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Superconformal Theories in 3 Dimensions
Xiaoyong Chu

Department of Fundamental Physics
Chalmers University of Technology

Abstract

This thesis consists of six chapters, more than half of which are introductory texts.
The main content of the master thesis project is presented in section 3.3, chapter 5 and
chapter 6.

The problem investiged in this thesis is related to three-dimensional superconformal
gauge field theories. After introducing the superconformal Lie algebras, we turn to D=3
topological supergravity with Chern-Simons terms and then develop an extended pure
supergravity which possesses many interesting properties. After that, three-dimensional
superconformal theories of the kind originally suggested by J.Schwarz are discussed. The
explicit expressions of BLG/ABJM actions are given, as well as the novel three-algebras.

Finally, we couple N = 6 topological supergravity to the ABJM matter action, follow-
ing standard techniques. Even though we haven’t yet finished the verification of SUSY
invariance, some arguments are given to explain why this action should be the complete
Lagrangian.

The thesis also contains some discussions on Chern-Simons terms and the U(1) gauge
field.

Key words:
Superconformal symmetry, supergravities in 3 dimensions, string theory, M-theory, Branes,
Chern-Simons terms.
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Chapter

Introduction

1.1 History

The main goal of fundamental physics is to combine the four interactions and all fun-
damental particles into one theory. After the development of quantum field theory, the
Standard Model (SM) was formulated in 1970s and proven to be quite successful. So far,
the Standard Model, which describes the electroweak and strong interactions, has been
consistent with all experimental results to an astonishing accuracy except for the massive
neutrinos. The great achievement of the Standard Model made most physicists believe
that the so-called ’final theory’ should be described by point-particle quantum field the-
ories. However, for a reasonable fundamental theory of particle physics, there are still
some problems with the Standard Model, such as many undetermined parameters and
fine-tuning mechanisms. More importantly, it doesn’t include gravity.

In 1970s, supersymmetry (SUSY) was discovered and immediately used to address the
hierarchy problem as well as some other problems in the Standard Model. Since supersym-
metry imposes stringent restrictions on field theories by reducing some arbitrariness in its
construction, it is generally expected that nature should respect such symmetries. How-
ever, they have to be broken at low energies, according to the fact that no superpartners of
these ordinary particles have been observed yet. In 1976, some physicists realized that one
could construct so-called ’supergravity’ theories to incorporate the principles of general
relativity by using local supersymmetry. Then there appeared lots of papers exploring
various possible forms of extended supergravities in 1980s, in order to embed gravity into
quantum field theory. Among them, supergravity with conformal supersymmetry was of
special interest.

However, many shortcomings were soon discovered. One of the crucial problems is
that almost all such models were found to be non-renormalizable at the quantum level,
which means that a supergravity theory is unlikely to be a fundamental theory. Fur-
thermore, most of them are not phenomenologically acceptable. Take the N=8 maximal
supergravity in four-dimensional Minkowski space for example. There are two major
problems within it: one is the UV-divergences beyond the 3-loop ordelﬂ; the other is that

'In 2007, some theorists found a three-loop cancelation of N=8 supergravity in a novel way, suggesting



Introduction Outline

it’s phenomenologically unacceptable, e.g. chiral fermions are not allowed in it.

Meanwhile, string theory developed rapidly, since it necessarily includes the graviton
as a massless spin-2 particle. It first appeared as an attempt to describe the strong
interaction, and then was realized to be a possible candidate of quantum gravity. After
two "string theory revolutions”, the latest version of string theory we call M-theory, after
E. Witten proving that the five 10-dimensional superstring theories are actually different
special cases of this underlying M-theory. At the same time, he argued that the low-energy
limit of M-theory should be described by eleven-dimensional supergravity. It contains M2-
branes and M5-branes, but the relationship between them and the exact roles they each
play are poorly understood.

In the very end of the last century, the AdS/CFT correspondence was discovered by
J.Maldacena, which made people begin to think about the whole theory in a completely
new way. The duality of the AdS/CFT correspondence is not only useful in string theory,
but can also be applied widely in condense matter physics and strongly coupled QCD.
And according to the AdS/CFT correspondence, the solution of M-theory with the most
symmetric choice in four dimensions, AdS; ® S7, should be dual to a three-dimensional
gauge theory with the superconformal symmetry O.Sp(8|4).

In 2007, two research groups, Bagger/Lambert and Gustavsson, independently ob-
tained the classical theory with exactly the symmetry required, making it possible to study
M2-branes for the first time. Then another group constructed three-dimensional confor-
mal theories with only six supersymmetries and SU(4) R-symmetry describing stacks of
M2-branes. Interestingly, both of them contain a Chern-Simons term. Now these results
are known as the BLG and ABJM actions, respectively. Most work presented in this
thesis is to study them to explore their possible relevance in M-theory.

