) critical point are as follow. The result is similar to
the (4,0) case except for different massive scalar. We have the same number of
Goldstone bosons corresponding to the same symmetry breaking.

m?L? USp(2) x USp(2)
(491+92)(10g1+39g2)
S 0
0 (2,2)+(1,3)

This SO(5) x USp(2) gauging case has two non-equal-supersymmetric vacua,
so we are capable of discussing their RG flow in the chapter E

SO(4) x USp(2) gauging

We parametrize full manifold and the coset representative is the same as SO(5) x
USp(2) case. The smaller the gauge group, the more complicated the calculation.
The scalar potential in this case turns out to be very complex even though it
depends only 5 from 8 scalars; i.e., they are ay, as, ag, a7 and b. The scalar potential
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for compact gauge group SO(4) x USp(2) is given by

b 1
V= 2g5(3 + coshb) sinh® 5t 169192 (68 + 4 cos(2a4) + 2 cos(2(as — as))

+4 cos(2as) + 2 cos(2(as + as)) + 2 cos(2(ay — ag)) + cos(2(ay — a5 — ag))
+2cos(2(as — ag)) + cos(2(ay + as — ag)) + 4 cos(2ag) + 2 cos(2(ay + ag))
+cos(2(ay — a5 + ag)) + 2 cos(2(as + ag)) + cos(2(ay + as + ag))

b
+32 cos? a4 cos? as cos® ag cos(2a7)} (3 + cosh b) sinh® 5
b
—4g7 [cos2 as cos® ag cos? ay cosh? 5(3 + cosh b)? sin®(2ay)

b b
+64 cos® ay cosh? 3 sin? ay sin® a5 + 64 cos? a4 cos® as cosh? 3
sin? a4 sin? ag + 64 cos? a4 cos® az cos? ag cosh? 3 sin? ay sin? a;

1
T 16384 [51 + 259 cos(2a4) + 4(—17 4+ 63 cos(2ay4)) cosh b + (17 + cos(2a4))

b b
cosh(2b) + 16 cos® ay cos(2as) sinh* 5 + 32 cos? ay cos® as cos(2ag) sinh? 3

2
+64 cos? a4 cos? as cos? ag cos(2ar) sinh? 5} + > {—4 cos? ay cos? as cos? ag

b
cos? ay sin® a; sinh® 3~ 4 cos* a4 cos® ay cos? ag cos? ay sin? ag sinh® 3

4

b
—4 cos* ay cos? as cos® ag cos? az sin? a7 sinh® 3 4 sin®(2ay) sin? a5 sinh? b

—16 cos? a4 cos? as sin? a4 sin® ag sinh? b — 16 cos? ay cos? a5 cos® ag sin’ ay
2

1 b
sin? a; sinh? b — T cos? a5 cos” ag cos® ay sin®(2ay) [7 sinh 5 + 3sinh 5}

1

~ 1006 {16 cos” ay [cos(2as) + 2 cos” az (cos(2ag) + 2 cos® ag cos(2ar))] x

b b
cosh 2 sinh® 5t 2[63 cos(2a4) + 17 cosh b — 17| sinh b

+ cos(2ay) sinh(2b)} 2] ] : (3.1.10)

The trivial critical point is traditional which is defined by requiring all scalar
fields to vanish. Because of the complication of the computed scalar potential,
we need to put some scalars to zero for keeping it manageable. For non-trivial
critical points, for simplicity we pick a4y = a5 = ag = a; = 0, therefore the final
potential depends only on b. All critical points are listed in the table @ along with
their unbroken supersymmetry and unbroken gauge symmetry. The corresponding
superconformal symmetry is Osp(4]2,R) x Osp(1|2,R). The A; tensor for trivial
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b Vo unbroken unbroken
SUSY gauge symmetry
I 0 —64g? (4,1) SO(4) x USp(2)
_ _ 64 2 2
I1 | cosh™|g=2ar) | _Bgotel | (4 1) | USp(2) x USp(2)
- 6492 (3 2
T | cosh™" |Sotee | | _SiG0tal | (0 0) | USp(2) x USp(2)

Table II: Critical points of SO(4) x USp(2) gauging.

critical point is given by
AV = _4g,diag(1,1,1,1,—1), (3.1.11)

The mass spectrum for trivial critical point are given below

m2L2 [ SO(4) x USp(2) ~ SU(2) x SU(2) x USp(2)
—3 (2,1,2)+(1,2,2)

The trivial critical point preserves full gauge symmetry. On the other hand,
critical points II and IIT preserve USp(2)aiag X USp(2) gauge group. Note that in
the table shown below the subscript ’diag’ is omitted. The USp(2)giag is a diagonal
subgroup which is a sector in USp(2) x USp(2) ~ SO(4). The other USp(2) is
generated by the linear combination J; + Ji1,J5 + J12 and Js + Ji3. The A; tensor
of the critical point II is the following

I 4g1(g1 + go)
AW = LI T I

diag (1,1,1,1,—1). 3.1.12
2t g 8 ) (3112

At critical point II, we have three massless scalars, a massive scalar with mass

2 3 . . 2

22011539:) 4nd another four massive scalars with mass ——29201820) _ og ¢hown
(91+92)*(291+92)

(91+g2)%
in the table below.

m?L? USp(2) x USp(2)
0 (1,3)
92(291+3g2) (1 1)
(2,2)

(91+92)?
9192(91+2g2)
(91+92)%(291+92)

Critical point III is non-supersymmetric with residual USp(2)4iag X USp(2) gauge
symmetry. The mass spectrum is given by

m?L? USp(2) x USp(2)
0 (1,3)
(491+92)(10g1+3g2) (1 1)
(2,2)

(3g1+g2)?
_ 91(491+92)(591+292)
(291+92)(391+92)2
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The stability of the critical point 111 can be checked by verifying with Breitenlohner-
Freedman (BF) bound m?L? > —1. According to the table [, and using = > 1
for cosh™'x, we have g; > 0 and go > —2¢; or ¢; < 0 and g, < —2¢;. We pick
the condition that g; > 0. Consequently, the BF bound for (1,1) scalar becomes
g1 > 0 and go > —3¢;. The mass of (2,2) scalars satifies the BF bound when
g2 > 0.21432¢; and g; > 0. All in all, the condition for stability of the critical
point I is g1 > 0 and g > 0.21432g;. Since the residual gauge symmetry of the
critical points II and III are the same; therefore, they both have three goldstone
bosons associated with symmetry breaking SO(4) x USp(2) — USp(2) x USp(2).

SO(3) x SO(2) x USp(2) gauging

In this case, it requires too much computer resources to tackle the scalar potential
for full coset manifold USp(4,2)/USp(4) x USp(2). The complication is not less-
ened even we employ Euler angle parametrization and the situation is even worse
in the unitary gauge due to the fact that it has many uncancelled variables. The
situation is opposite to the SO(5) x USp(2) case, recall that it has only one scalar
left as a result of a larger gauge symmetry group. However, the obstacle does
not refrain us from searching for the scalar potential. Equipped with a powerful
technique discussed in the chapter 2, we can study the potential but from sub
manifold.

The technique employs the fact that the critical points of submanifold are
also critical points of the full one. In this case, we consider a submanifold of
USp(4,2)/USp(4) x USp(2) that is invariant under U(1)giag which is a linear
combination 7% + 7%, In order to obtain the generators for constructing the
coset representative, we have to find all possible of linear combination of non-
compact generators that commute with U(1)ge. Four singlets are found and
given by

Xl =

(Yl + Y6)7 X2 = (Y2 + Y8)7

X; = (Y4 —Y?3), Xy=—=(Y"-Y?). (3.1.13)

ST
SESE

We now have four generators that associate with four scalars. A manifold with
four scalar is manageable, so the unitary gauged coset representative is adequate
and it is given by

L = e X102X2003X5 pasXa (3.1.14)

The potential is a function of four scalar fields and it is not too long, so we present
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ay Vo unbroken unbroken
SUSY gauge symmetry
I 0 —64g7 (3,2) | SO(3) x SO(2) x USp(2)
II %ln 92_891—4\9/291(491_92) _649%(11%—92)2 (27 0) U(l) > U(l)
I | Lo [20etvalote) || edote? | (g g) U(1) x U(1)
2

Table III: Critical points of SO(3) x SO(2) x USp(2) gauging.

it here,

1
V = o8 [3 4 cosh ay cosh ay cosh az cosh ay] [—2 (5129% + 1993)

+ (999% — 10249%) cosh a; cosh ay cosh as cosh a4 + 393 cosh(2a;)x
(cosh ay cosh ay cosh as cosh ay) — 2 — 12¢2 cosh? a, [cosh(2as)

+2 cosh® as (cosh(2as) 4 2 cosh® az cosh(2a4))] + 2g5 cosh® a; x

cosh a, cosh az (3 (cosh(2as) + 2 cosh® ay cosh(2as)) cosh ay

+4 cosh® as cosh? az cosh(3ay))] . (3.1.15)

Even though we are dealing with four variables function, it is not easy to find
all critical points without additional conditions In order to make the potential
more tractable, we simply set ao = a; and a3 = a4 = 0. Consequently, the
problem reduced to one variable function of a;. The critical points are given in
the table and the value at critical point labeled uniquely by value of a;. The
trivial critical point is expectedly found with Vy = —64¢? which is equal to the
other cases. It has a maximal supersymmetric critical point with N = (3,2) and
SO(3) x SO(2) x USp(2) unbroken gauge symmetry. The eigenvalues of A; tensor
at a critical point imply number of its unbroken supersymmetry and it is

AV = —4g,diag (1,1,1,—1,-1). (3.1.16)

The superconformal group Osp(3|2,R) x Osp(2|2,R) is a symmetry group of this
ground state. The mass spectrum at trivial critical point is presented below. In the
group representation column, the regular typeface denotes U(1) ~ SO(2) charge.

m2L? | SO(2) x SO(3) x USp(2)
—3 (1,2,2) + (—1,2,2)

The critical point II and III preserve the same residual gauge symmetry. The un-

broken supersymmetry corresponds to eigenvalue 4/ _TVO of Ay tensor. The critical
points and the A; tensors are the following:

AgH) = = dlag (Oé,Oé,B, _57 _6) 9
A = diag(v,7,-6,0,0) (3.1.17)
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where
_ 4a1(91—90) . 4g1(g2 — 3g1)
92 7 92 7
Yy = 491391 + 92)’ 5 o1l + 92) (3.1.18)
92 92

—Vy

For A?U, a is equal to 1> while 3 is not, so it corresponds to (2,0) supersym-

metry. For A&“D, v is equal to @/_TVO while ¢ is not, so it corresponds to (1,2)

supersymmetry. The mass spectra are shown in the table below with properly
normalized U(1) charge.

The other two critical points preserve U(1) x U(1) symmetry. The corre-
sponding A; tensor at these points is given by

AgH) = = dlag (O{, «, 57 _67 _/B) )
A = diag (v, 7, —6,6,9) , (3.1.19)
where
_ 491(91 —90) g _4g1(g2 — 3g1)
92 ’ g2 ’
4g(3 4
v o= - 91391 +92)’ 5= 91(91 + 92) ‘ (3.1.20)
g2 g2

Having normalizd the U(1) charges, the scalar mass spectra can be computed as
shown in the tables below. The original four singlets under U(1)g4iag correspond
to one massless and three massive modes in the tables. The U(1)4iag is given by a
combination of the two U(1)’s in the unbroken symmetry U(1) x U(1). Therefore,
the (0,+4) and (44, 0) modes, which are singlets under one of the two U(1)’s, will
not be invariant under U(1)giag-

 (2,0) point:

m*L? U(1) x U(1)
0 (0,4) + (0, —4) + (4,0) + (—4,0) + (0,0)
3297 —32g192+693
S (0,0)
_ g(tJlgigz)gQ (_27 _2) + (27 2)
e (1,2) point:
m*L? U(1) x U(1)
0 (0,4) + (0, —4) + (4,0) + (—4,0) + (0,0)
329743291 92+693
o e
g%glilQQ)éqz (_27 _2) + (27 2)
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b Vo unbroken unbroken
SUSY | gauge symmetry
I 0 —64g7 (5,0) SO(5) x USp(4)
_ _ 64 2 2
I | cosh™ |20 | | SR 808 | (4.0) USp(2)*
-1|6 6497 (391 +92)*
III | cosh ﬁ —ﬁ (1,0) USp(2)?

Table IV: Critical points of SO(5) x USp(4) gauging.

3.1.2 The £ =4 case

In this section, we study k = 4 case of 5 USpk) __ oset manifold. The —oopd:d)

USp(4)xUSp(k) USp(4)xUSp(4)
is parametrized by 16 scalars. The dimension of the manifold is twice the size of
the k = 2 case. This can lead to be more problematic in practical computation. It
is that we cannot directly analyze full 16 scalars theory. The solution is the same
as the previous cases, we simply study their submanifold and apply the powerful
technique mentioned earlier. Compact gauge groups in this case are as follows:
SO(5) x USp(4), SO(4) x USp(4) and SO(3) x SO(2) x USp(4) and we study
them in order. The methodology is similar to the k = 2 case, so many steps will
be omitted including A; tensors.

SO(5) x USp(4) gauging

The submanifold we chose is invariant under USp(2) C USp(4). We found eight
singlets under this invariant. The corresponding non-compact generators reside
in USp(4,2) C USp(4,4). We employ Euler angle paremetrization, so the coset
representative now becomes

L — 6(11)21ea2X26a3X3ea4K1e(l5K26a6K3€a7K4€bY8 (3121)
where
X—l(J Ji1) f(—l(J Ji2) f(—l(J Ji3)
1 /s 4 11)s 2 /5 5 12), 3 /3 6 13)s
K, = Js, Ky = Js, K3 = Js3, Ky = Js. (3.1.22)

Even though we do not study the full manifold and the gauge group is larger than
the k =2 SO(5) x USp(2) case, we found out that the scalar potential is same
as in (B.1.6). The critical points are shown in table [V|. The critical points also
have the same structure but the residual symmetries are larger. The scalar mass
spectrum for each critical points are as follows

« (5,0) point:

m*L? | SO(5) x USp(4)
-3 (4,4)
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b Vo unbroken unbroken
SUSY | gauge symmetry
I 0 —64g? (4,1) SO(4) x USp(4)
_ _ 64 2 2
] cosh™ | 2220 | | —SELBIEE | (41) USp(2)’
~1 6 6492(3g1+92)*
III | cosh ﬁ —ﬁ (0,0) USp(2)?

Table V: Critical points of SO(4) x USp(4) gauging.

 (4,0) point:

m?L? USp(2) x USp(2
0 (2, 2, 1) ( 2,2
92(291+392) ( 1,1
1,2

USp(2)
(1,3,1)

(g1+92)2
~ 493+89192+393 (
4(g1+g2)?

) X
)+
)
)

e (1,0) point:

m?L? USp(2) x USp(Q

0 (2, 2, 1) ( 2,2
409742291 92+393 ( 1,1
1,2

) x USp(2)
)+(1,3,1)
)
)

(3g1+92)?
3(1292+89192+93) (2,
4(391+92)>

It can be easily checked that the number of Goldstone bosons corresponding to
symmetry breaking SO(5) x USp(4) — USp(2) x USp(2) x USp(2) for (4,0) and
(1,0) critical points.

SO(4) x USp(4) gauging

The coset representative is the same as in the previous case k = 5 SO(5) x USp(4).
The scalar potential is exactly the same for k = 2 SO(4) x USp(4) case as well
as the structure of the critical points, except for the unbroken gauge symmetry as
listed in the table [V|. The trivial critical point and critical point II preserve full
supersymmetry while critical point III is non-supersymmetric. According to BF
bound, the non-supersymmetric critical point III is stable if and only if g; > 0
and gy > 0.21432g;. The scalar mass spectra are given below.

e (4,1) point:

m2L* | SO(4) x USp(2) ~ SU(2) x SU(2) x USp(4)
—3 (2,1,4) +(1,2,4)

e (4,1) point:
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aq Vo unbroken unbroken
SUSY gauge symmetry
I 0 —64g7 (3,2) SO(3) x SO(2) x USp(4)
—8g1—4 (491—92) 6492 (g1—g2)?
I %ln 92—8g1 \9/291 91-92 _ gl(zg 92) (2,0) U(1) x U(1) x USp(2)
I | 4 |2nmtvalosel || Guiote) | 9) | U(1) x U(1) x USp(2)
2

Table VI: Critical points of SO(3) x SO(2) x USp(4) gauging.

. USp(2) x USp(2) x USp(2)
0 (1,2,2) +(1,3,1)
— e (27 2 1)
4(g1+92)?2 -

o Non-supersymmetric point:

m* L’ USp(2) x USp(2) x USp(2)
0 (1,2,2)+(1,3,1)
4097 +229192-+393
ENCTETLE (1,1,1)
3(2 6
- (( e ”)) (2.1,2)
91 (2097 +139192+295
— (201+92)(391+92)? (2,2,1)

SO(3) x SO(2) x USp(4) gauging

In this case, we choose USp(2) x U(1)giag-singlet submanifold, so the coset repre-
sentative is the same as k = 2 SO(3) x SO(2) x USp(2) case which is () The
dimension of submanifold is four which corresponds to four singlets of USp(2) x
U(1)giag- The scalar potential is the same as in k = 2 SO(3) x SO(2) x USp(2)
case. The critical points and their unbroken supersymmetry and gauge symmtery

are given in the table

 (3,2) point:

e (2,0) point:

SO(3) x USp(d)

(2,4)+(2,4)

. The scalar mass spectra are given in the following tables.
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m L (1) < U(1) x USp(2)
0 (4,0,1) + (—4,0,1) + (0,4,1) + (0, —4,1) + (0,0,1)
+(1,-1,2) 4+ (-1,1,2)

3297 —329192+693
W (0,0,1)

g1(g1—4g2
T (=2,-2,1)+(2,2,1)

%* 192+393
e (“1,-1,2) + (1,1, 2)

« (1,2) point:

m?L? U(l) x U(1) x USp(2)
0 (4,0,1) + (—4,0,1) + (0,4,1) + (0,—4,1) + (0,0,1)
+(1,-1,2) + (—1,1,2)
32937 +3291 921692
2(91&923_22 : (O’ 0, 1>
g1(991 1492
T, (—2,-2,1)+(2,2,1)
_w (_17_1a2>+(17172)

Note that critical points in this case is similar to the & = 2 case because USp(4,2)/USp(4) x
USp(2) scalar manifold can be embedded in the theory with USp(4,4)/USp(4) x
USp(4) scalar manifold. This is confirned by the fact that USp(2) singlets are
parametrized by non-compact generators of USp(4,2) which is a subgroup of

USp(4,4).

3.2 Non-compact gauge groups

In the previous section, compact gaugings are all possible because they satisfied
two constraints on T-tensor mentioned earlier. On the other hand, viable non-
compact gaugings are not priori classified, so the additional task here is to test
them with constraint on T-tensors. Like compact cases, the embedding tensors
are defined by Cartan-Killing form and will be elaborated in subsections. It is well
known that at critical points the unbroken gauge groups are compact subgroups,
especially at trivial critical points the unbroken gauge groups are their maximal
gauge groups. The unbroken gauge symmetry and the unbroken supersymmetry
are presented in the tables for each case as well as their A; tensor. As in the
compact case, we study two categories: k£ = 2 and k£ = 4 and the studies here are
similar to the compact cases. For k = 2 case, we will study its RG flow in the
chapter B

The k£ = 2 case

In this case, we have two possible gauge groups namely the whole isometry group
USp(2) x USp(4,2) itself and USp(2) x USp(2,2). However, the potential of
USp(2) x USp(4,2) gauging simply gives rise to a cosmological constant. As
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b Vo unbroken unbroken
SUSY gauge symmetry
I 0 —4(g1 + 92)° (4,1) USp(2)°
- — 492 (291+92)?
I | cosh™ (%) Gty (4,0) | USp(2) x USp(2)
_ 2 1 2
IIT | cosh™" (—otie S (1,0) | USp(2) x USp(2)
IV In(2 ++/3) —1(27¢7 + 54g19o + 19¢3) | (0,0) | USp(2) x USp(2)

Table VII: Critical points of USp(2) x USp(2,2) gauging.

a result, the only non-trivial admissible gauging is USp(2) x USp(2,2). The
embedding tensor reads

O = 1Ovsp2) + 92OUsp(2.2) (3.2.1)

where g; and g; are two independent coupling constants. The factor O gy(2,2) and
Ousp(2) are the Cartan-Killing forms of USp(2,2) and USp(2), respectively.

The overlapped non-compact generators of the coset representative with the
generators of gauge groups do not appear in the final form of scalar potential. It
allows us to neglect this part in the coset representative. Consequently, this leaves
us with four scalars associated with non-compact directions of another USp(2,2)
in USp(4,2). The submanifold now becomes USp(2,2)/USp(2) x USp(2). With
Euler angles of USp(2) x USp(2), the coset representative reads

7
L = e®1X1¢02%203 %5 obY (3.2.2)

where X; are given in (B.1.5). The scalar potential depends only on b and it reads

1 .
Vo= 15 [8(91 = g2+ (91 + g2) cosh(b))? sinh® b

— (391 + 11g2 + 4(g1 — g2) cosh b+ (g1 + go) cosh(2b))2} . (3.2.3)

Some of the critical points are shown in table . The A; tensor at each symmetric
critical point is given by

Agl) = (gl+g2)d1a‘g (_17_17_]-7_]-71)7

AN = diag (6,5,5,6, w) ,

91+ 92
2 3
AT iag (% . _w) (3.2.4)
g1+ g2
where 9 9 5
g 9220 +0) = 920 +50) (3.2.5)

g+g g1+t 92
We found four critical points and three of which preserve (4,1), (4,0) and (1,0)
supersymmetry, respectively. The last critical IV is non-supersymmetric with the
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value of scalar b independent of coupling constants. Note that at critical point
I, if go = —g1, then Vj = 0 and we have Minkowskian vacuum; otherwise, we
get AdS groundstate. As in the other cases, trivial critical point I preserves full
supersymmetry, in this case, N = (4,1). However, the gauge symmetry is not fully
preserved as in those compact cases. The unbroken gauge symmetry is its maximal
compact subgroup USp(2) x USp(2) x USp(2). The number of massless Goldstone
bosons is four corresponding to non-compact generators of gauge group. The
superconformal group at trivial critical point is Osp(4]2,R) x Osp(1]2,R). This
comes from the fact that the supercharges transform under USp(2) x USp(2) C
SO(B)g as (2,2) + (1,1).

Scalar mass spectra at all four critical points are given below.

e (4,1) point:

m?L? USp(2) x USp(2) x USp(2)
0 1,2,2)
(91+292)
o 212

e (4,0) point:

m?L? USp(2) x USp(2)
0 (2,2) +(1,3)
491 (3g1+9g2)
(2191+192)22 (1,1)
« (1,0) point:
m*L? USp(2) x USp(2)
0 (2,2) +(1,3)
4(g11292)(391+592)
(2912Jr3gz)2 : (1’ 1)
« Non-supersymmetric point:
m?L? USp(2) x USp(2)
0 (2,2)+(1,3)
12(391192) (3911 592)
T | (1))

At supersymmetric critical point II and III, massless Goldstone bosons corre-
sponding to symmetry breaking USp(2) x USp(2) — USpP(2)diag. The non-
supersymmetric critical point IV satisfies BF bound if go > £(2v/210 — 45)g; .
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The k£ = 4 case

Roughly speaking, there are three possible cases which are subgroups of USp(4,4):
USp(2,2) xUSp(2,2), USp(2) x USp(4,2) and USp(2) x USp(2) x USp(2,2), but
two from all three fail the T-tensor constraint test. The only admissible gauge
group is USp(2,2) x USp(2,2), and its embedding tensors reads

© = g1Ousp2,2) + 92OUsp2,2) » (3.2.6)

where g; and g, are independent coupling constants. ©ygp22) is given by the

2
Cartan-Killing form of USp(2, 2). The manifold is parametrized by (#%)

coset space with the two USp(2,2) non-compact groups which are different from
those in the gauge group. We use Euler angle parametrization, the coset repre-
sentative reads

L — €a1X1 6a2X2 6a3X3861Y76a4X46a5X5 6a6X6 €b2Y16 (327)
where
Xi = (= Jn), Xom (= Ju) Xs = (5 — Jis)
1 \/§ 1 11)5 2 \/§ 2 12/, 3 \/5 3 135
1 1 1
Xy = —=(J1— Ja2), X5 = —=(J5 — Jos), Xo=—=(Js — J24B.2.8
4 \/5( 4 22) 5 \/5( 5 23) 6 \/5( 6 24(}3 )

The scalar potential depends on two scalar and is given by

1

V = 16 [(g1 + g2)(6 4 cosh(2b;)) — (4(g1 — g2) cosh by + 4(go — g1) cosh by
+(g1 + g2) cosh(2h,))” +8(g1 — g2 + (g1 + 92) cosh(by))* sinh® by
+8(g2 — g1 + (91 + g2) cosh by)? sinh? by . (3.2.9)

The calculation of critical points can be simplified if we simply turn off scalar b,.
As a result, the critical points are solely determined by the value of b;. We found
four critical points; three of which are supersymmetric with (4,1), (4,0) and (1,0).
The critical point IV is non-supersymmetric and b, is independent of couplings. As
in the previous case, if go = —g1, we simply get V; = 0 or Minkowskian vacuum for
trivial critical point. They are shown in the table below. The scalar masses
at all critical points are also given below.

e (4,1) point:

m*L? USp(2) x USp(2) x USp(2) x USp(2)
0 (1,2,2,1)+ (2,1,1,2)
(291+92)
—gf%li:g)gi) (1,2,1,2)
g1lg1 492
_W (27 1) 27 1)

e (4,0) point:
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b o unbroken unbroken
SUSY | gauge symmetry
I 0 —4(g1 + g2)° (4,1) USp(2)*
1 1+ 497 (291+92)* 3
11 | cosh™ ( g‘?+g§2> Gt (4,0) USp(2)
492 (291+3g2)*
I | cosh™ ( 511+§52) R (1,0) USp(2)?
v cosh™ 2 —2(27g} + 549192 + 19¢3) (0,0) USp(2)?

Table VIII: Critical points of USp(2,2) x USp(2,2) gauging.

« (1,0) point:

m?L? USp(2) x USp(Q) USp(2)
0 220+ (21,2 (3.L1)
491 (391+92)
(ﬁigl%f’:?)gi ] LY
9gi1192)(9g11g2
T (2914+92)2 ( 2)
m?L* USp(2) x USp(Q) x USp(2)
0 (2.2,1) + (2,1,2) + (3,1,1)
4(3g3+11g192+10g3 )
((291+392)2 2) ( 1)
3(g?+4g192-+392
— (291+392)* ( 2)

o Non-supersymmetry point:

0 (2,2,1) (2, 2) (3,1,1)
12(391+92) (391 +592) (1,1,1)
2797 +549192+1995
— 24g3(391+92) (1,2,2)
2797 +549192+1995

Note that at trivial critical point I, the SO(5)g R-symmetry is broken to SU(2) x

SU(2) ~ USp(2
s (2,2) + (1,1).

) x USp(2).

The supercharges transform under this subgroup
The corresponding superconformal group is Osp(4]2,R) x

Osp(1|2,R). The stability condition for non-supersymmetric point is go > % (2v/210—
45)g; which is the same condition as in the previous case.

3.3 Non-semisimple N = 5, SO(5)

supergravity

x T gauged

The aspect that makes non-semisimple gaugings outshine the others is that it can
obviously be identified as a dimensional reduction theory from higher dimensional
sibling on an orbifold. In this section, we study non-semisimple gauge group that
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is in the form of Gy x T4™% where G is a semisimple group and T4 ig
translational group with dimension of dim Gy. Additionally, T4™ &0 transform in
the adjoint representation of GGy and mutually commute. Specifically, we consider
k = 4 case with non-semisimple group SO(5) x T1? which is a subgroup of global
symmetry group USp(4,4). The embedding tensor can be defined by

O = 10 + 9261 - (331)

where ¢g; and g, are, at this stage, the independent coupling constants. The
roman indices a and b denotes semisimple SO(5) and translation sections T,
respectively. The supersymmetric condition is checked by verifying constraint on
T-tensors. We now discuss the explicit form of the generators SO(5) x T, Note
that the semisimple SO(5) subgroup is a diagonal subgroup of SO(5) x SO(5) ~
USp(4) x USp(4) € USp(4,4). For brevity, we simply neglect subscript "diag”.
Their generators, labelled J¥, can be defined by summation of the generic SO(5)
R-symmetry generators 7% and another USp(4) generators that can be identified
as of replica of T generators which live in orthogonal subspace, i.c., T%. They
read

JI=T9 4T 4§ j=1,2.5. (3.3.2)
The translational generators are built from a linear combination of T% — T% and
some non-compact generators. The generators of T1? are given by

9 =T9 TV 4 YU, i,j=1,2..5. (3.3.3)
The explicit form of the SO(5)gig are given by T + T in which

. 1 - 1 - 1
T% = —=(Ji3— Jo), T = ——= (Ju + Ja), T% = — (Ji2 — Jas) |
V2 KE v
- 1 ~ ~
T3 = — (Jig + Jos), T14=—J + J. T = — (Jyy — J.
~ \/5( 13 24)~ \/—( 12 ~ 23) 5 \/§~( 11— J22),
T = J, TP = —Jss, T% = —Js, T% = Jsy.
(3.3.4)
The generators Y% in T are given by
Y2 = i(Jis — Jy), Y8 = —i(Jyy + Jos), Y2 = i(Ji5 + Jag),
?34 = i(Jlﬁ + J30), }714 = i(J15 + JQQ)» ?24 - i(J14 - JQS):
Y8 = i(J17 + Jos), Y= —i(Jig + Jor), Y® = i(J21 = Jaa),
Y = (s + Jas)- (3.3.5)

Note that in this k& = 4 theory the 16 scalar fields transform as (4,4) under
SO(5) x SO(5). On the other hand, under SO(5)aiag, they transform as 1+5410.
The scalars in the 10 representation are associated with T1? generators.

We parametrize submanifold which is SO(5)aiag singlet. Only one scalar
corresponds to this singlet and the linear combination of the generators is Y7 +Y16¢,
so the coset representative is

L =) (3.3.6)
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The scalar potential is found to be
V = —64g,e7*" (3e"g1 + 292) . (3.3.7)

As mentioned earlier, at the level of Lagrangian, g; and gy are arbitrary and
independent to preserve supersymmetry. However, at trivial critical point, to
preserve maximally supersymmetry this relation must be satisfied, i.e., go = —¢;.
The same condition occurs in N = 4,8 gauged supergravity [34, 94]. Applying
this condition and relabelling g; to g, now we have the potential

V = —64g%e " (3e" — 2). (3.3.8)

The scalar potential is plot in Figure @ with g = 1 and the critical point is easy
to spot. There is only trivial critical point with a = 0, V; = —64¢® and N = (5,0)
supersymmetry. Note that the vacuum is similar to the ground state in N = 16
gauged supergravity with SO(4) x SO(4) x (T'2, T3) gauge group [95]. The mass
spectra and their representation are given below

m2L?* | SO(5)
3 1
3 5
0 10

(P

Figure 3.1: The scalar potential of N =5, SO(5) x T'° gauged supergravity for
SO(5) singlet scalar with g = 1.

The superconformal group is Osp(5[2,R) x Sp(2,R). There are ten Goldstone
bosons associated with the symmetry breaking SO(5) x T — SO(5) at trivial
critical point. In order to find more critical points, we explore a larger manifold.
We choose the manifold that is invariant under SO(3)giag. The 16 scalars transform
under this group as (2 4+ 2) x (2 +2) =4 x (1 + 3). Four singlets are found, so
the coset representative is given by

4 7 9 16
L = emY g2¥ " gusY " gaad 0 (3.3.9)
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The scalar potential is given by

V= (o (2 o (2 o (22) o (5 s (2 s ()
o () s (51) e (3 (o (22 o (2 o (3]

+ sinh < 5 ) sinh ( ;)))2 (13 — cosh(asz) + cosh(ay) — cosh(as) cosh(ay)
+ cosh(az)(—1 + 3 cosh(as) + cosh(az)(1 + cosh(ay)))
—4 cosh ) sinh(ay) sinh(as) — 4 cosh ( 5 ) cosh(ay) sinh(ay) sinh(as)

)

(5
—4 cosh (%) sinh(as) sinh(a4) + 8sinh(a, ) sinh ( 5 ) sinh (C; ) sinh(ay)

+ cosh(ay) (1 — 3 cosh(ay) + 3 cosh(as)(1 + cosh(ay))
+ cosh(ag)(—1 + 3 cosh(as) + cosh(as)(1 + cosh(as)))

—4 cosh (%) sinh(as) sinh(a4)>) . (3.3.10)

The potential is too complicated to find critical points, so the study of this po-
tential will not be further analyzed in this work.



CHAPTER IV
N =6 Theory

In this chapter we study the vacua of N = 6 gauged supergravity in three di-
mensions whose target space is in the form of %1 where k£ = 1,2, 3,4.
The discussion is based on paper in [40]. As in the N = 5 theory, we classify
the studied gauge groups into: compact, non-compact and non-semisimple. The
compact gauge groups are in the form of SO(p) x SO(6 — p) x SU(k) x U(1) for
p = 3,4,5,6. For non-compact gauging, the admissible gauge groups are non-
compact subgroups of SU(4,k). It is in the form of SO(6) x T' where T is
translational group with 15 generators and the scalar manifold is %. We
also obtain the domain wall solution for this theory and present it in the last
section.

The analysis and format is quite similar to N = 5 case. We start the
chapter by identifying the generators such as R-symmetry group SO(6). Then
we parametrize the coset manifold. Some cases we parametrize full manifold and
the others we paremetrize submanifold thereof. In parametrization, we employ
Euler angle parametrization interchangeably with the traditional unitary gauge
for some cases. The complicated scalar potential with too many variables can be
simplified by turning some of them off or setting them to be the same variable. The
scalar potential can be computed by coding and running the computer application
Mathematica. Next, we identify critical points, unbroken supersymmetry and
residual gauge symmetry at that points. The mass spectra at trivial critical points
are given along with their representation under residual gauge group.

Now we present the generators we use for this chapter. Note that this
convention is local, i.e. the non-compact generators Y“s are not identical to
those of N = 5 theory. However, for some generators such as generalized Gell-
Mann matrices \;, we intentionally connect between those two. The non-compact
generators constructed by Weyl unitary trick of SU(4,4) in terms of generalized
Gell-Mann matrices, \;, ¢ = 1,...,63, are given by

}%CA—FI& A:1778
YA— 7§CA+167 A:9,,16 (401)
o \/LQCAHQ, A=17,...,24 o
\/LicAJr% A=25...,32
In our convention, ¢;s are given by

LS(U(4) x U(k)) is isomorphic to SU(4) x SU (k) x U(1)



75

The SO(6)r R-symmetry generators are identified to be

_ 1 1 1 - 1 — 1

T12 = 503 + 2_\/568 — %615, Tls = —5(02 + 014), T23 = 5(61 — 613),
_ 1 1 1 - 1 — 1

T = 503 - ﬁcg + %015, T = 5(01 +c13), T% = _5(06 + cy),
- 1 1 - 1 - 1

T™° = %CS + %015, T = —5(07 + ¢10), T = 5(02 — C14),

_ 1 _ 1 - 1

T45 = 5(07 — ClO); T46 = 5(09 — 06), T’l5 = §(C4 — 011),

_ 1 _ 1 - 1

T16 = 5(05 — 012>, T25 = 5(05 + 612), T26 = —5(04 + CH) . (403)

The generators used for constructing non-semisimple gauge group SO(6) x T
will be discussed in the non-semisimple gauging section.

4.1 Compact gauge groups and their vacua

In this section, we study N = 6 theories with compact gauge group of the form
SO(p) x SO(6 —p) x SU(k) x U(1). The integer p helps us classify subgroup of
R-symmetry group SO(6). It has four possible choices which are 0, 1, 2 and 3.
Note that when p = 1, the SO(p) x SO(6 —p) factor is simply SO(5) and for p = 0
is SO(6). The integer k denotes the number of independent matter multiplets. It
also labels the group SU(k) it can range from 1 to infinity but in this work we
consider only for £ = 1,2,3 and 4. All in all, we consider 16 cases.

In each section we study for a specific k£ and the subsections thereof we ex-
plore for a particular number p starting from p = 1 all the way to p = 3. We
start by parametrizing the full manifold or, in some cases, submanifolds. The
technique mentioned in the N = 5 theories allows us to deal with submanifold
instead of the larger full manifold. Then we calculate the scalar potential along
with some important quantities such as A; tensor. The critical points can be cal-
culated by optimization problem in one or multi variables calculus. The unbroken
supersymmetry and residual gauge symmetry are specified at each critical point.
The mass spectrum at trivial critical point are presented along with their resid-
ual gauge group representation. Note that we will not study mass spectrum for
non-trivial critical points since the calculations are much more complicated than
N =5 theories.

The pre-classified admissible gauge groups of compact type are discussed in
[B7]. The embedding tensors for this case is given by
da(k — 1) + k(p — 3)
4+k

© = Os04) — Oso(6-p) + Osuk) — Ou() (4.1.1)

where the free parameter a is a relative coupling constant between the factor
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SU(k) and the factor SO(p) x SO(6 — p). The Oso() — Oso—p) is given by

Orrxr = 95;? + 01 =0 (4.1.2)
- 2(1—2)é1, I<p 2p— N
=1y = ' -, 0= 4.1.3
L { —%5]], I > p N ( )
with N = 6.