1.2 Outline

This thesis, which consists of 6 chapters, has the main purpose to develop a extended pure
supergravity theory, and couple it to the superconformal matter theories mentioned above.

Chapter 2 contains an introduction to both bosonic symmetries of spacetime and
their supersymmetric extensions, as well as the associated infinitesimal transformations.
We also give the definitions of Poincaré and conformal algebras, as well as super-Poincaré
and superconformal algebras.

Chapter 3 contains a brief account of the relevant supergravity theories. Beginning
with the supersymmetic extension of topologically massive gravity, the three-dimensional
superconformal gravities with only Chern-Simons-like terms are discussed for NV = 1,
N =6, and N = 8.

Chapter 4 begins with the recent development of three-dimensional superconformal
M2 theories. We review the motivations of exploring superconformal Chern-Simons the-
ories, and how they led to the BLG/ABJM actions. Some studies of three-algebras then

that N=8 supergravity may be a perturbatively finite theory of quantum gravity.
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follow.

Chapter 5 and Chapter 6 mainly describe the thesis work done in collaboration
with my supervisor Prof. Bengt E.W. Nilsson. We couple the N' = 6 topologically
pure supergravity to the ABJM matter theory following standard techniques. It may be
interesting to study such a gauged three-dimensional theory as the geometric description
of M2-branes.

The Appendix gives some of the details of the verification of supersymmetry of both
the pure conformal supergravity and the gauged ABJM theories.



Chapter

Spacetime symmetries

As is well known, a symmetry of a physical system is a mathematical, or physical structure
which leaves the system invariant under certain changes. This is usually expressed in
terms of an action that is invariant under some transformations. There are two kinds
of such symmetries: one is continuous (such as rotation and translations), which can be
expressed as Lie groupﬂ; the other is discrete (such as parity and time reversal), which
can be expressed as finite groups. In quantum field theories, continuous symmetries are
further classified as the spacetime symmetries (i.e. continuous spacetime symmetries) and
internal symmetries, which are not affecting space and time, e.g. the color symmetry in
QCD.

The purpose of this chapter is to briefly introduce spacetime symmetries in four-
dimensional quantum field theories. Many of this presentation is following ref.[1], which
works in six dimensions. Some other useful review articles on superalgebra in supersym-

metry (SUSY) are [2],[3] and [4].

2.1 Bosonic spacetime symmetries

In 1967, Coleman and Mandula [5] investigated how large the spacetime symmetries can
be in a relativistic quantum field theory. After restricting themselves to a finite number
of different particles in a multiplet and to four dimensions, they stated that the largest
Lie algebra of the S-matrix must be a direct product of the Poincaré algebra with a
compact internal symmetry algebra (i.e. commuting with the Poincaré algebra). Only if
there are no massive particles, the conformal algebra is allowed. The reason is that for
a conformally invariant quantum field theory the mass spectra would become continuous
according to the scale invariance if there are any massive particles.

Because the Coleman-Mandula theorem came before the appearance of supersymme-
try, it only treated bosonic symmetries. Even so, the theorem is very important in particle
physics. Symmetries and algebras involved in the theorem will be shown below. To sim-
plify the issue, we only work in four dimensions in this chapter, where coordinates are
denoted as x* with p = 0,1,2,3. Of course 2° is the time coordinate and z* (i = 1,2,3)

IEspecially when looking at only bosonic symmetries.



Spacetime symmetries Bosonic spacetime symmetries

are spatial coordinates. Also the Einstein summation notation are always used unless
otherwise stated.

2.1.1 Poincaré symmetries

As we know, Einstein’s special relativity combines space and time into a single concept,
namely space-time. One of the principles in special relativity is that the speed of light
has the same value for all observers in all inertial frames, which implies the proper time
interval must be invariant under certain coordinate transformations.

Now, we explore the symmetry which keep the infinitesimal proper time interval

dr* = —da"dz, = —n,,dz"dz”, (2.1)
invariant under the global transformation
= AF ¥+ at. (2.2)

N 1s the metric, which is used to lower or raise space-time indices. In the simplest case,
i.e. special relativity, the metric is set to be the Minkowski metric, being diagonal with
elements (-1,1,1,1) in Cartesian coordinates. The transformation is called Lorentz
transformation, and the invariance of then gives the relationship:

M = N A%, T (2.3)

The set of all Lorentz transformations is called the Poincaré group. Its subgroup
with a* = 0 is called the Lorentz group (sometimes called the homogeneous Lorentz
group), which is isomorphic to the special orthogonal group SO(1,3). By imposing the
additional constraints

AP, > 0; DetA =1 (2.4)

on the Lorentz group, one obtains a subgroup, namely the proper Lorentz group. Mostly,
we deal with the proper Lorentz group, and unless otherwise stated, all Lorentz transfor-
mations are assumed to satisfy the constraint .