4.1.1 The k=1 case

This case is the simplest since we are dealing with only one matter multiplet. The
manifold is in the form of coset % parametrized by eight scalars. In the
traditional unitary gauge parametrization, the calculation might be intractable for
some computer. With the help of Euler angle parametrization, this problem can
be partly resolved. In this case, we choose the Euler angle parametrization and

the coset representative reads

i
L — ealcg 6(1262 6a303€a405 ea563 eascu) ea70156ﬁb1017 ) (414)

The gauge group in the general form SO(p) x SO(6 — p) x SU(k) x U(1)
may not straightforwardly apply to k = 1 case, since the actual gauge group for
k=11is SO(p) x SO(6 —p) x U(1). The exhaustive list of possible gauging is the
following

e SO(6) x U(1)

« SO(5) xU(1)

e SO(3) x SO(3)
Note that there is no U(1) factor for k = 3 case. The SU(k) factor for k = 1 is
neglected. As a result, no free parameter o in k = 1 theory. Together with simple

manifold structure, we get a simple result for all p = 0,1, 2, 3 cases with the same
coset representative () The potential depends on one scalar field and it reads

V = —8¢°[5 + 3 cosh(v/2b,)]. (4.1.5)

The reason why the other seven scalars a;’s do not appear in the final form of
the scalar potential is that the potential is gauge invariant, and the generators
of parametrization (4.1.4) overlapped with some gauge groups. Consequently, the
cancelation occur during the calculation process.

Obviously, we have only one critical point and it is of course trivial. At trivial
critical point b; = 0 the value of potential is Vy = V(b = 0) = —64g?%. It preserves
full gauge symmetry and full supersymmetry. The preserved supersymmetry at
this point is given by two number (p, 6—p) originated from SO(p)xSO(6—p). That
number can also be written with notation (n_, n) as in the previous chapter where
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n_ and n, are number of negative and positive eigenvalues of the corresponding
Aj tensor at that critical point. This is the same number of supersymmetries as
the dual two dimensional conformal field theory where n_ and n, represent the
chirality of spinor in two dimensions. We do not present the explicit value of A,
tensors from now on, since only number of negative and positive eigen values are
used to determine type of supersymmetry.

The mass spectrum at trivial critical point can be computed by using unitary
gauge, so the coset representative is given by

L = eP1Y102Y2 ,03Y5 ,04Ya o055 06 Y6 o d7Y7 P8Y5 (4.1.6)
The unitary gauge is preferred to Euler angle parametrization since it give the
correct interpretation of mass via canonically normalization. The scalar potential
computed from this coset is quite messy compared to (), therefore, in other

gaugings in N = 5 and N = 6, we omitted the results. It depends on full eight
scalars instead of one and it is given by

Ve = —¢* [19 + 3 cosh(v/2¢5) cosh(v2¢g) + 3 cosh(v2¢7) cosh(v2¢s)

+3 cosh(V2¢5) cosh(v/2¢) cosh(v/2¢7) cosh(v2¢s) + 3 cosh(v/2¢5) x
cosh(v/2¢,) [1 + cosh(v/2¢s5) cosh(\/§¢6)] [1 + cosh(v/2¢7) COSh(\/§¢8)i|

+3 cosh(v2¢1) cosh(v/2¢5) [1 + cosh(V2¢3) cosh(\/§¢4)} X
[1 + cosh(v/2¢5) cosh(ﬁ%)} [1 + cosh(v/2¢7) cosh(\/ﬁd)g)” . (4.17)

The mass spectrum is given in table below. In the table we present m?L?, confor-
mal group SO(2,2) representation and residual gauge symmetry representation.

m2L2 | (b, 1) | SO(6)
SRICHIN
-1 Gl 4

The relations between scale dimension A, (h,h) and m?L?

known equation

is given by the well-

A = h+h,
m’L* = A(A-2). (4.1.8)

Note that scalar field has spin s = 0, so we have h = h.

Recall that the second order derivative of potential is related to the mass of
a scalar. The scalar potential (|4.1.5) seems correspond to mass of one scalar while
keeping the other seven scalar massless. The caveat is that the scalar potential
from coset (4.1.5) does not give rise to the correct interpretation of mass since
the scalar kinetic term are not canonically normalized as mentioned earlier. The
explanation is quite simple in term of cartesian and polar coordinates analog.
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The scalar fields in unitary gauge ¢; are metaphorically cartesian coordinates and
the scalar field b is analogous to radial coordinate and seven angle variables 6;
for ¢ = 1,...,7. This allows us to define relation between fields by the relation

S ¢? = b% and ¢;(6;,b).

Note that all compact gauge groups for k£ = 1 have the same scalar potential
even in the unitary gauge. In general it is not necessarily the case; however, this
mystery is still not solved even at the time of writing. The scalar mass spectrum
for the other three cases are given below

« For SO(5)xU(1) gauge group, the scalar mass spectrum at the trivial critical
point is given below.

m?L7 [ (1) | SO(5)
T
-1 Gl 4

o For SO(4) x SO(2) x U(1) gauge group, the scalar mass spectrum at the
trivial critical point is given below.

m?L% | () | SO(4) ~ SU(2) x SU(2)
-1 [ (5.9) (2,1) +(1,2)
-1 [ (&3) (2,1) +(1,2)

o For SO(3) x SO(3) gauge group, the scalar mass spectrum at the trivial
critical point is given below.

2L [ (k) | SO(3) x SO(3)
-3 [ G.7) (2,2)
-1 1 G3) (2,2)

To summarize: the k£ = 1 case is the simplest since they are parametrized by
eight scalars which much smaller compared to higher k (number of scalars is 8k).
They all share the exact form of scalar potential. There is exactly one critical
point which is, of course, trivial. No Goldstone bosons are found, since full gauge
symmetry is preserved at that critical point.

4.1.2 The k =2 case

The k = 1 theories studied in the previous section have only one coupling constant.
The situation is slightly different for £ > 1 case, they all have another coupling
for the SU(k) factor. In our convention it is relative coupling the gauge group
SO(p) x SO(6 — p) and SU(k). This is different from the N = 5 case since we
keep both couplings g; and g» unmodified. To tackle all 16 scalars is beyond
our capability. Fortunately, some of the critical can be found by the help of the
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method discussed in the previous chapter. This technique reduces the complexity
by considering submanifold instead of full manifold STl 4)52[(;1(’;)) O

The submanifold we used is invariant under U(1)qiag group. It can be em-

. . SU(2,2)
bedded in submanifold ST SU @) <TD)
which is as small as the full manifold of £ = 1 cases. The possible gauge groups

we will study are the following

so the number of scalars reduce to eight

SO(6) x SU(2

X

(2) x U(1)
x SU(2) x U(1)
(
(

)

SO(5 )
x SO(2) x SU(2) x U(1)

)

(6)
(5) X
« SO(4)
e SO(3) x SO(3) x SU(2) x U(1)

The U(1)aiag is generated by Xio + X56 where X, are generators of SO(6). With
the Euler angle parametrization, the coset representative is given by

I = ea10336a26346a3K36a5M1 €a6M26a4M36%510186%b2031 (419)
where
1 1
Ky = E [c33, caal , My = —2—\/5 [c18, C22] |
1 1
My = —2\/§ [c19, Caa) M; = E (M, Ms] . (4.1.10)

Note that the SO(5) x SU(2) x U(1) case need a special treatment. The
enerators Xsg is not an element in SO(5); therefore, the coset representative
(1.1.9) cannot be used. However, we can parametrize U(1)giag invariant manifold
by replacing the generators to Xi5 + X34. Consequently, the coset representative
exclusively to this case is given by

5 —bc —bye
L — ea,1li€a20146&356a40336a06346a6)\6\/§ 1 206‘/§ 2C31 (4111)

where
1 2

3
V2 (12, 1al VIO T s

Having established the explicit form of various generators and coset representative,
we now ready to find the scalar potential and their critical points starting from
SO(6) x SU(2) x U(1) gauging.

K= (4.1.12)



b Vo unbroken SUSY
I 0 —G4g? (6,0)
-1 (a— 1692 (1+2a)?
11| Jscosh™ (25), a < 1 —W (4,0)
M | Jscosh™ (&), 0 > —1 | -1 0E00 (2,0)
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Table I: Critical points of SO(6) x SU(2) x U(1) gauging for the k = 2 case.

SO(6) x SU(2) x U(1) gauging

Recall that we parametrize U(1)giag invariant submanifold with the coset repre-
sentative () The scalar potential V' is a function of two variables reduced
from eight and is given by

%92 [—222 +32(=3 + 2a + a?) cosh(v/2b;) — 2(1 + a)? cosh(2v/2b,)
—48 cosh[v/2(by — by)] — 320 cosh[vV/2(by — by)] — 1602 cosh[v/2(by — by)]
+ cosh[2v/2(by — by)] + 2 cosh[2v/2(by — by)] + o cosh[2v/2(by — by)]
—96 cosh(v/2by) 4 64 cosh(v/2by) 4 3202 cosh(v/2by) — 2 cosh(2v/2b,)
—4a cosh(2v/2by) — 202 cosh(2v/2b,) — 48 cosh[vV/2(by + by)]

—32av cosh[V2(by + by)] — 1602 cosh[vV/2(by + by)] + cosh[2v/2(by + by)]
+2a cosh[2v/2(by + by)] + a? cosh[2v/2(by + by)] — 60cc — 3002 | . (4.1.13)

V:

There are three critical points found and they are shown in Table I. We use the
roman number to label different critical point. The number I in this case and
the others to come is always tagged as trivial critical point. In order to simplify
problem, we put constraint by = by = b on the potential and we simply give the
value of b at each critical point in the second column. In the third column V; is the
value of the potential at the corresponding critical point. The next column is the
unbroken supersymmetries at that particular critical point labelled by two number
which is N, and N_ for different chirality of supercharges in its dual theory in two
dimensions. The unbroken gauge symmetries at each critical point are as follows

o Critical point I : SO(6) x SU(2) x U(1)
« Critical point II : SU(2) x SU(2) x U(1)diag
o Critical point IIT : SU(2) x SU(2) X U(1)diag

The scalar mass spectrum at the trivial critical point is given in the table below.

m2L% | (h,h) | SO(6) x SU(2)
-3 (59 (4,2)
-1 1 (51) (4,2)




b Vo unbroken SUSY
I 0 —64¢° (5,1)
1 —1 (a— 1692 (1+2a)?
11 7§COSh (a—_&), a < —1 —W (4, 1)
M| Lcosh™! (2£2), o > —1 | 100 BH0r (1,0)
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Table II: Critical points of SO(5) x SU(2) x U(1) gauging for the k = 2 case.

SO(5) x SU(2) x U(1) gauging

As mentioned before, this case is special and we use different coset from the others
(B.1.11). The scalar potential is exactly the same as in SO(6) x SU(2) x U(1)
case () The critical points resembles the previous case except for unbroken
supersymmetry as shown in the table II.

The unbroken gauge symmetries at each critical point are as follows
« Critical point I : SO(5) x SU(2) x U(1)
o Critical point II : SU(2)giag X SU(2)
o Critical point III : SU(2)giag x SU(2)

The SU(2)diag is a diagonal subgroup of the SU(2) from SU(k) and one of the
SU(2) in the SO(4) C SO(5) subgroup of R-symmetry group. The scalar mass
spectrum at the trivial critical point is given below.

m?L% [ (k) | SO(5) x SU(2)
-5 [ (3.9) (4,2)
-1 1 (51) (4,2)

SO(4) x SO(2) x SU(2) x U(1) gauging

The coset representative for this case is the same as SO(6) x SO(2) x SU(2) xU(1)
case and given in (4.1.9). The scalar potential is different from the previous two
cases and it has the following form

1
Vo= -3 [192 +300? — 32(—4 + a?) cosh(V2b;) + 2a” cosh(2V/2b;)

+32 cosh[V2(by — by)] + 1602 cosh[vV/2(by — by)] — a? cosh[2v/2(by — by)]
+128 cosh(v/2by) — 3202 cosh(v/2b,) + 202 cosh(2v/2b,)
+32 cosh[V/2(b; + by)] + 1602 cosh[v/2(b; + by)]

—a? cosh[2v/2(b; + bg)]] . (4.1.14)

Three critical points are found. We again set by = by = b at the critical points as
we did in the previous cases. The critical points in this cases used primed roman
number to distinguish from previous cases.



b Vo unbroken SUSY
T 0 —64g7 4,2)
I | Lcosh™ (%22, a > 0 | — 10 003200” (2,2)
2 2
NI | J5cosh ' (252), o < 0 | — 2040200 (2,0)
Table III: Critical points of SO(4) x SO(2) x SU(2) x U(1) gauging for the k = 2
case.
b Vo unbroken SUSY
7 0 6442 3,3)
Ir \/Licosh_1 (”‘—2), a>0 ——16g2(;;r2a)2 (1,2)
2 2
M | J5cosh™ (452), a < 0 | -1 2k (2,1)

Table IV: Critical points of SO(3) x SO(3) x SU(2) x U(1) gauging for the k = 2

case.

The unbroken gauge symmetries at each critical point are as follows

« Critical point I’ : SO(4) x SO(2) x SU(2) x U(1)
o Critical point II' : U(1)giae x U(1) x U(1)

o Critical point III" : U(1)giag x U(1) x U(1)

The scalar mass spectrum at the trivial critical point is given below.

m2L% | (b, 1) | SO(4) x SU(2) ~ SU(2) x SU(2) x SU(2)
—3(3,3) (1,2,2) + (2.1,2)
(L (1,2,2) +(2,1,2)

SO(3) x SO(3) x SU(2) x U(1) gauging

In this case, we use the coset representative as in SO(4) x SO(2) x SU(2) x U(1)
and SO(6) x SO(2) x SU(2) x U(1) gauging. The scalar potential is the same
as in the two cases. The primed roman number indicates the similarity of critical
point compared to previous one. and distinctiveness compared to the first two
cases. The critical points are listed in the table IV.

The unbroken gauge symmetries at each critical point are as follows
o Critical point I' : SO(3) x SO(3) x SU(2) x U(1)
o Critical point II' : U(1)giag x U(1)

o Critical point III' : U(1)giag x U(1)
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The scalar mass spectrum at the trivial critical point is given in the table below.

2L | (1) | SO(3) x SO(3) x SU(2)
-1 1 (59) (2,2,2)
-1 1 (1) (2,2,2)

Note that there are some remarks worth mentioning here. It involves SU (k)
coupling associated with the relative coupling constant a. For a = 0, no SU (k)
coupling, SO(6) x SU(2) x U(1) and SO(5) x SU(2) x U(1) gaugings contain
only one non-trivial critical point. In addition, for the others, SO(3) x SO(3) x
SU(2) xU(1) and SO(4) x SO(2) x SU(2) x U(1) gaugings, there is no non-trivial
critical point at all. This pattern repeats itself for k£ = 3 and k& = 4 cases as we will
present in the next sections. This glitch might be rooted from our specific form of
coset representative. Even though many additional attempts are made under the
restriction on computational complexity , the statement about non-trivial critical
point above is not altered.

4.1.3 The k = 3 case

The number of scalar of N = 6 theory is 8k, so in this case we are dealing
with 24 scalar. The submanifold we picked is invariant under U(1)giag as in the
previous cases. There are two coset representatives corresponding to various gauge
groups. The criteria is the same as the previous cases; therefore, we have one for
SO(5) x SU(3) x U(1) and the other for SO(6) x SU(3) x U(1), SO(4) x SO(2) x
SU(3) x U(1), and SO3) x SO(3) x SU(3) x U(1). As a result, we have coset

SU(g)ig[(]Q(’g)) T parametrized by 12 scalars.

representative

For SO(5) x SU(3) x U(1) case, U(1)qiag generator is given by Xy + Xa4 .
As a result, the coset representative is given by

L — ealAg ea2634 ea3A3 €a4C45 €a5A8 eagAg ea7634 eagAg eagﬁealochLG%bICQOG%bIC:ﬂ (4115)

where

2 3 A 2 . 7
——Cyy — ——C3s5, = C48,
\/1—024 \/ﬁ% 8 \/—24 3\/—35 3\/748

and  is given by ()

For the other three cases, the submanifold is invariant under U(1)gi,, which
the generator is given by X5 + X56. Consequently, the coset representative is the
following

As = (4.1.16)

L — ealAgeaQCM€a3A3€a4C45€a5A8€a6A3€a7034€a8A3eangealoMQG%bICISG%bICQ (4117)

where My and M3 are given in ()
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The scalar potential and values at critical points is similar to k = 2 case, so
are the residual supersymmetries. The only difference, of course, is the residual
gauge symmetry. Note that the trivial critical point always preserve full compact
gauge symmetry. The non-trivial points II, ITI, II" and III" have the following
residual symmetries.

« SO(6) x SU(3

(

x U(1) gauge group: SU(2) x SU(2) x U(1) x U(1)
x U(1) gauge group: SU(2) x SU(2) x U(1)

(6) (3)

. SO(5) x SU(3)

. SO(4) x SO(3) x SU(2) x U(1) gauge group: U(1) x U(1) x U(1) x U(1)
(3) (3) Ul xU

e SO(3) x SO(3) x SU(3) x U(1) gauge group: U(1) x U(1 (1)

The scalar mass spectra are given below.

For SO(6) x SU(3) x U(1) gauge group, the scalar mass spectrum at the
trivial critical point is given below.

m?L” | (h,h) | SO(6) x SU(3)
-3 (539 (4,3)
-1 1 (51) (4,3)

« For SO(5) x SU(3) x U(1) gauge group, the scalar mass spectrum at the
trivial critical point is given below.

m?LZ | () | SO(5) x SU(3)
-5 [ (3.9) (4,3)
-1 1 (G3) (4,3)

o For SO(4) x SO(2) x SU(3) x U(1) gauge group, the scalar mass spectrum
at the trivial critical point is given below.

mPL [ (1) | SO(4) x SU3) ~ SU(2) x SU2) x SU(3)
-3 1 (53) (2,1,3) +(1,2,3)
(L (1,2,3) +(2,1,3)

o For SO(3) x SO(3) x SU(3) x U(1) gauge group, the scalar mass spectrum
at the trivial critical point is given below.

mZLZ [ (h,h) | SO(3) x SO(3) x SU(3)
-3 [(G3) (2,2,3)
-1 1 (G3) (2,2,3)
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4.1.4 The k =4 case

The k£ = 4 full scalar manifold contains 32 scalar. To tackle problem with 32
variables is impossible. Reducing to U(1)giag invariant submanifold is still not easy
to deal with. One way to subdue the difficulty is reducing the size of submanifold.
Consequently, we pick the submanifold that is invariant under U(1)giag x SU(2).
The U(1)qiag sector is the same as in the previous cases. The additional SU(2)
sector is a subgroup of SU(k) = SU(4). The a — 0 limit is meaningless here,
a is always included, since the residual gauge symmetry contains subgroup of
SU(2) € SU(4). The manifold reduces to eight scalars. We use the same coset
representative as in k = 2 case. For p = 3.4.6, the coset representative is ()
and for p = 5, the coset representative is (@)

The scalar potential and structure of the critical points are similar to the £ =
2 case except for residual gauge symmetries of the non-trivial critical points. The
non-trivial points II, III, IT" and III' have the following unbroken gauge symmetries.

e SO(6) x SU(4) x U(1) gauge group: SU(2) x SU(2) x SU(2) x U(1) x U(1)
e SO(5) x SU(4) x U(1) gauge group: SU(2) x SU(2) x SU(2)

e SO(4)xSO(2)xSU(4)xU(1) gauge group: SU(2)xU(1)xU(1)xU(1)xU(1)
e SO(3) x SO(3) x SU(4) x U(1) gauge group: SU(2) x U(1) x U(1) x U(1)

Other properties are the same as those given in table in k& = 2 case. The scalar
mass spectra are given below.