It is easy to find that the Poincaré group is the semidirect product of the Abelian
space-time translational group and the Lorentz group. It is obvious that only the latter
is non-Abelian. The corresponding Lie algebra generators are then denoted by P, and

M, respectively. In a coordinate representation, they are expressed as
P=0, (2.5)
M, = 21,0,).

Hence the infinitesimal coordinate transformations are generated explicitly by the follow-
ing commutators

dzt = [a"P,, x| = a” (2.7)
for the translations P,; and
dat = —[w"M,,, 2] = Wz, (2.8)

5



Spacetime symmetries Bosonic spacetime symmetries

for the Lorentz rotations M, . Again, we note that the infinitesimal coordinate transfor-
mations of the Poincaré group leave the proper time interval in Minkowski space invariant.
Mathematically, one could say that the geometry of Minkowski space is defined by the
Poincaré group.

Following the representation above, we introduce the Poincaré algebra, i.e. the Lie
algebra of the Poincaré group:

(M, Mpo] = oMoty — Mo Mo,
[Py My,) = Nl o)

[P, P, =0. (2.9)
Actually, the last commutator can be modified by an independent term:
1
[P;n PI/] = Q_RQM;UM (210)
giving rise to the Anti-de Sitter algebra. When R — oo, we recover the Poincaré algebra.
Furthermore, if P,’s are considered as 'rotations’ by defining My, = —M,4s = RP,, we
will have generators:
M[Lf,: - f,ﬂ,With/l:O,l,Q,?),Zl, (211)
all of which satisfy
[Mps, Mps] = Mt — 191M 1, (2.12)

with the metric diag(—, +, +, 4+, —). One then finds that the commutation relations guve
exactly the definition of a special orthogonal algebra, SO(2, 3).

2.1.2 Conformal symmetry

Now, we consider the conformal symmetry, which is conserved in many physical systems,
such as electrodynamics involving only massless particles. Such a symmetry can be derived
from relaxing the constraint on the infinitesimal proper time interval slightly leading to
a larger set of symmetry transformations.

By definition the conformal symmetry means that d7? (2.1)) is invariant up to a scalar
factor under the general coordinate transformations (i.e. diffeomorphisms):

dr? — Q(z)dr?, Q(z) = @, (2.13)

The group formed by transformations which respect this property is called the conformal
group, where the word conformal means it preserves angles.

Starting from the infinitesimal transformation z# — x*+¢&#(x), we can easily find that
the conformal symmetry is determined by the solution to the 'conformal Killing equation’:

1
8(,@) — Enwa . f =0. (2.14)

In dimensions d>2, the conformal algebra is finite-dimensional, while the case of two
dimensions is much more complex. As we work only in 4 dimensions in this chapter, our
concern is the general solution for higher dimensions:

Sxt = a" + Wt 2V + At + (cfa® — 2¢ - xat), (2.15)

6
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where a* is the parameter for the transformation P,, while w”, is related to the Lorentz
transformation M,,. Turning to the new ingredients, A is associated to dilatation D, and
ct is the parameter of the 'special conformal transformation’ K. The full set of conformal
transformations is hence expressed as:

dc = a"P, +w" M, — \D + K", (2.16)
and it follows that the transformation of the infinitesimal proper time interval becomes
dr* — [1+2(\ — 2c - x)]d7?, (2.17)

which means that Q(z) =1+ 2(\ — 2¢- z) according to (2.13)).
Similarly to the Poincaré symmetry, the dilatation D and the special conformal trans-
formation K, can be expressed in a coordinate representation:

D=—-x-0
K,=x-20, —2x,x - 0. (2.18)

Using these transformations, one easily derives the commutation relations of the conformal
algebra in accordance with the differential expressions mentioned above:

[Py Myp) = nupy [Py, D] = =P,
[ p] = MNulv [K,uaD] =K,
[ K] =4M + 21y, D [M,,,, D] =0
[ PJ=0 (K, K,] =0
(M, Mpo] = —1p1, Moo + Mol M., (2.19)

which is actually the SO(2,d) algebra with dimension d=4. In fact, one can define:

MH Lpr— K"y Y(Pr+ K"
M? = | —1(Pr — K*") 0 —iD
—(Pr 4+ K™ 5D 0

with the metric n* = diag(—, +,+, ..., +, —). Comparing with the Anti-de Sitter algebra
in d+1 dimensions, one finds the duality

Confd = AdeH, (220)

which is an essential ingredient in the AdS/CFT correspondence.