« For SO(6) x SU(4) x U(1) gauge group, the scalar mass spectrum at the
trivial critical point is given below.

m2LZ | (h,h) | SO(6) x SU(4)
-3 (59 (4,4)
-1 1 (531) (4,4)

o For SO(5) x SU(4) x U(1) gauge group, the scalar mass spectrum at the
trivial critical point is given below.

m2LZ | (I h) | SO(5) x SU(4)
-5 [ (3.9) (4,4)
-1 1 (531) (4,4)

o For SO(4) x SO(2) x SU(4) x U(1) gauge group, the scalar mass spectrum
at the trivial critical point is given below.

m?L% | (k1) | SO(4) x SU(4) ~ SU(2) x SU(2) x SU(4)
—3 (3,9 (2.1.9)+ (1.2.4)
T (1,2,4)  (2,1,4)




86

o For SO(3) x SO(3) x SU(4) x U(1) gauge group, the scalar mass spectrum
at the trivial critical point is given below.

m2L? | (h,h) | SO(3) x SO(3) x SU(4)
-5 [ (59) (2,2,4)
-5 [ (3.3) (2,2,4)

4.2 Non-compact gauge groups and their vacua

We have discussed the compact gauging of the form SO(p) x SO(6 —p) x SU (k) x
U(1) with limit to & < 4. We now take turn the non-compact gauge groups.
All the compact gauging cases are already proved to be admissible [37], so to
check their consistency is redundant. However, the story is quite different for the
non-compact cases, since they are not checked The T-tensors constraint must be
satisfied to justify gauging.

For non-compact gauging, at the trivial critical point, the gauge group
cannot remain in full gauge symmetry but broken into maximal compact sub-
group. At non-trivial point, the residual symmetry gauge group is even smaller.
In non-compact gaugings, the scalar sector that overlapped to the gauge group will
drop out from the scalar potential, so the non-compact generators that used to
paremetrize the manifold are all non-compact generators living outside the gauge
group.

The reporting format is quite similar to the compact cases except for the
beginning part. In the non-compact cases, we list all possible gaugings via the em-
bedding tensors before we proceed. The format of the rest is similar to the compact
cases. After we categorize the embedding tensors, we then parametrize the man-
ifold or submanifold thereof via Euler angle parametrization or unitary gauge.
Then the scalar potential are computed and their critical points are searched af-
terwards. Supersymmetries and residual gauge symmetry are be identified at each
critical point. The mass spectrum at each trivial critical point are given together
with their representation under residual gauge symmetry. Unlike the compact
gauging cases, none of which will be studied in RG flow section.

At the trivial critical point where all scalars are zero, the gauge group is
broken down to its maximal compact subgroup which constitutes the residual
symmetry of the associated critical point. Furthermore, this point preserves full
supersymmetry namely N = 6 in three dimensions. It is convenient to express the
number of supersymmetries in the case of AdS critical points in the two dimen-
sional language of the corresponding dual CFT’s in the form (n_,n,) as in the
compact gaugings.

4.2.1 The k=1 case

This is the smallest manifold to deal with. The global symmetry group G is
SU(4,1). The non-compact subgroups thereof that pass the T-tensors constraint
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are the following:

3
SU(S, 1) X U(l) : O = @SU(B,l) — g@U(l) (421)
1
SU(2,1) x SU(2) x U(1) © = Osu(2,1) — Osv(2) — g@U(n
1
SU(I, 1) X SU(3) X U(l) : 6= @5(](1,1) — @SU(S) + EGU(U .

SU(3,1) x U(1) gauging

Recall that the number of non-compact generator of SU(n, m) is 2nm, so in this
case there are six non-compact generators in the gauge group. We are left with
only two from eight non-compact generators that can parametrize coset mani-
fold. This is good for calculation process since we are dealing with two variables
while parametrizing full manifold. The left-over non-compact generators are in
SU(1,1) € SU(3,1). We choose the parametrization

L= eoXeatamg—aX  x Lo (4.2.2)

V2

The scalar potential is given by
V = 8¢%(3 cosh(v/2b) — 5). (4.2.3)

Obviously there is no non-trivial critical point. At trivial critical point, b = 0,
the value of the potential is Vj = —16¢. The eigenvalue of A; tensor at this
point implies that the N = (0,6) supersymmetry is preserved. The scalar mass
spectrum is given below

m2L? | (h,
3
2

3 (5

There are two massive particles with mass m?L? = 3. They are singlet under
SU(3). The other six particles are massless and drop out from the potential.
They correspond to Goldstone bosons. According to Higgs mechanism, there are
six massive vector bosons corresponding to symmetry breaking SU(3,1) — SU(3).
The right moving sector supercharges N = (0,6) transforms as 3 + 3 under
R-symmetry U(3) ~ SU(3) x U(1) € SU(4). Its superconformal algebra is
SU(1,1|3) where SU(1,1) ~ SO(2,1) ~ SL(2,R) is a part of AdS; isometry
group SO(2,2) ~ SO(2,1) x SO(2,1). The twelve supercharges of supercon-
formal group transform as (2,3) + (2,3) under full non-compact bosonic subal-
gebra SU(1,1) x SU(3) x U(1). Consequently the (0,6) supersymmetric AdS;
vacuum has a background isometry group SU(1,1) x SU(1,1|3) where SU(1,1)
is non-supersymmetric left moving part. Note that if the full SU(4) ~ SO(6)
R-symmetry is preserved, the associated superconformal algebra now becomes
OSp(6]2,R).

DREUE
] 2x1
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SU(2,1) x SU(2) x U(1) gauging

The coset manifold is parametrized by four scalar associated with non-compact
generators SU(2,1) C SU(4,1) which is not the subgroup of the gauge group.
The coset representative we define to be

L = eaﬂhea2¢I26(13%6_%1"3166—@3‘136_“2‘12e_alql (4.2.4)
where )
¢ = éci- (4.2.5)

The scalar potential is a function of one variable, it reads
V=8¢ -1+ cosh(\/ib)] : (4.2.6)
There is only one critical point and it is trivial. The value at trivial critical point

is Vo = 0 when b = 0, so we have Minkowskian background. It preserves N = 6
supersymmetry. The scalar mass at this point is given by the table below

m? | SU(2) x SU(2)
1657 2% (1,2)

SU(1,1) x SU(3) x U(1) gauging

The coset representative is defined by six scalars corresponding to non-compact
generators of SU(3,1) C SU(4,1). Under U(3) Euler angle parametrization, the
coset representative is given by

P
L = 1031262 1303 1405 1508 ¢ 50T (4.2.7)

The scalar potential is found to be

V = —8¢ (1 + cosh(ﬁb)) . (4.2.8)
No non-trivial critical point is found. At trivial critical point b = 0 the value of
the potential is V; = —16¢2. The scalar mass spectrum is given in the table below.
m2L* | (h,h) | SU(3)
-1 | (1) ] 3+3

The trivial critical point is N = (0,6) supersymmetric. The residual gauge sym-
metry is SU(3) x U(1) x U(1) with the first two factors being a subgroup of the
SU(4) R-symmetry. The corresponding superconformal group is SU(1,1|3).
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4.2.2 The k =2 case

For k = 2 the global symmetry group of the theory is SU(4,2). The admissible
gauge groups are among subgroup thereof. There are six gauge groups that satisfy
T-tensor constraint, their embedding tensors are the following:

2
SU(B, 2) X U(l) : 6= @SU(3,2) — §@U(1) (429)

SU(2,2) x SU(2) x U(1
SU(1,2) x SU(3

1
© = Osu(2,2) — Osv(2) — §@U(1)
© = Osva,2) — Osu)

SU(2,1) x SU(2,1

)
)
SUB.D) x SULL) xU() : O =Osun — Osuir — %%(1)
) O = Osy21) — Osuey)
)

2
SU(4, 1) X U(l O = @5(](471) — §@U(1) .

We now proceed to the study of the critical points and the mass spectrum.

SU(3,2) x U(1) gauging

This manifold % is parametrized by four scalars and its coset representative
is given by _

L = ¢M@12Q2asQs o y5bere (4.2.10)
where

1 1 1 2 3
S — Q3 = - — . 4.2.11
Q1 2033, Qz 2034, 3 5 ( _10024 ,—15035) ( )

The computation gives us the scalar potential
V =8g° (—5 +3 cosh(ﬁb)) (4.2.12)

Like the previous cases, there is only one critical point and it is trivial. At b =0
the value of the critical point is Vj = —16¢g* with (0,6) supersymmetry. The
superconformal group for this vacuum is SU(1, 1]3) with the R-symmetry group
SU(3) x U(1) being a subgroup of the SU(4) ~ SO(6) R-symmetry. The scalar
mass spectrum is given in the table below.

mZL% | (b, h) | SU(3) x SU(2)
3 (53] 2x(1,2)

SU(2,2) x SU(2) x U(1) gauging

This coset manifold SU(2)§(§I(J2(;)XU(1) is parametrized by eight non-compact gener-

ators outside gauge groups. The coset representative is given by

5 b - bye
I = 6a1P16a2P26a3P3€a4Q1€a°Q2€aGQ3€\/§ 1 166\/§ 2 277 (4213)
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where P; = %ci and Q);’s are given in () After the computation, we get the
scalar potential with two variables

V = —8¢° [3 + cosh(v/2by)(—2 + cosh(v/2b,)) — 2 cosh(v/2b,) (4.2.14)
Two critical points are found:

o Trivial critical point at b; = by = 0 with V) = 0 and N = 6 supersymmetry

e athy = by = \/Li cosh™! 2 with V; = 8¢%. The residual symmetry is SU(2)diag X
SU(2) x U(1) symmetry. The SU(2)4iag is a diagonal subgroup of the SU(2)
factor in the full gauge group and one of the SU(2)’s in SU(2,2).

The scalar mass spectrum at the trivial critical point is given in the table below.

m? | SU(2) x SU(2) x SU(2)
1642 2% (1,2,2)

SU(1,2) x SU(3) gauging

From 8k = 16 scalars, there are four non-compact generators in gauge groups,
so the coset representative can be parametrized by twelve scalars. They are non-
compact generators SU(3,2) C SU(4,2). It reads

L= 6“1'336“2‘326“3636“4056%%086“6636“7026“8036“9623ealOQQG%blcwe%bzm, (4.2.15)
where ();’s are given in () The scalar potential is found to be

V = —8¢° [1 + cosh(v/2by) cosh(v/2b,) | . (4.2.16)

In this case, we have solely a trivial critical point given by b, = by = 0 with

Vo = —16¢® The residual supersymmetry is (0,6) and the conformal group is
SU(1,1]3). The scalar mass spectrum is given in the table below.

m2L? | (h,
2

] (,

h) | SU(3) x SU(2)
)| (38.2)+(3,2)

SU(3,1) x SU(1,1) x U(1) gauging

The gauge group has eight non-compact generators, six from SU(3,1) and two
from SU(1, 1), so there are eight scalars parametrized by coset Sg(é’)l) S(}g(g)(i’é)(l)
The coset representative is parametrized by

i

1 ) N ) IO i
L —e 2\/501[0167017}6\/Eblclbecmwgea3w2€a4w3eaowoe\/§a6w86\/§b2c28’ (4217)
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where
1 1
Wy = —=C7, W3 = ——(03 — \/368),
2 4
1 1

The scalar potential is given by

V =8g° [—3 — 2 cosh(v/2by) + cosh(v/2b;)(2 + cosh(v/2b,)) | . (4.2.19)

Only one critical point is found at b, = by, = 0 with Vj = —16¢% Tt is (0,6)
supersymmetric as determined by eigenvalue of A; tensor. The superconformal
algebra is given by SU(1,1|3). The scalar mass spectrum is given in the table
below.

m2L% | (h, 1) | SU(3)
-1 [(3,3)]3+3
3 (2.2) | 2x1

SU(2,1) x SU(2,1) gauging

SU(2,1) SU(2,1)
SU@)xU(1) ~ SUR)xU(L)
that the two SU(2,1) C SU(4,2) is not the same as a subgroup in gauge group.
The coset representative can be written as

The coset manifold is parametrized by eight scalars. Note

“bie D D Da  —=bac
L — €CLIQ1€GZQ26Q3%6\/§ 1 166a4w16a5w2€a6w36‘/§ 2 297 (4220)

where ¢;’s are given in (4.2.5) and

1 1

w1 = £C13, W = ZC14, w3 =

2 2

(_%CS n %cl5> S (4221)

N | —

The scalar potential is given by

V= 2¢%|cosh[v2(by 4 by)] — sinh[v2(by + by)](1 + cosh(2v/2b;) + cosh(2v/2bs)
—4cosh(V2(by + by)) + cosh(2v/2(by + by)) 4 sinh(2v/2b;) + sinh(2v/2b,)
—4sinh(V2(by + by)) + sinh(2v/2(b; + bg))] . (4.2.22)

There is only one critical point and it is trivial. It is located at by = by = 0 with

Vo = 0 and preserves N = 6 supersymmetry. The scalar mass spectrum is given
in the table below.

m? SU(2) x SU(2)
169 | 2 x (2,1) +2 x (1,2)
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SU(4,1) x U(1) gauging

There are eight non-compact generators of gauge group SU(4,1) x U(1). We
are left with another eight non-compact generators to parametrize coset manifold
%. The corresponding coset representative is

L — ealcgeagczea303€a4C56%0508€a60106%a70156%b026. (4223)
As a result, the scalar potential is a function of one variable:

V = —8¢ (5 +3 cosh(\/§b)> (4.2.24)

Obviously it admits only trivial critical point. The potential has value V; = —64¢>
at b = 0. This critical point, like the other cases, is (0,6) supersymmetric. This
vacuum preserves residual gauge symmetry SU(4) C SU(4,1) which is also full
R-symmetry group. In this case, the superconformal algebra is OSp(6|2,R). The
scalar mass spectrum is given in the table below.

m2LZ | (b, 1) | SU4)
SRIHINE
-3 Gl 4

4.2.3 The k = 3 case

For k = 3, the gauge groups are subgroup of SU(4,3) which satisfy constraint on
T-tensors, they are as follows

5

SUBB) XU & ©=6suus— 2O (4.2.25)
SU@2,3)x SUR) x U(L) : 0 =Osus — Osvs) — %@U(l)
SU(L3) x SUB) x U(1) : 0= Oy — Osu — %@U(U
SU3,2) x SU(LL) x U(L) : 6 =Osua — Osuis — %@U(l)
SU2,2) x SUR 1) x UL) : 6 =Osuian — Osuan — %@U(l)
SU(1,2) x SU(3,1) x U(1) © = Osy2) — Osuey + ;@U(l)
SU,1) x SU@) x U() : O = Oguiur — Osue — %@Um
SUM2 xUQ) :  ©=Ogus — g@m) |

We are now in the position to study the critical points and their properties for
each case.
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SU(3,3) x U(1) gauging

For full scalar manifold, there are 3k = 24 scalars. Since there are 18 non-compact
generators from gauge group SU(3,3) x U(1), so they are left with six scalars

parametrizing the coset % The coset representative is then given by
L = embsgazlagasks pasls , J5asls  Jgberr (4.2.26)
where
1 1
Ly = 203, Ly = T <V 1024 — v 15035) ,
1 1
Ly = o, Le=—7 (2\/15@4 +2v1035 — 5\/14c4g> . (4.2.27)
The scalar potential now takes the form

V = 8¢°(3 cosh(v/2b) — 5). (4.2.28)

There is only one critical point found. It is trivial critical point at b = 0 with
Vo = —16¢? and (0,6) supersymmetric. The superconformal algebra is given by
SU(1,1]3). The scalar mass spectrum is given in the table below.

m2L? | (h,
3
2

3 | (&

SU(2,3) x SU(2) x U(1) gauging

h) | SU(3) x SU(3)
1 B.1)+(3,1)

The coset SU(2)§(5{I(JZ(§)) ) is parametrized by twelve scalars associated with non-

compact generators that do not overlap with the gauge group in question. The
coset representative reads

1 ) )
—=asL, 2 i
I = e®lsgazle jasls paals o595 8et16L36117112et18L3,611983611100262171616621726277 (4‘2‘29)

where L;’s are given in () The scalar potential is given by
V = —84°[3 4 cosh(v/2by)(—2 + cosh(v/2by)) — 2 cosh(v/2b,)] . (4.2.30)

In this case, two critical points are found:

e by = by =0 with V=0 and (0, 6) supersymmetry

o by =0by= \/Li cosh™' 2 with Vj = 8¢? and residual gauge symmetry SU(2)giag X
SU(2) x U(1) x U(1). The SU(2)aiag is a diagonal subgroup of the SU(2)

and the SU(2) in the SU(3) C SU(2,3).

The scalar mass spectrum at the trivial critical point is given in the table below.

m? | SU(3) x SU(2) x SU(2)
16g° (3,1,2) + (3,1,2)
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SU(1,3) x SU(3) gauging

Th ¢ SU(3,3)
€ COSE SrmEIxsU3)xU M)
compact generators that do not overlap with the gauge group SU(1,3) x SU(3).

The coset representative in this case is given by

is parametrized by eighteen scalars associated with non-

1 1
a a1zl
[[| — e@198p0292 50343 50495 o /5 P58 0643 0792 0843 pa9 L3 pa10L2 pa11 L3 pa12Ls 591308 ja1als o
“bicig  —t=bacar —bse
15l o BVIE0 o V20T o PRCH0. (4.2.31)

where ¢;’s and L;’s are the same as those given in (4.2.5) and (), respectively.

The scalar potential is given by

1 1 1
V = —4g° g -5 cosh(2v/2b;) — 5 cosh(2v/2b,) + 1 (—2 + 2 cosh(v/2b)
2 1
+2 cosh(v/2by) + 2 COSh(\/§b3)) ~3 cosh(2\/§b3)] . (4.2.32)

Even though the potential is more complicated than many cases, there exists only
trivial critical point. It is (0,6) supersymmetric and located at by = by = b3 = 0
with V5 = —16¢%. The superconformal group for this trivial critical point is
SU(1,1]3). The scalar mass spectrum is given in the table below.

m2L* | (h,
T
2

1 (,

SU(3,2) x SU(1,1) x U(1) gauging

) | SU(3) x SU(3)
3) | (3,3)+(3,3)

Since there is twelve and two non-compact gauge group generators from SU (3, 2)
and SU(1,1), respectively, we are left with another ten non-compact generators
SURL) ., _SUBL)
SU@)=UM) X SUB)XUA

to parametrize coset manifold. It is in the form of

) whose
the coset representative is given by

i i

1 1 ag
[ — 21633 p0234 \/5%[033’034]6 ﬁb10166a4w3 EIBW2 LA6W3 LATWS o 75 58 ﬁbzc397 (4.2‘33)
where w;’s are given in () The scalar potential is given by

V o= 24 [cosh(\/§(b1 +by)) — sinh(vV2(by + b2)))(1 — 4 cosh(v/2b;) 4 cosh(2v/2b,)

)
+4 cosh(v/2by) + cosh(2v/2b5) — 12 cosh(vV/2(by + by)) + cosh(2v/2(by + b))
+4 cosh(V2(2by + by)) — 4 cosh(v/2(by + 2by)) — 4sinh(v/2b,) + sinh(2v/2b,)
+4sinh(v/2by) + sinh(2v/2by) — 12sinh(v/2(by + by)) + sinh(2v/2(by + by))
( )

+4sinh(V2(2by + by)) — 4sinh(vV2(b; + zbg))] . (4.2.34)

The potential above has only one critical point, and obviously it is trivial one.
Like many cases previously found, it is (0,6) supersymmetric critical point. At
by = by = 0 its value is Vy = —16¢2. The superconformal algebra at this point is
given by SU(1,1|3). The scalar mass spectrum is given in the table below.
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m2L* | (h,h) | SU(3) x SU(2)
3 (5,3 2x(1,2)
SU(2,2) x SU(2,1) x U(1) gauging
SU(2,2) SU(2,1)

In this case, the coset ST S0 @)U X ST@) =00 is described by twelve scalars.

The corresponding coset representative is

—bicip  —bac —_bsc
[ = ™91 0202 50343 004 Q1 ,a5Q2 a6Q3 /501616 , 502027 ja7Z pasc14 097 /503 40 (4.2_35)

where ¢; = %Ci,

1
7 = —{613, 014], (4236)

V2
and @Q;’s are given in () The scalar potential is given by

Vo= —¢° [6 — 2cosh(2v/2by) — 2 cosh(2v/2by) — 2 cosh(2v/2b3)
+4 (—1 + cosh(v/2by) + cosh(v/2by) — COSh(\/§b3)>2:| . (4.2.37)

There exists two critical point corresponding the scalar potential above:

o Trivial critical point at by = by = b3 = 0 with V; = 0 and (0,6) supersym-
metry

e at by = by = \/ii cosh™? 2, by = 0 with V, = 8¢? and residual gauge symmetry
SU(2)giag X SU(2) x U(1) x U(1) where SU(2)giag is a diagonal subgroup of
the SU(2) C SU(2,1) and one of the SU(2) C SU(2,2).

The scalar mass spectrum at the trivial critical point is given in the table below.

m? | SU(2) x SU(2) x SU(2)
16g° | 2 x (1,2,1) +2 x (2,1,2)

SU(1,2) x SU(3,1) x U(1) gauging

SU(1,1) SU(3,2)
U)X SUB)=SU2)xU(1)

In this case, fourteen scalars parametrizes the coset whose

coset representative is

1 1 1
. Lase —=bicig _—=bac
L = eM19392020303 00405 ¢ /5558 006C3 007C2 00803 009Q3 a10Q2 o 501416 o 702627 o
1 @
67?111[0237624]6\/51730427 (4.2.38)

where ();’s are given in (4.2.11f). The scalar potential is given by

V = —¢° [6 -2 cosh(2\/§b1) - 2008}1(2\/552) - QCOSh(2\/§b3)

+4 (1 + cosh(v/2by) 4 cosh(v/2by) — COSh(\/ibg))2:| : (4.2.39)
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Only trivial critical point is found and located at by = by = b3 = 0 with V[, =
—16g%. Tt is (0,6) supersymmetric critical point and its superconformal algebra is
found to be SU(1,1|3). The scalar mass spectrum is given in the table below.

m2L?* | (h,
2

1 (7

SU(4,1) x SU(2) x U(1) gauging

n) SU(3) x SU(2)
9 13,2)+(3,2)+2x(1,1)

There are eight non-compact generators associated with gauge group SU(4,1) X
SU(2) x U(1), so the sixteen scalars corresponding to the other non-compact

generators parametrize coset 50 4)52751(;ng(1) whose coset representative is given
by
L = eal%€a2Q2eas%604%6%%‘18606(]106@7(]3608%eagtIsealo%e%all%eam%eals@ X
gads /01625 ¢ g bacas (4.2.40)
where ¢; = %Ci and
- 1 _ 1
g2 = 50477 q3 = —E (\/ 15035 —V 2]_648> . (4241)
The scalar potential is found to be
V = —8¢* <3 + 2 cosh(v/2by) + cosh(v/2b;)(2 + cosh(\/ﬁbg))> : (4.2.42)

In this case, non-trivial critical point does not exist. The trivial critical point
at b = by = 0 with V) = —64¢* is (0,6) supersymmetric. The superconformal
symmetry at this critical point is given by OSp(6]2,R) since the full SO(6) ~
SU(4) R-symmetry is preserved. The scalar mass spectrum is given in the table
below.

m2L? | (h,h) | SU(4) x SU(2)
0D @)
-1 [ G3) (4,2)
SU(4,2) x U(1) gauging
There are eight scalars parametrizing coset % with the coset representative
is given by _
L = %143 00242 50343 ea4q5€%a5qs eaeqme%ammeﬁb%: (4.2.43)

where ¢;’s are given in ({.2.5). The scalar potential is obtained to be
V = —8g? (5 +3 cosh(\/§b)) . (4.2.44)

The potential is so simple and obviously admits no non-trivial critical point. The
trivial one at b = 0 with V; = —64¢” is (0, 6) supersymmetric and OSp(6|2,R) is
its superconformal algebra. The scalar mass spectrum is given in the table below.
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m2L% | (h,h) | SU4) x SU(2)
— () (4,1)
_% (%’ %) (47 1)

4.2.4 The k =4 case

In this case, we consider k = 4 cases whose number of full scalars is 32. The actual
coset representative is smaller since some non-compact generators may overlap
gauge generators. We rule out some of gauge groups that cannot pass T-tensor
constraint test, so the admissible gauge groups are as follows:

3
SU(3,4) X U(].) : O = GSU(3,4) — ZGUO) (4245)
1
SU(2,4) X SU(2) X U(l) . 6= @SU(QA) - @SU(2) - §@U(1)
1
SU(l, 4) X SU(3) X U(l) : 6= @SU(1,4) — @5(](3) — Z@U(l)
1
SU(3, 3) X SU(L 1) X U(l) : O = @SU(g’g) — @SU(LU - 5@(](1)
1
SU(2, 3) X SU(Q, 1) X U(l) . O = @SU(Q’S) — @SU(QJ_) — ZQU(D
SU(l, 3) X SU(3, 1) : 0= @SU(I,S) — @SU(gyl)
SU(Q, 2) X SU(2, 2) : 6= @SU(QQ) — @SU(272) .

We are ready to study the critical points and some of their properties for each
case.

SU(3,4) x U(1) gauging

In this case, there are 24 non-compact generators corresponding to SU(3,4) x
U(1) gauge group. The 32 non-compact generators of full global symmetry are
deducted by the number of non-compact generators of gauge group, so there are

eight generators left to construct the coset % whose coset representative
is defined as follows
I — ea1j3€a2j2€a3j3ea4jse%a5j8ea6j10e%a”lse%bcn, (4.2.46)
where
, 1 , 1 [ ] . 1
= —C = —— |C C = =C
J2 o3t J3 /2 335 C34] 5 J5 5 45,
, 1 _ 1
Js = 1—5(3\/ 10co4 + 2V 15¢35 — 5V 21egs), J1o = 558,
1
Jis = ——=(21V10co4 + 14V 15¢35 + 10V 21y — 90\/7063). (4.2.47)

105
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After running the code, we find the scalar potential
V =8¢ <—5 + 3(:05h(\/§b)> . (4.2.48)

There is a critical point found which is trivial and located at the origin b = 0
whose value at that point is Vy = —16¢?. Furthermore, it is a (0, 6) supersymmetric
critical point with OSp(6/2, R) superconformal algebra. The scalar mass spectrum
is given in the table below.

m2L? | (h,
3 G

SU(2,4) x SU(2) x U(1) gauging

SU(4,2)
xSU(2)xU(1)
scalars associated with leftover non-compact generators. The coset representative

takes the form

In this case, we dealing with coset ST whose parametrized by sixteen

. . . . 1 . . . . . . 1 .
[ = 9173027200373 50475 o /39578 n06]3 nAT]3 p08]2 00973 x010]5 o /3 W11T8 5012€3 ,A13C2
aiacs %51616 %b2027
e e Va0 Vet (4.2.49)

where j;’s are given in () The scalar potential is given by
V = —8¢* [3 + cosh(v/2b;)(—2 + cosh(v/2b,)) — 2 cosh(v/2b) | . (4.2.50)
Two critical points are found, they are as follows:

o Trivial critical point at by = by = 0 with V5 = 0 and (0, 6) supersymmetry

e at by = by = %cosh_12 with 7 = 8¢ and residual gauge symmetry
SU(2)aiag x SU(2) x SU(2) x U(1) x U(1). The SU(2)qiag is a diagonal
subgroup of the SU(2) and an SU(2) in the SU(4) C SU(2,4).

The scalar mass spectrum at the trivial critical point is given in the table below.

m? | SU(4) x SU(2) x SU(2)
16¢° (4,1,2) + (2,1,2)

SU(1,4) x SU(3) x U(1) gauging

SU(4,3)
The coset spmyesvmx<om
resentative takes the form

is parametrized by twenty four scalars whose coset rep-

1 . . . . 1 . . .
a a a a —=a5C; a a a a a a —=a a a
l — e 1036 2CQ€ 3636 4056\/5 5 86 6636 7036 8]36 9]26 10]36 11]56\/§ 12]86 13]106 1473 X

1473 L1572 0163 L1705 , JEAISTS a10]3 ,a20j2 ,a213 , —501C16  —=bacar  —=bscao
1473 11572 11673 pA1775 o \5TISIS 11973 04202 02103 ¢ /5 T10 0 V32727 0 V2 9H40 (4 2 5] )
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where j;’s are given in () The scalar potential is given by
V = —8¢* [2 + cosh(v/2b,)(—1 + cosh(v/2bs)) — cosh(v/2b3) + cosh(v/2by ) x
(—1 + cosh(v/2b,) + cosh(\/ﬁbg))] . (4.2.52)

Even though we have quite complicated potential with three variables, there exists
only trivial critical point which is at b; = by = b3 = 0 with V; = —16¢* and (0, 6)
supersymmetric. The superconformal algebra for this critical point is OSp(6|2, R).
The scalar mass spectrum is given in the table below.

m2L? | (h,
;

-1 (7

SU(3,3) x SU(1,1) x U(1) gauging

1) [ SU@) % SUG3)
31 (4,3)+(43)

In this case, we parametrize the product of coset manifold S(}g(g)(i’(lf)u) S(}g(g)(i’é)(l)

with twelve scalars associated with non-overlapped non-compact generators. The
coset representative takes the following form

1 i 1 i
_alws asws .azws .aqws  —=05ws —=bi1cs2 agLls avLo asLs agLs —=a10Ls —=baci7
L = e"1"3%2%29318 004 W5 0 V3 ev2 0137283 0005 0 /3 ev2 ,
(4.2.53)

where w;’s and L;’s are given in () and (), respectively. The scalar

potential is found to be
V = 8¢%[—3 + cosh(v/2b;)(—2 + cosh(v/2by)) + 2 cosh(v/2b,)]. (4.2.54)

There is only one critical point for this potential. It is trivial critical point with
(0,6) supersymmetry. Furthermore, it is specified by by = by = 0 with Vy = —164?
whereas its superconformal algebra is SU(1,1|3). The scalar mass spectrum is
given in the table below.

m?L? | (h,h) | SU(3) x SU(3)
5 (3.3)] (1,3)+(1,3)
-1 [(5.3) ] 38,1)+(3,1)

SU(2,3) x SU(2,1) x U(1) gauging

SU(2,1)
U@2)xU(1)

SU(3,2)

X SUE)=SU(2) XU

The sixteen scalars described by the coset 5

j are parametrized
by the coset representative

. . ,
I — ea1L3ea2L2 ea3L36a4L5eﬁasLseaeLsechzeasLseag%ealoqzeﬁbzcweﬁbscm %
i
b
U171 p01222 (01323 o /5 16447 (4255)

where

1 /-1 2
Z1 = (i3, 2o = ~Cia, z3 = B (%Cs + %015> ) (4.2.56)
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and ¢;’s and L;’s are given in (4.2.5) and (), respectively. We find the
potential

V = 84* [—2 + cosh(v/2bs) 4 cosh(v/2by)(—1 + cosh(v/2by) + cosh(v/2b3))
b
—2 cosh(v/2by) sinh? (—3)} . 4.2.57
There are two critical points:

e at by = by = b3 = 0 with V) = 0 and N = 6 supersymmetry

e at by = 0, by = by = TCoshAZ with V5 = 8¢? and residual symmetry
SU(2)diagx SU(2)xU(1)xU(1)xU(1). The SU(2)diag is a diagonal subgroup
of the SU(2) € SU(2,1) and the SU(2) subgroup of the SU(3) C SU(2, 3).

The scalar mass spectrum at the trivial critical point is given in the table below.

m? SU(3) x SU(2) x SU(2)
1697 | 2% (1,2,1) + (2,1,3) + (2, 1,3)

SU(1,3) x SU(3,1) gauging

SU(1,1) SU(3,3)

In this case, we are dealing with the coset (1) ST SU )T which is

parametrized by twenty scalars. The coset representative is given by

L = 6%111[0317032]6%510566a2c3ea4csea565e%aﬁ%ea703ea802€a9c36010L36a11L2ea12L3ea13L5 X
e%amLsea15L3ealng6%526166%536276%54640 (4258)

where L;’s are given in () The scalar potential is found to be

V = —¢* [6 — 2cosh(2v/2by) — 2 cosh(2v/2bs) + 4 (— cosh(v/2by) + cosh(v/2by)

+ cosh(v/2bs) + cosh(\/§b4)>2 — 2cosh(2v/2bs) — 4sinh?(V2by) | . (4.2.59)

From the potential above, we found only one critical point which is at by = by =
by = 0 with Vy = —16¢2. Tt is (0, 6) supersymmetric with superconformal algebra
SU(1,1|3) The scalar mass spectrum is given in the table below.

m?L?
3
—1

SU(3) x SU(3)
2x(1,1)
3) +(3,3)

o I—polod =

N—"|——

I~

ool S

(3,
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SU(2,2) x SU(2,2) gauging

This is the last case for non-compact gauging. In this case, the sixteen scalars char-

. SU(2,2) SU(2,2)
acterized by the coset grozarmrm X st@xsvaxom- Note that SU(2,2) C

SU(4,4) is not the same as those appear in the gauge group. The coset represen-
tative for this gauging is

L = eua eazqzeastI3ea4Q1€a5Q2eaﬁQse%blclﬁe%bWWemm 0822 p0923 001071 pA1122 o
C%alz[ihéz]6%%6406%174055’ (4260)
where
. 1 5 1
213 = 5661, 214 = 50627 (4261)

and ¢;’s, z;’s and Q;’s are given in (EQH), (li25a) and (), respectively. The

scalar potential is given by
V = —¢° [8 — 2cosh(2v/2by) — 2 cosh(2v/2by) — 2 cosh(2v/2b3) — 2 cosh(2v/2by)

2
+4 (cosh(\/ﬁbl) + cosh(v/2by) — cosh(v/2b3) — cosh(\/§b4)> } . (4.2.62)
In this cases, two critical points are found and they are characterized as follows:

o at Trivial critical point by = by = by = by = 0 with Vj = 0 and (0,6)
supersymimetry

o atby =by = \/Li cosh™ 2, by = by = 0 with Vj = 8¢2 which is equivalent to the
critical point at by = by = \/ié cosh™* 2, by = by = 0 with the same V{). In both
cases, the residual gauge symmetry is SU(2)giag X SU(2) x SU(2) xU(1). The

SU(2)aiag is a diagonal subgroup of the SU(2) factors from each SU(2,2).

The scalar mass spectrum at the trivial critical point is given in the table below.

m? | SU(2) x SU(2) x SU(2) x SU(2)
16g% | 2x(2,1,2,1)+2x (1,2,1,2)

4.3 Non-semisimple N = 6, SO(6) x T gauged
supergravity

In this case, we consider non-semisimple case for N = 6 with gauge group SO(6) x
T'. Originally, this section is not a part in [40], but it is later added to [39] as an
important supplement since the non-semisimple gauging has a direct relation to
higher dimensional theories on compactified on some manifolds or orbifolds. Recall

that the full coset manifold for this gauge group is %. Non-semisimple

group SO(6) x T is a subgroup of global symmetry group SU(4,4). The SO(6)
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subgroup (or SO(6)giag) is defined by the diagonal subgroup of SO(6) x SO(6) ~
SU(4) x SU(4) € SU(4,4). The 32 scalar transform as

(4,4) + (4,4) (4.3.1)
under SU(4) x SU(4) and
(4x4)+(4x4)=1+15+1+15. (4.3.2)

under SO(6)4iag. There are two singlets and two 15. The 15 is adjoint represen-
tation of SO(6) and they are used to construct T'°.