2.2 Supersymmetry

We have discussed all bosonic symmetries which are allowed in quantum field theories ac-
cording to the Coleman-Mandula theorem. However, the fact that the Coleman-Mandula
theorem only involves Lie groups of symmetries implies that fermionic symmetries were
not considered and could be added to extend the set of possible algebras’. This was later

7
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done by Haag, Lopuszansky and Sohnius, who discussed also supersymmetry, which takes
fermions to bosons and bosons to fermions. The idea of supersymmetry was invented by
P.Ramond [6] and by two Russian physicists Y.Golfand and E.Likhtman in 1971 [7], but
didn’t become well known until J.Wess and B.Zumino [§] extended it to four dimensions.
For a panoramic overview of supersymmtry, see textbooks [9] and [10].

Now let’s turn to fermionic symmetries. To describe fermionic symmetries, Grassmann
algebras (i.e. odd Grassmann algebras), such as anticommuting numbers or operators,
have to be introduced into the theory.

Define 0%, a=1,2,3...N, as a set of generators for an algebra satisfying the anticommu-
tative relations:

{6%,60°}y =0, for all a,b. (2.21)
This algebra is called the (odd) Grassmann algebra and will be denoted as @ (or K in
the superconformal case). According to the definition, (6*)*=0 for any a. One can now
introduce transformations, as well as associated (anti-)commutators.
Considering
5(e) = €*Qa (2.22)
for anticommuting parameters e and anticommuting operators Q 4, the commutator re-
lation is

[6(e1),0(e2)] = &5'¢1 (QuQp + QpQa) = 561 {Qa, Qp}. (2.23)

Here one can introduce a general notation to express both commutators and anticommu-
tators:

[A,B} = A-B—(-1)"?B. A (2.24)
In this expression, the [.,.} bracket denotes an anticommutator if both A and B are
fermionic, otherwise it means a commutator. In other words, one may take A(or B)=0 in
the exponent if the corresponding operator is bosonic, and A(or B)=1 if it is fermionic.
Besides, the algebras should also satisfy the super-Jacobi identity, which is a generalization
of the bosonic Jacobi identity for Lie algebras:

(=1)*°[[A, B}, C} + (=)*P[[B, C}, A} + (-1)P[[C, A}, B} = 0, (2.25)
or in another easier form:
[[A,B},CY —[A,[B,C}} + (-=1)*B[B,[A,C}} = 0. (2.26)

The super-Jacobi identity actually leads to a lot of extensions of algebras. One of the
most important applications is the result found by Haag, Lopuszansky and Sohnius.

As a generalization of the Coleman-Mandula result, Haag, Lopuszansky and Sohnius
considered the largest possible symmetries of relativistic field theories again now allow-
ing also for fermionic symmtries. Using both commuting and anticommuting symmetry
generators, they obtained the super-Poincaré algebra, and for massless fields only, the su-
perconformal algebra. Another important result is that the super-Poincaré algebra may
contain ’central charges’, which by definition commute with all algebra generators’}

The topic of this section is to extend the Coleman-Mandula theorem to construct a
complete set of 'superalgebras’ including supersymmetry, which are often referred to as
the '"Haag-Lopuszansky-Sohnius theorem’.

2However, we won’t say much about central charge in this thesis.
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2.2.1 Poincaré supersymmetry

By analyzing further the constraints that follow from the super-Jocobi identity, one can
now characterize the supersymmetric extension of the bosonic algebras. Firstly, we discuss
the super-Poincaré algebra (or Poincaré superalgebra), as well as the Poincaré supersym-
metry. The most crucial ingredient of such an algebra is that the odd generators square
to the spacetime translations. Such an interplay of fermionic and bosonic algebras acts
against the previous Coleman-Mandula theorem, which assumes ’internal symmetries’
can’t interact with spacetime symmetry algebras.

Introducing the supersymmetric generators Q*, QY into 4-dimensional consistent
quantum field theory, one could have

1
[M;wa Qai] = _Z(’V;W)QQ,BM

My Qi) = 10’ (2.27)
which tell us that the supersymmetries are spinors under the Lorentz group. It follows that
the supersymmetry generators carry a representation of the bosonic symmetry algebra.
The generators Q’s and @Q’s, the supercharges, are odd Grassmann operators.