The SO(6) x T generators are given by

SO(6) JI =T 4T j=1,...,6
TS JO = T T 4y (4.3.3)

1 3 /3 1
—— M —\ —\ —\
0 24 50°% ~ \/ 23 48+\/7 63>,

~ 1 1
T3 = 4 <_>\24 — i)\35 + i)\ — _)\63> ;
(

10 20 28 N4

T5 = \/11_0)\24 + \/11—5)\35 - \/%)\48 - %%3) ;

T = % Azs + Ne2) T = —% (As3 = Ae1) , T = _% (As3 + Ae1) ,

T2 — % (Ae2 — Aaa) , T4 = % (Ass — Aaz) s oo ! ()\59 — ),

T — —% (Aas5 + Aeo) T% = % (Aa6 + As7) T = % (Aeo — Aas)

26 _ % Mg+ Nsg), T = %(M ), T = %(A% — \s7) (4.3.4)
and

Y2 = —% (A27 — A1 + Aao — Ass) Y= —% (Ass = Ass + Aoz — Aao)

Yo — _% (Ass = Mg — dor + o), Y= —% (Asa = Asg + Azs — Aaz)

Y2 = —% (Ass = Aws = Ao + Aa), Y= % (A1 + Aos + Aaa + Ass)

):/24 = —% (A1g — A2g — Az + Asa) 1:/45 = _% (Aso = A2z + Aso — As)

yh = —% (A1 — A20 — A6 + As1) y® = —% (Aa1 + As2 — Ag7 — As2)

yH = —% (A22 + Agg + Asg + Aag) Y10 = % (Ao — As2 — Asr + As2)

Y = —% (A20 + Azt + Agg + As1) Y = % (Aso — A2z — Ao + As) ,

76 = L g — Ao s — ag). (4.3.5)

2
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The embedding tensor is in the same form as in N = 5 theory discussed in
the previous chapter. However, the constraint on the embedding tensor P, © = 0
requires go = 0. This structure is similar to N = 16, 10,8 theories [50, 57, 58].
Consequently, the embedding tensor reduces to © = ¢,0,;,. The two singlets under
SO(6)aiag discussed above correspond to the non-compact generators

Y = (Y4 YH 4y 473, (4.3.6)

}/;2 (Y2 4 Y12 + Y22 + Y32).

N~ DN~

In this case, the coset representative is given by

L — 6\/§b1Y516\/§b2Ys2 (437)

where /2 is the normalization constant that is required so that the scalar potential
contains no multiplicative constant. The scalar potential is found to be

V = —2244” (cosh by cosh by — sinh by)” . (4.3.8)

Note that we have only one coupling constant, so we redefine g = g;. There is no
critical point for this scalar potential, so the vacuum must be half-supersymmetric
domain wall. The next and the last task is to find the domain wall solution
corresponding to this theory.

The process in searching for domain wall solution is quite similar those used
to obtain flows in chapter H The BPS equations for this problem are given by
the vanishing of supersymmetry transformation of ¢, and dx* together with
the traditional domain wall ansatz in chapter 5. We obtain a set of differential
equations as follows

by = 8gsechbs sinh by, (4.3.9)
b, = —8g(coshby — coshb;sinhb,), (4.3.10)
A" = —16g (cosh by cosh by — sinh by) (4.3.11)
where ' denotes %. These equations are not easy to solve in the exact form, so

simply consider subclass of general solution. We simply set b; = 0. The equation
(4.3.121) now becomes

by, = —8ge~"2. (4.3.12)

After integration, the solution is simply given by
by = 1In (—8gr + 1) (4.3.13)

where ¢, is an integration constant. With b; = 0 and b, given by (), equation
() becomes
—16g

A= ——
c1 — 8gr

(4.3.14)
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whose solution is easily found to be
A=2In(-8gr+c1)+c (4.3.15)

with another integration constant c;. As in the RG flow cases, the integration
constants are not significant, since we can redefine the coordinates. We can write
the metric in the form of a warped AdS3 as

1 dz?, + dp?
2 _ 11
35 = i ( . ) (4.3.16)




CHAPTER V

RG Flow Solutions for N=5 and
N=6 Theory

In this section, we solve RG flow solutions interpolating between a pair of AdS
critical points obtained from previous sections. We study only supersymmetric
flows, so the critical points we picked must be supersymmetric. One of the critical
points is trivial and preserves maximal supersymmetry, and another critical point
is non-trivial and preserves some supersymmetry. Recall that gauged supergravity
requires the existence of a scalar potential whose critical points may give rise to
AdS background solution. According to AdS/CFT, the bulk theory with AdS space
characterized by radius L is dual to conformal theory at boundary characterized
by central charges c. If the conformal field theory is perturbed by an operator
with a particular scale dimension, the theory will make a transition (in the space
of coupling) to another fixed points called IR CFT, so we name the unperturbed
theory UV CFT. Another scenario that can initiate the flow is that the operator
acquires non-vanishing expectation value and from all flows we study, this case is
not found. In dual picture, this process is illustrated by the domain wall solution
of the bulk theory. The near boundary limit of the bulk field corresponds to UV
CFT and the deep interior limit associates with IR CFT. We study four flows for
both N =5 and N = 6 theory

We solve not only analytical low solutions but also identify the scale dimen-
sion of operator A that perturbed theory by expanding the scalar field around the
critical point and comparing to asymptotic solution discussed in chapter P. More-
over, we calculate the ratio of central charges cyy /cir for every case and they
are all larger than one as predicted by c-theorem. Our study of holographic RG
flows are quite similar to those in other gauged supergravities in three dimensions
(53, 94, 56, 55].

5.1 RG flow solutions for N=5 theory

We consider only RG flows in k = 2 case because the structure of critical points of
k = 4 cases are quite similar. We do not study RG flow solutions for all possible
cases since the methodology is the same. In this work, we explore RG flows in
compact gauge group SO(5) x USp(2) and non-compact one with USp(2,2) x
USp(2). In order to investigate the flow, AdSs3 critical points from chapter
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are required. Since we are interested in supersymmetric RG flows, each critical
point must preserve some supersymmetry. Nonsupersymmtric critical points are
automatically excluded from consideration. We study flow from only one active
scalar denoted b(r). This analysis is legitimate since BPS equations are still valid
when some scalars are turned off.

5.1.1 An RG flow between (5,0) and (4,0) CFT’s in SO(5) x
USp(2) gauging

f2g1+gz)
291492
corresponding to supersymmetry (5,0) and (4, 0) respectively. Our study involves

only one scalar and the potential depends on b associated with generator Y7, so
the coset representative can be given by

Recall that in this case the two critical points are b = 0 and b = cosh™(

L=t (5.1.1)
The vanishing of variation of fermions , i.e. 6x* = 0, give us a flow equation:

db
= 291 — g2 + (291 + g2) cosh b] sinh b. (5.1.2)

Because on the r.h.s. of the equation is a function of b(r) only, so we can integrate
for r. The solution becomes

1
89192

b
+2g9 Insinh 5] : (5.1.3)

b
r = {4g1 In cosh 5 (291 + g2) In[2g1 — g2 + (291 + g2) cosh b

The integration constant is ignored; this does not affect the analysis here, because
we can redefine a new r that differ from the old one by the constant.

By Taylor expanding around b = 0, we obtain

b(r) ~ €' = ¢ Tov | Lyy = L (5.1.4)
8|1
For g, < 0, the solution is valid for r — oo, i.e. near boundary; therefore we can
identify this point with UV point. From asymptotic analysis, we can extract the
scale dimension of operator that drives the flow. We refer reader to chapter 2 for
detailed discussion. Now we simply give you an important equation:

b(r) ~ cle(Ade tooe T (5.1.5)
where )
A= <d VBT 4m2L2> . (5.1.6)

co is zero because the solution must be finite at large r. After we substitute

m2L? = —%, we have Ayy = %, so the operator is relevant. In the dual theory,
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the interpretation is that the flow is driven by relevant operator of dimension
Ayy = % The other critical point can be identify with IR point, by Taylor
expansion around that point we get

_ 891927 g

27 2q¢ +
b(r) ~ e 291tg2 — 6(91+$I2)L1R7 LIR = 917 92

8g1(g1 + )

> 0. (5.1.7)

In order to make this solution valid for deep interior region, r — —oo, now we
need additional constraint, i.e. go > —2¢;. At IR point, ¢y in equation () is
always 0. Consequently, A;g is 32529 which is always greater than two: so it is
irrelevant operator. The ratio of the central charges is

L Vi
cov _ Lov _ JYor _ 91192 (5.1.8)
CIR Lir Voov 201+ 92

for gy < 0 and g5 > —2¢;. The equation above satisfies the holographic c-theorem:

cyv > CIR-

The vanishing of variation of gravitini , i.e. (Wﬁ = 0, give us another flow
equation solving for metric part A(r):

dA 1
- =1 [4go cosh b — 2291 — 3go — 8¢y cosh b

—2g; cosh(2b) — go cosh(2b)] (5.1.9)
Applying chain rule, it becomes

dA  [22g1 + 39> + (8g1 — 4g2) cosh b + (291 + go) cosh(2b)] cschb (5.1.10)
db 8g1 — 4gs + 4(291 + g2) cosh b ' o

This equation is easily solved by merely integrating; as mentioned before we neglect
integration constant. It reads

! b
A = g_ {(91 + go) In[291 — go + (291 + g2) cosh b] — (291 + go) In cosh 3
2

—2g5 Insinh g} . (5.1.11)

5.1.2 An RG flow between (5,0) and (1,0) CFT’s in SO(5) x
USp(2) gauging

In this case, we study the other RG flow in SO(5) x USp(2) gauging which in-

terpolating between critical points b = 0 and b = COSh_l(gZi—iiz) corresponding to

residual supersymmetry (5,0) and (1,0). With the analysis previously discussed,
we obtain an RG flow equation:

db
e (691 + g2 — (291 + g2) cosh b] sinh b (5.1.12)
r
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Following the same strategy as in the previous section, we obtain the solution

1 b
r = ———— |4gyIncosh = + (2g; + In|(2g; + coshb
891(4g1 + g2) { & 2 (201 + 92) In[(291 + 92)
b
—6g1 — go] — 2(491 + g2) Insinh 5] . (5.1.13)

The fluctuation around b = 0, UV point, it reads

o 1
b(r) ~ el = e Tov Ly = —— 5.1.14
" o 1

which is equal to (5,0) to (4,0) case. Itisa UV point for g; < 0 when r approaching
the boundary. The flow is driven by a relevant operator with scale dimension

Ayy = 3. Near the other critical point which is identified as an IR, b(r) is
approximately
( ) ( )r
b(r) ~ e mEat — eGntetin, Lip— 291+ 9 (5.1.15)

a 891(391 + g2) '

Note that ¢y < 0 and g < —2¢;. The constraint on g, is not the same as in the
previous case. The operator has scale dimension A;p = 22443%  The ratio of the

391+92
central charges is
3
v _ 29y g g < 0and gy < —29, . (5.1.16)
ClR - 201+ G2

The equation above satisfies the holographic c-theorem: cyy > crg.

The differential equation for A(r) in this case is

dA 1
- = 1 [Bga — 10g; — 4(6g1 + g2) cosh b + (2¢1 + go) cosh(2b)] . (5.1.17)

The technique applied to the case at hand is analogous to the previous one, now
the equation becomes

dA  [10g1 — 392 + 4(6g1 + g2) cosh b — (2g1 + ga) cosh(2b)] cschb
db 4(2g1 + g2) cosh b — 4(6g; + g2)

(5.1.18)
It is easily solved by Mathematica. The solution is
1
— 19+ 0 (391 + ¢2) In ((291 + ¢2) cosh b — 6g1 — go)
b b
o+ meon ) 20 oy msh ] 51
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5.1.3 An RG flow between (4, 1) and (4,0) CFT’s in USp(2) x
USp(2,2) gauging

In the last section, we present two examples of the RG flow in compact gauging
case. Now we turn our attention to the non-compact case; we choose USp(2) x
USp(2,2) gauging case. Recall that in this case we have found four critical points.
For breivity, we identify each with their residual supersymmetry: (4,1),(4,0),(1,0)
and (0,0). Note that (4,1) is the trivial one and (0,0) is non-supersymmetric.
Because we focus on supersymmetric flows, the nonsupersymmetric one is ruled
out. The flow between (4,0) and (1,0) is also ruled out because the killing spinor
generating both cases cannot be the same. Therefore, we consider two cases of
flows between (4,1) and (4,0) and between (4,1) and (1,0).

The scalar potential in this case has two scalar fields, but all critical points
we have found are of the form (b1, by = 0). So, in the analysis of the flows, we need
only one scalar. by is set to zero and we replace by to b for the sake of convenience.
The coset representative is given by

L = Y (5.1.20)

for both cases. The strategies are analogous to the previous two cases, so from
now on we merely present the results and discuss about some constraints that may
occur.

In this section, we start with studying flow interpolating between b = 0 to
b = cosh™'(Z2%2) From §y* = 0, we get a differential equation

g1+g2
db '
ar (91 — g2 + (g1 + g2) cosh b) sinh b (5.1.21)
where the solution is
1 b b
= 2¢s Insinh = + 2¢; 1 h -
r 1910 g2 Insin 5 + 291 In cos 5
— (91 +g2)In[g1 — g2 + (91 + ga) cosh D] | . (5.1.22)

The fluctuation around b = 0 in the limit » — oo is

917 1

b(r) ~ 29" = elatloy | Lyy = ———— 5.1.23
) 2+ o) ( )

where g < 0 and go > —¢g;. We obtain the relevant operator with dimension

% < 2. The other critical point can be identify with IR point, by Taylor

expansion around that point we get

b(r) ~ e*?‘if?; = 6\291i€122T|L1R’ Lip = g1+ g2 '
2|91(291 + g2)|

(5.1.24)
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In IR the operator is irrelevant with dimension A = \29?+292| + 2. The ratio of the
central charge is given by
2
v _ 1920 T 92)| (5.1.25)
CIR (91 + 92)
The equation from §¢), = 0 reads
dA b b
=2t cosh* 59 sinh* 1R (5.1.26)
From chain rule, A as a function of b is
dA  2cschb (92 + g1 cosh® 2 + go sinh* 2) (5.1.27)
db 91— g2 + (91 + g2) cosh b ' -
The solution is easily found to be
1 b
A = % (291 + g2) In [g1 — g2 + (g1 + g2) cosh b] — 4¢g; In cosh 2
1
b
—2(g1 + g2) Insinh 5] : (5.1.28)

5.1.4 An RG flow between (4, 1) and (1,0) CFT’s in USp(2) x
USp(2,2) gauging

In this last case, we investigate flow interpolating between b = 0 with (4,1) super-

symmetry to b = Cosh_l(ﬁ) with (1,0) supersymmetry critical point. The
equation 6y = 0 leads to a differential equation:

db )

- =~ 91+ 392+ (91 + g2) cosh t] sinh b, (5.1.29)

The corresponding solution takes the following form

1
= T iga(r T 2gq) (91 T 92) 011+ 302 (g1 g2) coshd
r 492(91 I 292) [(91 92) n [91 g2 (g1 92) COS ]
b b
+2g5 Insinh 5~ 2(g1 + 2g2) In cosh 1k (5.1.30)

The fluctuation around b =0 at r — oo is

(91+2g9)r 1

b(r) ~ e”Hn+20)r — cTatolioy Lyy = ——, 5.1.31
) 2+ ( )

where g1 < 0 and —% < g» < —g; or g1 + g < 0 which are different from the

previous case. We obtain the relevant operator with dimension glnggQ. The flow

is driven by the relevant operator with scale dimension A = %. The other
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critical point can be identified with IR point and by Taylor expansion around that
point the solution becomes

__492(91+299)7 292(91+2g92)r (gl =+ 92)
blr) ~ e 91+92 = ela+39AILR Lin=— . 5.1.32
") L T CTE T
In the IR, the operator becomes irrelevant with scale dimension A = |2921%92 + 2.
The ratio of the central charge is given by
CUV — |gl(291 + 392)| (5 1 33)
CIR (g1 + g2)?
The vanishing of the gravitini leads to a flow equation
dA 1
= =1 [3g1 — 592 + 4(g1 + 3g2) cosh b + (g1 + go) cosh(2D)] . (5.1.34)
Using chain rule, the equation now reads
% L [3g1 — 592 + 4(g1 + 392) cosh b + (g1 + g2) cosh(2b)] cschb (5.1.35)
db —4(6g1 + g2) +4(291 + g2) cosh b . .
The solution is the following
A ! (291 + 3g2) In [g1 + 392 + (g1 + g2) cosh b]
S — n oS
2(g1 + 29o) g1 92 91 g2 T (g1 T G2
b b
—4(g1 + 2g2) In cosh 5~ 2(g1 + g2) Insinh 3| (5.1.36)

5.2 RG flow solutions for N =6 theory

In this section, we study RG flows for N = 6 theories. The methodology is
similar to N = 5 case, so we may neglect some steps and simply present the
final results. We study only the flow of £ = 4 in compact gauge group; they are
SO(6) x SU(4) x U(1) and SO(4) x SO(2) x SU(4) x U(1). In each gauge group,
we consider two flows from different supersymmetric critical points obtained from
chapter Y. As a results, we study four cases in total. We give the full list below:

SO(6) x SU(4) x U(1) case

« RG flow between (6,0) and (4,0) points

« RG flow between (6,0) and (2,0) points
SO(4) x SO(2) x SU(4) x U(1) case

« RG flow between (4,2) and (2,2) points
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« RG flow between (4,2) and (2,0) points

Note that the flows studied here are constructed from two identical scalars which
are different from N = 5 cases. We are looking for supersymmetric RG flows that
interpolate between two critical points with (b1, b2) = (0,0) and (b, be) = (b, b) in
which the two scalar fields b; and by take the same value. According the argument
on the ansatz in the beginning of this chapter, the scalar b(r) depends solely on
radial coordinate. The coset representative of the form

I = (MY b(r)Yis _ b(r)(Ya+Y1s) (5.2.1)

where all the Y4’s generators are non-compact generators for N = 6 case. Note
that the expression is derived by using [Y3, Y15] = 0.

In the SO(6) x SU(4) x U(1) case, there are two singlet which are Y3 + Yi5
itself and Y5 + Yi6 under residual symmetry SO(4) x SU(2) x U(1) x U(1). The
coset representative above with Yg+ Y4 sector truncated is verified as a consistent
truncation. For SO(4) x SO(2) x SU(4) x U(1) gauge group, there are four singlet
under residual symmetry SU(2) x U(1)* which are

Y3+ Yis, Y3 — Y15, Yy + Yie, Yy —Yie.

As in the previous case, the consistent truncation is checked.

5.2.1 RG Flows in SO(6) x SU(4) x U(1) gauging

We explore the RG flows for the theory with SO(6)xSU(4) xU (1) gauge group. Its
critical points and other properties are discussed in the previous section. In order
to complete the analysis on RG flows, the constraint on the relative coupling o have
to be specified. It is divided into two classes either &« < —1 or aw > —1. The trivial
critical point with supersymmetry (6,0) and SO(6) x SU(4) x U(1) residual gauge
symmetry is identified with UV point. The critical points with supersymmetry
(4,0) and (2, 0) points with SU(2)3 x U(1)? residual gauge symmetry are identified
with IR points.

An RG flow between (6,0) and (4,0) critical points

The vanishing of the fermions dx*/ = 0 gives rise to a differential equation as
follows
db(r)
dr

Note that in this case @« < —1. The differential equation above can easily be solved
by integration. The result is given by
1 b
r = ——In|cosh—| —
4ga { V2 }

1 b
+—1In [sinh —| . 5.2.3
4g { \/5} (5:2:3)

—V2g {1 —a+(1+a) cosh(ﬁb(r))] sinh(v2b(r)). (5.2.2)

14+«
8ga

In [1 —a+ (1+a) cosh(\/ﬁb)]
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As mentioned in the N = 5 case, the additive constant from integration can be ne-
glected without any problem since we can always redefine a new radial coordinate
which is different from the original r by a constant.