Here we use p, v, p... to denote spacetime indices, «, ... to denote left-handed Weyl
spinor indices and ¢, ﬂ to denote right-handed Weyl spinor indices. Besides, ¢, j... are
indices of the internal symmetry (R-symmetry) which corresponds to some bosonic scalar
generators outside of the Poincaré algebra rotating the different supersymmetry generators
into each other. Considering that the whole discussion here is in four dimensions, the
gamma matrices are denoted as 7,,.

Since the Hermitian conjugate of a supersymmetry generator is also a similar genera-
tor, we can choose the basis to satisfy the reality condition:

Qs = (Qua)™ (2.28)

Considering the fact that the Lie superalgebrarf] must have the Poincaré algebra as its
subalgebra, the discussions on their representations in [2] gives that the anticommutator
{Q, Q} must be proportional to the energy-momentum operators. That is,

{Qui, @)} = 267 (0") g Py (2.29)

where the positive factor of the R.H.S has been absorbed by rescaling @’s while o# =
y#C~! for the four-dimensional case, where C is the charge conjugation matrix. Then the
supersymmetry generators must commute with momenta P’s, i.e.

(@, P] =0, (2.30)

to satisfy the super-Jacobi identity.

3Here it means a Zo-graded algebra allowing anti-commutating relations. For mathematical details
on Lie superalgebra, see [I1].
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The @’s may also carry some representation of the compact internal symmetry, so by
introducing another kind of bosonic generators, namely the R-symmetry generators, we
have:

[Qai» Ta] = (Ua)1Quy,
[QiB,TA] = —Q;(UA)ij- (2.31)

It is easy to check that the super-Jacobi identity of [TQQ] implies:
(U); = =(U); = =((U)), (2.32)

which means that the largest possible internal symmetry group is U(N), for i = 1,2, ...N.

The last algebraic relation we shall consider is the commutator of two supersymmetry
generators of the same chirality. Considering the [PQQ)] super-Jacobi identity and the
fact that we don’t want any new symmetry with Lorentz indices, the most general form
of the commutator of two ()’s is described by

{Qai Qas} = (Wih)is Zos = > _(Z38)s, (2.33)

M

where Z); denotes different central chargeﬂ, wap's are independent antisymmetric matri-
ces. The corresponding commutator of two Q’s is its Hermitian conjugation. Generally,
p-form central charges (Z o%)w in the superalgebra correspond to p-dimensional extended
objects.

Now we can summarize the commutation relationships of the super-Poincaré algebra
in four—dimensionsﬂ omitting central charges:

(M, Mo = =10 Mopy + Mo Mo i3

[P, M) = 1 B, [P, P} =0,
(M, Q] = =7 00351 (M @) = 350
{Qai, @1} = 26](0") o P @, P] =0,
[Qai Tal = (Ua) :Quj Q' Tu] = —QE(TA)Z,
[Ta, Ts] =if{5 - Tc [Ta, M,,] = 0. (2.34)

If there is only one supercharge ()., i.e. N=1, the theory has the simplest supersym-
metry, where the R-symmetry is U(1), denoted by R with commutation relations:

[Q,R]=Q; [Q,R]=-Q. (2.35)

The fact that under parity transformation Q@ — Q and Q — @, R — -R, implies that the
U(1) symmetry is chiral. When N > 1, there are additional supersymmetries.

4For higher dimensions, they are not ’true’ central charges. They may not commutate with Lorentz
rotations or R-symmetry transformations, since they may carry Lorentz indices and R-symmetry indices

.

5Note that T4 algebras relations don’t appear for the N' = oo super-Poincaré case.

10
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2.2.2 Conformal supersymmetry

As is already mentioned, if all particles are massless, one can add conformal symmetry
to the bosonic part of the Lie superalgebra, which together generates the superconformal
algebra. To obtain the complete superconformal algebra, we should take dilatation D
and the special conformal transformation K, into consideration, and define some new
generators following the requirements of the super-Jacobi identity.

Recall the two kinds of new algebras we have obtained so far: one is fermionic, @Q); the
other is bosonic, T'. Firstly, one can see that all new bosonic generators should commute
with the original conformal group, in particular:

(K, Ta] =0, (2.36)
[D,T4] = 0. (2.37)

The commutator of K, and the supercharge ) implies a new fermionic generator S
following the definition:

[Km Qui] = (”Yu)gsaju (2.38)

which is usually denoted as ’the special supersymmetry’. From the [PD@)] super-Jacobi
identity, one finds that [@, D] commutes with P,, so this commutator must be a linear
combination of several )’s. Further discussions show that

[D7 Qai] = _%Qajy (239)
(D, Q) = %QZ- (2.40)

Now turn to the other kind of fermionic generators S’s. Similarly to (), we have

[D, Sai] = %Saj, (2.41)
[D, 8§ = —%5’2 (2.42)

Substituting K, and S for P, and @ in (2.34]), respectively, one obtains similar commu-
tators:

[Pw Sail o _(%t)gsajv (2.44)
(T4, Sai] _(UA)jiSaja (2.45)

and an anti-commutator: B '
{Sai 87} = 287 - (0,5 K. (2.46)

Finally one can calculate the anticommutator of the two kinds of fermionic generators
@ and S, which actually generates the bosonic algebra T (R-symmetry) again,

{Q,S} —-T+ D+ M. (2.47)

11
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Generally speaking, such a anticommutator could be completed by adding the other
bosonic operators to the right-hand side of the expression as follow:

{Q.5} = D+ M+ T. (2.48)

If we consider such superalgebras in general [12], we find the following supermatrix:

(30 459)

The maximal dimension where the result is a superconformal algebra is six. The su-
perconformal algebra is widely used in many areas of M-theory, especially in AdS/CFT
correspondence.

12



Chapter

D=3 topological supergravity theories

Supergravities (SUGRA) are gauge field theories with local supersymmetries. That is,
they are invariant under local supersymmetry transformations. As is well known, super-
gravities not only include, but also extend general relativity, which makes it possible to
merge gravity and particle physics. They are usually formulated in the vielbein formu-
lation (ef), and contain the gravitations and the gauge fields of supersymmetry (1),
which are spinors. Many supergravity theories, especially the ones in higher dimensions,
also contain another kind of gauge fields A which are totally antisymmetric in the
world indices.

In the end of the 1970s, supergravity was considered as an effective unification of grav-
ity with all other fundamental interactions. However, ordinary extended supergravities
were soon found to have a number of defects from both a theoretical and a phenomeno-
logical point of view, which ended the SUGRA era when all attempts to fix these problem
failedl] For reviews of the supergravity history, look at [13] [14].

Recently the interest in supergravities has been increased again due to their relevance
to string dualities [15] [16]. Since massless sectors of superstring theories can be described
by supergravities, one may obtain some information about string theories indirectly by
studying supergravities.

From the previous chapter, we know that supersymmetry can unify spacetime with in-
ternal symmetries by adding new fermionic symmetries. According to the Haag-FLopuszansky-
Sohnius theorem, two kinds of Z,-graded algebras, i.e. super-Poincaré algebra and super-
conformal algebra, are of special interest. It follows that they lead to two corresponding
classes of supergravities, Poincaré supergravity and conformal supergravity, respectively.
In this chapter, we mainly focus on the latter in preparation for the following text.

The conformal supergravity is the extension of the ordinary supergravity to include
the Weyl transformation rule:

BLH2 - )

g — e_k(m)g"”, (3.1)

which makes the whole theory conformally invariant. Equivalently, a conformal super-
gravity theory can also be considered as the supersymmetrized version of the gravityf]

L Although there have been some articles which indicate that the four-dimensional N' = 8 maximal
supergravity may be perturbatively finite, it suffers other problems.
2By conformal gravity, I mean general gravity theories whose actions are invariant under conformal
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D=3 topological supergravity theories Minimal topological supergravity

with Weyl transformations. It implies that a conformal supergravity can be constructed
in this way, as we will do below.

Strictly speaking, we are only interested in situations in three dimensions. In contrast
to higher-dimensional supergravities, the vector fields in this case generally appear by
introducing Chern-Simons (CS) terms rather than Yang-Mills terms. Due to the novel
properties of CS terms, the number of vector fields introduced via CS terms is not de-
termined initially, as well as the dimension of the gauge group. It turns out that much
richer phenomena will be generated, which we don’t find in higher dimensional cases.

3.1 Minimal topological supergravity

A Chern-Simons term is metric-independent (kind of topological), and has wide appli-
cations in many areas of physics. The situation is more interesting in three dimensions,
because there could be some observable consequences in condensed matter physics, as well
as in higher-temperature limits of our four-dimensional world.

The first time the Chern-Simons term was related to supergravity might be in 1978,
when the eleven-dimensional supergravity was constructed by E.Cremmer, B.Julia and
J.Scherk [17]. A Chern-Simons term arose there because of the requirement of preserv-
ing the local supersymmetry, then such a term appears frequently in lower dimensional
supergravity models and has been studied in many articles so far.