The solution near b = 0 is

1
8lg|

We identify this critical point with the UV point in which » — oo, so there must be
g < 0. The scale dimension of the operator that drives the flow can be determined
by asymptotic analysis. From the same analysis we applied for N = 5 case, we
conclude that this flow is driven by relevant operator with dimension A = %

b(r) ~ €' ~ e T, Lyv = (5.2.4)

We identify another point \/Li cosh™! Z—: with IR. By expanding around this
point, we get an asymptotic equation

8gar 2a _r 1 + (e}
b(r) ~ e Tta = (29 Lir | Ligr=—7—"—. 5.2.5
") " = Tgl(1 + 20) (5:29)
In this IR, the operator is irrelevant with scale dimension A = % > 2 for
a < —1. The ratio of the central charge is given by
L % 142
EEA A L S S T S P (5.2.6)
ar  Lir Vouov  2(1+«)

The next task is determining the metric of the domain wall ansatz char-
acterized by A(r). The vanishing of the gravitini, d¢)] = 0, can provide us the
solution and it reads

dA(r) = —g [5 +a—(a—1) COSh(\/Eb(T))

dr
+ cosh(V2b(r)) {1 —a+(1+a) cosh(\/ﬁb(r))H . (5.2.7)
Using chain rule, we can derive above equation as follows

dA(b)  S5+a—(a-1) cosh(v/2b) + cosh(v/2b)(1 — a + (1 + a) cosh(v/2b)) '

db V2 [l — a+ (1 + a)cosh(v/2b)] sinh(v/2b)

(5.2.8)
According to the reason we have given earlier, the additive constant are neglected.

If the scalar is canonically normalized, we must get the correct dimension of
the operator by simply reading mass squared from the scalar potential at quadratic
order. In our case, to check whether v/2b(r) is canonically normalized we simply
read off the value of the mass squared from the the scalar potential at quadratic
order. At UV point, the potential ({.1.13) expanded up to quadratic order is given
by

V = —64g” — 48¢%b°. (5.2.9)
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This potential gives m*L%,, = —% and according to the relation between mass

and scale, it provides the correct scale dimension at UV A = % obtained from

asymptotic analysis of b(r). In the same way as UV case, we obtain the correct
scale dimension A = 20439 _ 4a(1+3a

o and mass m*Liy = ) from from quadratic order
of the scalar potential

(14+2a)?

16g%(1 +2a)*  64g%a(1 + 3a)
itaF ' (+ap

V=- (b —by)? (5.2.10)

where by = \/Li cosh™* 3—;1

An RG flow between (6,0) and (2,0) critical points

In this case, we study flow between the same UV point as the previous case to
another supersymmetri critical point (2,0). The strategy is analogous to precedent
case. Note that this case is valid only if @ > —1 which is distinct from the (6, 0)
and (4,0) flow analysis.

The scalar field b(r) can be obtained via the BPS equation dx“ = 0 as
follows

dl;(:) =—V2g [—3 —a+ (1+a) cosh(\/Eb(r))} sinh(v/2b(r)). (5.2.11)
We can solve the equation above and get the undesired form r as a function of b:

db

d(:> = V2 [=3 = a+ (1+a) cosh(v20(r) | sinh(V2b(r).  (5.2.12)

Asymptotic expansion near the UV point b = 0, the scalar field becomes

1

b(r) ~e'" = €_ﬁ7 Lyv = ——.
8l

(5.2.13)
The equation above is justified with a requirement g < 0 when r — oo. After
matching parameters with the general solution, we conclude that it is a relevant
operator with dimension A = % that drives the flow.

In the vicinity of IR point b = \% cosh™* z—fl’, the solution is approximately
_ 8g9(2+a)r 2(2+a)r 1 ‘I‘ (6%
b(r) ~ e THa = eB+2)lr g = —— 5.2.14
") " Tgl(3 + 20) o240
This leads to the conclusion that the operator has dimension A = % > 2, for

a> —1.
The geometrical quantity A(r) can be derived from equation &ML = 0 where
its solution is given by
dA(r)
dr

= gla—3—(3+a)cosh(V2b(r))

+ cosh(V2b(r)){—3 — a + (1 4+ a) cosh(vV2b(r))}|  (5.2.15)
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Having utilized chain rule, we can rearrange the more desired differential equation
as follows

dA ~ a-3- (3 + @) cosh(v/2b) + cosh(v/2b) [—a — 3 + (1 + a) cosh(v/2b)]
db V2[-3 —a+ (14 a)cosh(v/2b)] sinh(v/2b) '

(5.2.16)
After integration and discarding integration constant, A(r) now becomes

1+« b
= — In |2cosh — | +
2+« [ \/51

—2In [2 sinh %} . (5.2.17)

The holographic c-theorem can be checked by considering the ratio

3+ 2«
2(2+ «)

In [—3 —a+ (1+a) cosh(\/ib)]

342
WS 1 for a1, (5.2.18)
CIR 2(1 —I—Oé)

so it perfectly concurs with the c-theorem.

5.2.2 RG Flows in SO(4) x SO(2) x SU(4) x U(1) gauging

We dedicate the rest of this chapter to RG Flows in SO(4) x SO(2) x SU(4) x U (1)
gauging. Two RG flows of this gauging are studied. They are the flow between
trivial critical point to the other two non-trivial ones with supersymmetry (2,2)
and (2,0). Recall that the trivial critical point is located at b, = by = 0 has
(4,2) supersymmetry. The two non-trivial critical points are given by by = by =
\/Li cosh™ 22 with (2,2) supersymmetry and by = by = \/LE cosh™ =2 with (2,0)
supersymmetry. The methodology is the same as in the previous cases, so some
detailed steps are omitted and only key results are presented.

An RG flow between (4,2) and (2,2) critical points

In (4,2) critical points the left-handed preserved supercharges is outnumbered the
right, but for (2,2) case they are equal. We are dealing with the flow between
a chiral supersymmetric theory to a non-chiral one. A constraint for this flow is
a > 0. The equation dx* = 0 gives us the flow equation

db(r)

S = Vg [24+ 0 — acosh(vaH(r))] sinb(v/3b(1). (5.2.19)

Solving for r by integration, we found

- m In {cosh %1 + m In [a cosh(V2b) — a — 2]

1 b
——In [sinh — | . 5.2.20
4g l \/5} ( )
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At the UV point, for validity of the solution, we pick ¢ > 0. The asymptotic
solution for scalars now becomes

o 1
b(r) ~ e_4gT = e 2LUV7 LUV = — . (5221)
8g
As commonly found in many cases, the flow is driven by the relevant operator of
dimension %
At the IR point, the solution is given by

8g(1+a)r 2(1+a)r (0%

b(r) ~e o = e+l Lig=——""—. 5.2.22
(r)~e ‘ "7 1g(1+ 2a) (5.2.22)
The dimension of this operator is given by A = 2(12:23;) which is larger than two

when a > 0.

The flow solution from i) = 0 equation is given by

% = 0 [8 30+ 42 + a)cosh(VE(r)) — acosh(2vB(r))]  (5.223)

written in term of b as

dA(b) ~ 8-3a+4(2+q) cosh(v/2b(r)) — a cosh(2v/2b(r))

— = 5.2.24
db 2v/2 [2 + a — acosh(v/2b)] sinh(v/2b) ( )
Its solution is given by
@ b 14+ 2«
- In (2cosh = | = == In [ cosh(v2h) — @ — 2
1_{_an(cos \/5) 2(1+a)nacos (V2b) — «
b
+2In | 2sinh — | . 5.2.25
(20 75) 5229
The ratio of the central charges is given by
142
W_lTH 1 for a>0. (5.2.26)
CIR 2c0

An RG flow between (4,2) and (2,0) critical points

We are now at the end of our journey on RG flow. This last example is the flow
between chiral supersymmetric theories. The equation 6x* = 0 gives us the flow
equation
db(r)
dr

After integration the solution is found to be

r = Wl—l)ln (cosh %) — ﬁln [2 —a+ ozcosh(\/ﬁb)]

1 b
+—1In [ sinh — | . 5.2.28
4g ( V2 > ( )

— ~v2g [a = 2~ acosh(vV2b(r)) | sinh(V2b(r)) (5.2.27)
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At the UV point, we have found the asymptotic solution

1

b(T’) ~ e4gT —e 2L¥JV7 LUV -
8l

(5.2.29)

The constraint g < 0 must satisfy in order to identify this point with UV point

corresponding to r — oo. The flow is again driven by a relevant operator of
3

dimension 5

At the IR point, b = \/LE cosh QT_Q corresponding to r — —oo, we have found

8g(a—1)r (2a—1)r o
b(r) ~ e~ « = @Dl Lig=——-——. 5.2.30
(r)y~e e ; R = dlgl2a — 1) ( )
The operator becomes irrelevant in the IR with dimension A = 2(12_;235) > 2 for

a < 0.

The A(r) function obtained from §v) = 0 equation is as follows

dfjh(f) = —%g [8 + 3a — 4(a — 2) cosh(V2b(r)) + a(2\/§b(r))] (5.2.31)

Applying chain rule, it becomes

dA(b) 8+ 3a — 4(ar — 2) cosh(v/2b(r)) + c(2v/2b(r))

= 5.2.32
db 2v/2 [a — 2 — a cosh(v/2b)] sinh(v/2b) ( )
The solution is found to be
1-2
A = a(i 1 In |:2C08h%:| + Q(Q—_O{)ln [2 —a+ ozcosh(\/ﬁb)]
b

—2In ( 2sinh — | . 5.2.33
(2 75) (5:2:39)

The ratio of the central charges is given by

200 — 1

W _T o1 for a<0. (5.2.34)

CIR 2c0

It perfectly satisfies c-theorem.



CHAPTER VI

Conclusion

In this dissertation, we have studied N = 5 and N = 6 gauged supergravity in

three dimensions and the applications thereof. The scalar manifolds are in the

form of Usﬁzipx(?}];)p(k) and S(lf(g)(i’l’j)(k)) where £ is an integer for NV = 6 and an even

integer for N = 5. We limit ourselves to study only small number in k; for N =5
we study k = 2,4 and for N = 6 we study £ = 1,2,3,4. The larger number in &,
the larger the manifold and the more complex the problem. Moreover, to the best
of our knowledge, studying the large k£ may not lead to any interesting features.

The gauge groups we studied are classified as the followings: compact, non-
compact, and non-semisimple gaugings. For compact gauge groups, the embedding
tensors have been identified in [37]. On the other hand, for non-compact gauge
groups, we identified some of which via the criteria on constraint on T-tensors.
Non-semisimple gaugings deserve a special attention since they are directly con-
nected to higher dimensional theory via dimensional reduction on an orbifold. For
non-semisimple gauging, we study the gauge groups in the form of Gy x TdmGo
where G is a semisimple group and T4™ &0 is translational group with dimension
of dim Gy. For N = 5 Chern-Simons gauging, the gauge group is SO(5) x T and
it is equivalent to SO(5) Yang-Mills gauged supergravity. The theory with this
gauge group also can be obtained by dimensional reduction of N = 5 gauged su-
pergravity in four dimensions on the orbifold S'/Z,. With identifying g» = —g1,
we obtain maximally supersymmetric critical point at origin. In the dual the-
ory, it corresponds to a two dimensional superconformal theory with supergroup
Osp(5]2,R) x Sp(2,R). For N = 6 gauged supergravity theory, it is a theory with
non-semisimple gauge group SO(6) x T°. Tt is equivalent to SO(6) Yang-Mills
gauged supergravity and can be obtained from dimensional reduction of four di-
mensional N = 6 gauged supergravity theory on the orbifold S'/Z,. There is
no critical points for the resulting scalar potential, so maximally supersymmetric
AdS3 background does not exist. However, the half-maximal domain wall solution
is admitted, so it is useful in the context of DW/QFT.

We focus on the study of the critical points of the scalar potential. In order
to obtain the scalar potential we first need to parametrize the coset manifold.
There are two ways to parametrization used in this dissertation. The first one
is the traditional unitary gauge; it is easy for setup but it put a heavy load on
computer while running. In Euler angle parametrization, on the other hand, the
setup is much more complicated but it consumes less computer resources. Another
reason why the Euler angle parametrization is preferred to the others is that the
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resulting scalar potential is in a very compact form due to gauge invariant and
this parametrization has some sectors that overlap with the gauge group.

We have found many supersymmetric AdS vacua which are indispensable
for study RG flows. Having identified critical points, we explore further some of
their properties. They include the residual supersymmetry and residual gauge
symmetry at each critical point. The mass spectra at both trivial and non-trivial
critical points are also determined for N = 5 theory. For N = 6 theory, we present
the mass spectra only at trivial critical points.

In application to AdS/CFT, holographic RG flows are studied. In order to
study the RG flow, one of the basic requirement is that the gauging in question
must have at least two supersymmetric critical points, so the gaugings that have
only trivial critical points are not considered here. For N = 5 theory, we pick two
cases from compact gaugings and the other two from non-compact cases. For N =
6 theory, all four cases are in compact gaugings since non-compact gaugings do
not admit non-trivial critical points. RG flow solutions are analytically obtained
via solving BPS equations. All flows we study for both N = 5 and N = 6
theories, at UV point, are driven by relevant operator with dimension % while at
IR the operators become irrelevant with dimensions varied among cases. We obtain
cuv/crr > 1 for every case, so it is in agreement with the c-theorem. In 2011 the
new method for obtaining critical points has been suggested in the study of N =8
gauged supergravity in four dimensions [96]. By using the variation of embedding
tensor instead of extremization on the scalar potential, some new critical points are
found. We hope that this technique can be useful in searching for more critical
points from many previous works, since it might overcome the complication of
computation within the framework of extremization of multivariables function.

Although the construction gauged supergravity was firmly established in
2003 and the applications thereof have been sprung since then; nowadays, its
construction still is in favor of the theoretical physicists. Recently, a sector of N =
4 gauged supergravity is constructed via dimensional reduction from N = (1,0)
in six dimensional supergravity coupled to a chiral tensor multiplet on AdSs; x S?
[97]. It relates to the previous work done by our colleague [98] on SU(2) manifold
reduction of N = 1 supergravity in six dimensions. The authors also point out
that it is possible to embed N = 8 gauged supergravity in three dimension to
N = (1,1) and N = (2,0) theories in six dimensions.

The research on solution of supergravity in three dimensions have made
some progress as well. In [99], all timelike supersymmetric solutions of N = 8
ungauged supergravity in three dimensions are classified. This paper elaborated
the work in [100] published by the same authors. They also pointed out that the
success on this work can extend to N = 16 case. We hopefully extend the series
of this work to the other Ns as well as the gauged version thereof.

Recently, only three weeks before the time of writing, a major breakthrough
in AdS/CFT correspondence was made. A persistent unsolved problem in AdS/
CFT is unraveled. The problem of whether the truncation of type IIB supergravity
to maximal supergravity in five dimensions is consistent was simply a conjecture
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without a solid proof, even though many evidences supported the claim. All the
evidences were explored only some sectors by setting some fields to vanish or pos-
tulating some symmetries on them. In [101], they show that, with the help of
exceptional field theory, the full non-linear reduction ansatz for the AdSs x S°
and AdSs x HP57P in type IIB supergravity can reduce to the maximal super-
gravity in five dimensions with gauge groups SO(6) and SO(p,q), respectively.
And more importantly the resulting theory is a consistent truncation. Note that
the corresponding exceptional group is Fg ), since it is global symmetry group for
maximal supergravity in five dimensions. The key idea of exceptional field theory
is that spactime is extended to exceptional groups and various fields are covariant
with respect to those groups. For exceptional group FEgg [102], those fields are of
M-theory and Type IIB supergravity. The exceptional group Er(7) case which can
be useful in studying the reduction to four dimensional supergravity can be found
in [103]. Analogous to the previous cases, g [104] hopefully can be applied
to supergravity in three dimensions. The consistent Kaluza-Klien truncations of
those exceptional field theories are outlined in [105]. This research might open a
new door to abundant of new research on consistent truncation including those
theories in involving in supergravity in three dimensions.
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APPENDIX A

Supersymmetry and Supergravity

In this appendix, we briefly review Supersymmetry and Supergravity in four di-
mensions. It is intended to be sketchy and conceptual, so many technical details
are omitted. The excellent reviews are as follows [[7, 106, [107, 108, 109, 110, 111,
112, 113, 114, 115)].

It is well-known that Supersymmetry is the only non-trivial way to combine
space-time symmetry with internal symmetries of S-matrix. It unites particles
with various spins into sets called supermultiplets. Bosons and fermions are min-
gled in such a way that every particle has its superpartner, a particle with the
same mass but opposite spin statistic. Supersymmetry necessitates the additional
generators to the conventional Lorentz group. The spacetime algebra is now ex-
tended and we call the new generators supercharges. These supercharges make
senses only when they are fermionic and the algebra for spacetime symmetry is
now graded Lie algebra rather than Lie algebra. Besides the mathematical affec-
tionate reason mentioned above, there are some physical reasons that cherish the
existence of supersymmetry. It is well known that supersymmetry can tame the
divergence coming from loop diagrams in quantum field theory. It is naturally
done by cancelation of fermionic loops to bosonic loops and vice versa. If super-
symmetry exists and is unbroken, there must be superpartners of those known
particles with the same mass but different spin. However, a sensible reason of
why we do not observe those particles in nature because supersymmetry might
be broken and renders the superpartners very massive. To detect those massive
particles, it requires a powerful particle collider. As the time of the writing, no
direct evidences support the claim of the existence of supersymmetry in nature
even in the promising LHC.

We follow the mainstream in the discussion of Poincaré supersymmetry by
starting with the algebra of the theory. The algebra is established by two classes
of generators: bosonic (we label B) and fermionic (F). The supercharges @Js are
fermionic while the others are bosonic. Schematically, the structure of the algebra
are as follows [B, B] ~ F, {F,F} ~ B and [F, B] ~ F. The irreducible represen-
tation of () depends on spacetime in which they are constructed. For example, in
four dimensions, the irreducible representation can be either Majorana or Weyl.
The N = 1 supersymmetry algebra involving () given below will be presented in
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Majorana representation:

{Qa, Q") = —%(%)QBP“, (A.0.1)
(M Qal = —5(m)e’ Qs (102
[P Qo] = 0. (A.0.3)

A one-particle representation is represented by |p, A} where p is momentum and A
is helicity. A supercharge acting on a state leads to the helicity reduced by 1/2,
ie. Qalp,\) = |p, A — 1/2), so Q, changes boson to fermion or vice versa. The
operator P? has m? as an eigenvalue, since [P,, Q,] = 0 bosons and fermions in
the same multiplet must have the same mass.