In this section, we concentrate our attentions on the simplest three-dimensional su-
pergravities, which include Chern-Simons terms. Such a theory was first found as a
supersymmetric extension of a gravitational action in three dimensions. We would like to
begin with the topological graviton action in three dimensions [I8], then explore for its
supersymmetric extension [19].

In 1982, S.Deser etc.[18] constructed a interesting gravitational action by adding a
Chern-Simons term to the usual Einstein term:

2
Ia = —/dgmeR + /dSIEW’)TTa(Wuaqu + gwuwva)v (3:2)

where w is the spin connection, and the trace is over Lorentz indices o in SO(1,2). The
antisymmetric tensor density e#? with the world line indices puvp is defined as follow:

P =1 if (uvp) = (012),
err = egegegeaﬁw,

v _ 2
P = —e“€uup,

e = dete;, = \/—detg, = /—g.

The first term of the action is the trivial Einstein term Iz, and the second one is
the gravitational Chern-Simons term Iog. The whole action actually gives a theory of
topologically massive gravity in three dimensions. Though there exist terms of third-
derivative order, the action is causal and ghost-free.

transformations. A physical gravity theory should generate general relativity or an alternative to general
gravity.
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Now turn to the corresponding fermionic action. Recalling that the superpartner
of the graviton (y,), namely the gravitino, has spin-3/2, it follows that the fermionic
action should consist of the trivial Rarita-Schwinger term I3,,, and a topological term
Irp, analogous to the gravitational action above. This was done in [19].

To construct the local supersymmetry, Rarita-Schwinger terms have to be added to the
dreibein-compatible w in order to obtain its supercovariant version. It’s done by defining
a supersymmetric version of w, which is called w:

Wpap = Wnap T Kyuap, (3.3)
where )
Wuap = 5 (s = Qasp + Dgpa), (3.4)
with
Quva = 0ue,” — ey, (3.5)
and .
Kyas = —%(quxa — XpYa X — XaVuXs)- (3.6)

One can check that this combination of spin connection and contorsion is supercovariant.
Then covariant derivative of spinors is given by:

~ 1

D, =d,+ Zwmga“ﬁ : (3.7)
of the Lorentz SO(1,2) gauge group. Following the definition of the covariant derivative,
we introduce a useful notation:

1 .
fu = EGHVPDVXP’ (38)

By using only the two gauge fields e} [spin-2],x,, [spin-3/2], S.Deser and J.H.Kay [19]
constructed the supersymmetric version of the gravity action mentioned above. However,
we are only interested in the gravitational Chern-Simons terms and its corresponding term
for the gravitino, so we abandon the Einstein and the Rarita-Schwinger terms, and write
the pure supergravity action consisting of only Chern-Simons terms:

L =Ics+ IrF
- / P re™PTr o (©0,0,0, + g@aijp) —2e i / &z fry, .1, (3.9)
which was checked to be invariant under supersymmetry transformation rules:
oe, = 1€y Xp, OXu = Due. (3.10)

The second transformation rule comes from the fact that under local gauge transforma-
tions, connections always transform into the covariant derivatives of the gauge parameters.

This action consists of two Chern-Simons-like terms, so in some sense it’s topological.
Actually, it was soon proven to coincide with three-dimensional conformal supergravity
by P.van Nieuwenhuizen [20].
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In 1988, J. Horne and E.Witten [21][22] indicated that the conformally invariant grav-
ity in three dimensions was equivalent to the gauge theory of the conformal group in
three dimensions with a pure Chern-Simons action. It shows that the conformal gravity
is exactly solvable in three dimensions. Soon the conclusion was generalized to extended
supergravity. In a following article [23] written by U.Lindstrém and M.Rocek, supercon-
formal gravities with Chern-Simons terms were shown to be finite and solvable for arbi-
trary number of supersymmetries, which implies that N'=8 and N'=6 pure supergravities
involving Chern-Simons terms can be constructed by adding an new gauge field for the
R-symmetry group. This statement is explicitly confirmed in the following sections.