The algebra alone is not enough to construct a theory. A supersymmet-
ric theory is established by a field theory that realizes supersymmetry. Under
supersymmetry, a generic field ®(z) transforms as follows

50 (z) = [Qu, B(2)], (A.0.4)

where € is a fermionic parameter of supersymmetry transformation which does
not depend on spacetime, so sometimes we may called global supersymmetry as
opposed to local supersymmetry in which the parameter becomes spacetime de-
pendent €(z). The local supersymmetry is synonymous to supergravity as we will
explained more later. Supersymmetry can be realized by considering commuta-
tion relation of variations of a generic field. The variations d1,do correspond to
parameters €1, €5, respectively. The commutation reads

[01,02] D(x) = 109 P(z) — 5201 P(2) (A.0.5)
= & [{Qa, @7}, ®(2)] €25
— —%(51”)/“62) auq)(w) ’

where we replace momentum generator P, with a partial derivative 0, and (€,y*€;) =
a* is a constant parameter of translation. We can say that the transformation
above realizes supersymmetry. However, in general, this is not the case. If the
supersymmetry of a particular theory is realized without requiring equations of
motion, we say that the algebra of the theory is closed off-shell. If equations of
motion are required, we say that the algebra of the theory is closed on-shell.

Supersymmetry can have more than one set of supercharge; we denote the
addition degrees of freedom by indices 7,5 = 1,..., N, so the supercharges now
become ();,. Combining with ordinary Poincaré algebra and defining relations
among supercharged, we call them extended superalgebra. An operation that
rotates among supercharges and commutes with Poincaré generators is called R-
symmetry. Mathematically speaking, R-symmetry is an automorphism of super-
symmetry algebra. We denote them by generators Tss and those generators can
form a group . The commutation relation with supercharges are as follows

[TAv Qai} = (UA)ij Qaj ) (A06)
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where (Uy);/ is an element of matrix U which is a particular representation of T4 as
can be shown by Jacobi identity. Note that R-symmetry is an optional symmetry
of the theory which may not be realized as symmetry of the action. However in
AdS superalgebra, we can add R-symmetry group with other generators to form
a single supergroup. This scenario cannot happen in other algebra such as dS.

Recall that supersymmetry parameters is spacetime independent, if we pro-
mote those parameters to become spacetime dependent

(617" €2)(x) = (), (A.0.7)

so we get a spactime dependent of translation parameter or infinitesimal trans-
formation of general coordinate transformation on spacetime (diffeomorphism) .
This new transformation embraces diffeomorphism as a new invariance, so does
Einstein’s general relativity. As a result, we have supersymmetry with theory
of gravity and we call it supergravity. Sometimes it is also referred to as local
supersymmetry due to spacetime dependent of supersymmetry parameters.

There are many ways to construct a supergravity theory. We give a brief
review on the four widely used methods. The first method is called the Noether
method which is the most wildly used. This method starts from linearised theory
of terms in the action and transformation rules and then modifies them systemat-
ically until reach the final form of the theory. The second is superspace formalism
which is a generalization of superspace in supersymmetry. It makes use of the su-
persymmetric version of vielbein called supervielbein along with spin connection
defined in superspace. Unfortunately, this formalism is valid for a small number of
theories. The third method is the conformal approach which is constructed from
various superconformal multiplets and then the redundant fields are removed by
gauge fixing to get the final form of supergravity with correct multiplets. The
forth method is achieved by dimensional reduction. This method is very powerful
in construction of supergravity from higher dimensional supergravity, since su-
pergravity in higher dimensions are much more simple than those theories in the
lower ones. The resulting theories may vary depending on the shape of compact-
ified manifold. The trivial cases are the compactification on n-dimensional torus
which gives rise to ungauged theories in the lower dimensional theories. For non-
trivial case, if we do the dimensional reduction from 11-dimensional supergravity
on 7-sphere, we get N =8 D = 4 gauged supergravity with gauge group SO(8).

Apart from those particles contained in global supersymmetric theory, su-
pergravity introduces two new types of particles into the theory: particle spin-2
called graviton (g, or e,*) which is responsible for gravitational interaction and
spin-3/2 particle called gravitino (¢,). In the language of gauge theory, super-
gravity is considered as a gauged global supersymmetry. Analogous to typical
gauge theory, there must be gauge fields; in this case, it is gravitino as implying
by its vector index. Moreover, since parameters of supersymmetry transformation
are spinors as a result gravitino must be spinor as well.

In the discussion on supergravity below, we will employ the vielbein for-
malism instead of the traditional one since we are dealing with spinors which are
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spinorial representation associating with local Lorentz group which is obviously
used in vielbein formalism. As an example, we will discuss the simplest form of
supergravity, i.e. D =4 N = 1 pure supergavity. Its Lagragian is composed of
Einstein-Hilbert action (Palatini’s action, to be exact), kinetic term of spin-3/2
field also known as Rarita-Schwinger term and the other modification that keeps
the theory supersymmetric. We discuss only some important steps and some im-
portant features. Note that we will use the so-called the 1.5"" order formalism.
Recall that the first order formalism treats spin connection w,q; as an independent
variable whereas the second order formalism is set up by treating spin connection
as a function of vielbein and torsion tensors and then puts it back to the action,
therefore, the action is very complicated in terms of vielbein and gravitino. As the
name implies, the 1.5" order formalism is somewhere between those two. First,
let’s consider the action in the first order formalism:

S = Sy+ 8530 = /d4x Lle,w, ], (A.0.8)
1 a 14
Sy = 52 d*x ee™eb Rvap(w),
1 _
53/2 = T2 d*x P 5 Ve Doty

Then we search for equation of motion of spin connection via §S[e, w, ¢,|/dw = 0.
The solution is given by

a)uab = w,uab(e) + Kuab ) (Aog)
Wuab(€) = 2e, e — €6 eucdves’
1 _ _
K;wp = 1 (¢,u7p¢u - 1/}1/7/11/};) + %%%) .
The variation of the action with evaluating at w = @ can be written as
08 08 08 ow ow
08 = — — — —de+ —o0Y | . A.0.1
Sl A R R o w:w(ée ‘TS0 w) (4.0.10)

=0

In 1.5" order formalism, we can neglect the contribution from variation of spin
connection, since it is identically zero by construction. Consequently, it reduces
complications involving spin connection. The supersymmetry transformations are:

1
de,* = 567“1/1!“ (A.0.11)

- 1.
0y = Du(@)e(x) = Oue(x) + Zwuab’yabe(x)-
Note that in the first order formalism, we need supersymmetric transformation
of spin connection dw as well. The commutation relation of two variations on
vielbein is found to be

[51, 52] GZ = ((55 — 55\ — 5@) el (A012)

7
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where £* = 1/2 7%, and its variation corresponds to infinitesimal of diffeomor-
phism which is as follows

ocey, = §70,e, + 0,8"€ . (A.0.13)

b
I

with parameter Ay = {Pwyep. The last term deef, = f%ﬁ,ﬁ“@/}“ is local supersym-
metry transformation with parameter € = £1),. As a result, the commutation in
(IA.0.12) implies closure of local symmetries of the theory, so this theory, at this
stage, is justified as a supergravity theory. However, the commutation on grav-
itino [d1,d2]1, requires equation of motion of v, itself to furnish the closure of
algebra, so this theory is closed only on-shell. The off-shell theory that equations
of motion are unnecessary for closure of the algebra requires more fields called
auxiliary fields into the multiplet. The discussion on off-shell theory can be found
in various literatures on supergravity.

The second term d5¢e; = §Pw,"pe), is infinitesimal of local Lorentz transformation

In addition to graviton multiplet previously discussed, there are also other
multiplets such as chiral multiplet (¢’, x') and vector multiplets (XA,A/’:‘) and
both of which sometimes are referred as matter multiplets. The chiral multiplet
contains two particles which are a spin-1/2 fermion and a complex scalar whereas
the vector multiplet is composed of a vector and another spin-1/2 fermion. To
construct more realistic supergravity theory, one can couple matter multiplets
to graviton multiplet. In this discussion, we simply restrict ourselves to some
important terms in bosonic sector. The kinetic term of scalar sector is in the form
of non-linear sigma model with scalar manifold metric G (¢"). Another important
term of this sector is the scalar potential which plays important role in studying
RG flows this dissertation. The Lagrangian is given by

1 . . ,
Lecatar = —5\/59“”@@5’ d,0" Gir(¢) — gV (¢") . (A.0.14)

In vector sector, the important terms are the kinetic term and a topological term
which does not depend on spacetime metric g,,. Its Lagrangian is given by

‘Cvector = _i\/ggﬂpg'/UFﬁ/FpBa IAB(gbl) - EEHVPUFIfVFIﬁ RAB<¢Z) : (A015)
The vector fields at this stage are abelian, and scalars and fermions are not charged
under these abelian groups. However, these vector fields can be extended to
non-abelian gauge group with leaving supersymmetry unspoiled and scalars and
fermions are now charged under this group. This theory is called gauged su-
pergravity which is the central aspect of this dissertation. Note that the scalar
dependent quantities Zap(¢'), Ran(¢') and scalar potential V(¢') are restricted
by supersymmetry as well as scalar manifold metric Gj;(¢"), so supersymmetry
restricts the shape of manifold. In this case, the scalar manifold is a Kahler man-
ifold.

We have discussed theories with N = 1 supersymmetry so far and now we
will briefly discuss theories with N > 1 which are referred as extended supergrav-
ity. Supersymmetry is very restrict; however, there are some arbitrariness that
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gives rise to variety of theories such as central charges and number of supersym-
metry N. The more number of supersymmetry N, the more number of particles
in the multiple. Of course, the simplest case is N = 1. For D = 4 dimensional
spacetime, the maximal number of N is 8. The number of supersymmetry is
bound to this number because we require that particle spin-2 or graviton is the
highest spin. The situation is quite different for D = 3 case since it relies on purely
mathematical argument. For N = 2 supergravity, there are three multiplets: su-
pergravity, vector and hyper multiplets. The scalar manifold for hyper multiplets
is quaternion Kéhler manifold. The N = 2 supergravity is thoroughly discussed in
(7] via the conformal approach. For N = 4 supergravity, there are two multiplets:
supergravity and vector multiplet. The matter coupled theory can be constructed
by a gravity multiplet and n vector multiplets. As a result, the scalar manifold is
in the form of coset space:

SO(6,n) SL(2)
SO(6) x S0(n) « 850(2) "

(A.0.16)

There are other theories with other NV such as 5 and 6 but they are not widely
discussed. Last but not least, it is the maximal (or N = 8) supergravity. It is a
unique theory because there is only a gravity multiplet which contains a graviton,
8 gravitini, 28 vectors, 56 spin-1/2 fermions and 70 scalars. The scalar manifold
is in the form of coset space:
Er)
SU(8) "

This theory also can be constructed from dimensional reduction of 11-dimensional
supergravity on 7-dimensional torus 7. At this stage, the theory is an ungauged
supergravity since all vectors are abelian and none of matter fields are charged. It
was early 1980s that there was an attempt to promote D =4 N = 8 supergravity
into the theory of everything but later it was realized that maximal possible gauge
group is SO(8) which is impossible to embed gauge group of standard model.

(A.0.17)

There are many topics that we do not discuss here such as ungauged and
gauged supergravity in higher dimensions, dimensional reduction and various ap-
plications thereof. We encourage enthusiastic readers to study from references
given in the beginning of this appendix.
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APPENDIX B
Branching of T-tensor for N = 5,0

We devote this section to discuss the representation of T-tensor branching under
maximal compact subgroup H = SO(N) x H'. The representation of the embed-
ding tensor coincides with the T-tensor at © = Ty,_1, so this section is crucial in
specifying the embedding tensor. According to [37], they are given in Dynkin label;
however, since we deal explicitly with k = 2,4 for N = 5 theory and £k = 1,2,3,4
for N = 6 theory, we give them in conventional form with the help from [116].

B.1 N =5 with USp(4,k) D USp(4) x USp(k)

The adjoint representation of G = USp(4,k), under USp(4) x USp(k), can be
decomposed into

X' (10, (0,0,0,...)) , X% (1,(2,0,0,...)), Y4 (4, (1,0,0,...)) .

The T-tensor representations are given by

TEL = (1+5+14, (0,0,0,...)) ,

T = (1, (0,0,0,...)+(0,1,0,...) +(0,2,0,...)) ,

T = (10, <200 )

T4 = (145, (0,0,0,...) 4 (0,1,0,...)) + (10, (2,0,0,...)) ,
WA = (4 +16 (1,0,0,...)) ,

T4 (4, (1,0,0,...)+(1,1,0,...)) . (B.1.1)

Note that the two representations (10,(2,0,0,...)) in 77/ and T4% coincide.
Next we give them for each k starting with £ = 2. In conventional notaion, for
k = 2, the adjoint representation of G = USp(4,2), under USp(4) x USp(2) ~
SO(5) x SU(2), can be decomposed into 21 = (10,1) + (1,3) + (4,2). For
k = 4, the adjoint representation of G = USp(4,4), under USp(4) x USp(4) ~
SO(5) x SU(2), can be decomposed into 21 = (10,1) + (1,10) + (4,4).
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k SU(4,k) SU(4) x SU(k) x U(1)
SU(4,1) SU(4) x U(1)

24 15041044547
2 SU(4,2) SU(4) x SU(2) x U(1)

35 (15,1)° + (1 1)°+(1,3)" + (4,2)3 + (4,2)
3 SU(4,3) SU(4) x SU(3) x U(1)

48 (15,1)°+ (1,1)° + (1,8)° + (4,3)7 + (4,3)
4 SU(4,4) SU(4) x SU(4) x U(1)

63  (15,1)°+(1,1)°+(1,15)" + (4,4)"" + (4,4)°

Table I: The decomposition of adjoint representation of SU(4, k) under its maximal
subgroup SU(4) x SU(k) for k = 1,2, 3,4 where the elements of decompositions corre-
spond to an element of X/, two elements of X and two elements of Y4, respectively
Note that for k£ = 1 the maximal compact subgroup is SU(4) x U(1). a and b are some
U(1) charges which are not relevant in our analysis.

B.2 N =6 with SU(4,k) D SU(4) x SU(k)

The adjoint representation of G = SU(4, k), under SU(4) x SU(k), can be de-
composed into

X (15, (0,0,...,0,0)) , X*: (1, (0,0,...,0,0)+(1,0,...,0,1)) ,
vy4: (4, (1,0,...,0,0)) + (4, (0,0,...,0,1)) .

The T-tensor representations are given by

THEL  — (1+15+20’ (0,0,...,0,0)) ,

7% = (1,2 ( 0,...,0,0)4+2-(1,0,...,0,1) +(0,1,...,1,0)) ,
T = (15, (0,0,...,0,0) + (1,0,...,0,1)) ,

T4 = (1415, (00 .,0,0) +(1,0,...,0,1))

(6,(0,1,...,0,0)+(0,0,...,1,0)),
T4 = (4420, (1,0,...,0,0))+(4+20, (0,0,...,0,1)) ,
74 = (4, (1,0,...,1,0) +2- (0, 1),
+ (4, (o,1,...,0,1)+2-(1,0,.. ,0,0)) , (B.2.1)

Note that the two representations (15, (1,0,...,0,1)) in 77/* and T4 coincide.
For k = 1,2,3,4 the adjoint representation SU (4, k) are given in the table m
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APPENDIX C

On the Euler angle
parametrization

In this section, the topic of discussion is on the Euler angle parametrization which
is used throughout this dissertation. This is a generalized concept of the Euler
angles used in the study rotation of rigid body in classical mechanics. In many
cases, this parametrization is preferred to the traditional unitary gauge due to the
reason we mentioned earlier. We review it in an elementary and sketchy fashion.
The completed discussion can be found in [118].

Let G be a Lie group and H be its subgroup. The elements of group are
given by ¢ € G and h € H, and the algebra of G and H are given by g and b,
respectively. We choose H to be maximal compact subgroup. We denote the non-
compact generators 7; € p, then [h,p] C p. We first parametrize ¢ € G and the
coset space G/H is simply the result after modding out the H factor. In general
the parametrization of g € GG is in the form of

g= e“eb, a€p,beb. (C.0.1)

If we parametrize a = a171 + as7 + - - - +, we get the unitary gauge. Now we will
parametrize e* by Euler angle. The first task is to construct a subspace V C p
that all elements in p are generated by commutation relation [V,h] C p. In the
language of Mathematics, it is that the whole space p is generated from V' via the
adjoint action of H, i.e. p = Adyg(V) = hVh~!. Now g can be written as

g=ce’e’, bbebhveV (C.0.2)

Note that €’ contains redundancy. We can get rid of the redundancy generators
by first seeking for the set generators that generates the automorphisms of V', we
denote them Hy. The automorphism of space V' can be written as

Adg, : V= V. (C.0.3)
The final form of G' now is
G =Be"H, (C.0.4)
where B = H/H,.
For example, we parametrize full coset manifold #%)])(2) for k = 2 in

N = 5 theory. We pick Y7 which is the only one member in minimum set of non-
compact generators that generates the other generators by adjoint action. The
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redundancy Hj is given by the generators in USp(4) x USp(2) that commute with
Y. They are as follows: 74, js, j6, J1 + ji1, J2 + Ji2, j3 + ji3. As a result, B = Hio is
composed of j1 — ji1,J2 — Ji2, J3 — J13, J7, Js, Jos Jro- With a proper normalization

factor, we get the coset representative

L — 6a1X1 6(12X26a3X3ea4J7ea5Jgea6Jg6a7J106bY7 <C05)

where X;’s are defined by

1 1 1
X, = E(J1 —Jn), Xy = E(J2 —Jn), X3 = E(J3 — J13). (C.0.6)

The next example is taken from N = 6 theory. We parametrize 24 scalars

by the coset G/H = SU(4)iggl(’§))le) for k = 3 with gauge group SU(1,4) X

SU(3)xU(1). The subspace V is chosen to be Y7, Y11, Ya1. The elements of H that
commute with Y7, Y11, Yo, are U(1) x U(1) x U(1), so we have B = Sg%igl(]l()?’i?]%()l).
We can identify one of the U(1) in U(1) x U(1) x U(1) with the U(1) factor in
H. Moreover, we also choose to remove the remaining U(1) x U(1) in Hy by
modding out one U(1) factor from SU(4) and the other one from SU(3). Finally,
SUU((S) SUU((S). Note that there are other possible ways
to getting rid of the redundancy, but they are equivalent after redefinition of the
scalars. Finally, the coset is given by

we are now left with B =

[ = ™1¢30202,a3C3 ,a4C5 B%QSCS 0463 p7C3 ,8]3 92 0103 ,A11]5 eﬁalﬂé 013710
1473 0014J3 015]2 p @163 ,A17]5 e%amjs 01973 020J2 p02178 pb1Y1 b2 Y11 pb3 Y21 (C 0 7)
, (G0,
where the SU(4) generators j;’s are defined in () . The SU(3) generators

is labelled by ¢;. The explicit parametrization of both SU(4) and SU(3) can be
found in [117].
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