3.2 d=3 N=8 topological supergravity

Such a purely topological N'=8 supergravity was constructed in a recent paper [24], which
is briefly reviewed in this section. The notation here is adopted to the one used above.
To obtain the extended supergravity, gauge field B, of spin-1 with indices 4, j...(i,j =
1,2,...,8) needs to be added for the gaugings of the R-symmetry. To sum up, now
we have three local gauge fields of 'spin’ 2, 3/2 and 1, i.e. e,%[0](the general metric),
Xu[—1/2](gravitino), Bj/[—1](gauge field).
The covariant derivative acting on spinors for the N'=8 case is described as follow:

~ 1 1 .
DHE = 8“6 + Z(Z)HQB’YQBG + ZBHijFUG' (311)

That is, both the Lorentz SO(1,2) group and the R-symmetry SO(8) groups are gauged.
Following the standard notations defined in the last section, the topological supergravity
Lagrangian can be constructed from a set of Chern-Simons terms:

1 2 2
L = éeﬂ”pTra((Du&,@p + §o”3ud),,d)p) — e"?Tri(B,0,B, + §BMBVBP)
—2'6_1eo"‘”eﬁ”“(ﬁu)@wwbpxg), (3.12)
Recalling the SUSY transformation rules
de,® = i€ Xu: Ixu = Dye, (3.13)

the above Lagrangian can be shown to keep the A/ = 8 supersymmetry if we choose the
variation of B,;; to be

ij i _nij v
6B} = —§6F7%fyﬂf : (3.14)
which follows from the cancelation of field strength terms. For more details of the verifi-

cation of the invariance, see [24].
There are also locally scale invariance under:

5Aeﬂa = _¢(x)eua>
5AXH - _% (x)X;u
SaBY = 0, (3.15)
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and N = 8 superconformal symmetry under:

5S€Ma = 0,
0sXp = Yl
653/39 = %ﬁl“”xu, (3.16)

where ¢ and 7 are the corresponding infinitesimal parameters. Verifying the invariance
under these transformation rules, including the SUSY transformations, requires Fierz
identitied’]

3.3 d=3 N'=6 topological supergravity

Here we come to one of the main aims of this thesis project: to constrcut the A'=6 purely
topological supergravity. Similarly to the last section, it is obtained by writing an on-
shell Lagrangian containing only the same three types of Chern-Simons terms, one for
each gauge symmetry.

In accordance with the Bagger-Lambert version [25] of the ABJM matter action [26],
the supersymmetry parameter of such an N'=6 supergravity is written as e p with two
antisymmetric SU(4) indices in the fundamental representation. Thus they are in the 6
of SU(4) with a vanishing U(1) charge, satisfying the self-duality condition:

1
AP = EEABCDEAB, (3.17)

in which €4? is the complex conjugate of €45 by definition.
Similarly to the N” = 8 case, here we construct the topological supergravity Lagrangian
having six supersymmetries:

1 2 2
L= 3Tra(@,0,8, + 50u0,) — 2 Tra(Bu0,B, + 5 BB, B,)
—ie_le"‘“”eﬁp"(D“XfBWBVQDPXUAB), (3.18)

where the last term can be written ad%

— di(e, e, e ") FAB 0 fip, (3.19)

and the covariant derivative acting on the 2-component spinors, for example €45, is ex-
pressed as:

Dyeap =0 2 0uapy*Pean — BC - B,“ 3.20

LEAB WEAB T 7WuaBY ' €AB u A€CB u BEAC, (3.20)

in which there is also a supercovariant combination of spin connection and the contorsion:
a)#ag = Wuap + KMQB. (321)

Note that .
1
Ko = =5 (Xuap¥5Xa"” = XuapYaX5" = Xaan¥uXs") (3.22)

3See Appendix A.
4The Rarita-Schwinger field strength f is defined to be the same as that of the A/ = 1 case.
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The fact that the action only contains Chern-Simons-like terms, and hence has no
propagating degrees of freedom, makes it appropriate for the application in Chapter 5.
Besides, the infinitesimal supersymmetry transformations that leave the action invariantﬂ
are given by:

a _ ZEAB,YaX#AB’
5XpAB = D#EAB, (323)

0B, 5 = L2 €epe — Fhcree©).

de,

The transformation of the gauge field B, can also be written as
0B, 5 = Z(f1vn esc — 1051 v €P), (3.24)

since it is defined to be traceless.
Similarly to the SO(8) case, the theory considered here also has both local scale in-
variance under

one,* = —¢(z)e,”,
oaxi® = —ld@)xi,
oaBY = 0, (3.25)

and N = 6 superconformal invariance under

556)“& - 07
osx” = vun?,
5SBMAB = _i(ﬁABX,uBC - XﬁBnBc) (3.26)

The verification of the superconformal invariance is quite similar to the SO(8) case, while
that of the local scale invariance is exactly the same.

5 The verification of the SUSY invariance is given in Appendix B.
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Chapter

D=3 superconformal matter theories

Recently, superconformal matter theories have become a hot topic due to the AdS/CFT
correspondence, which was originally conjectured by Maldacena[27]. Considering the most
symmetrical choice of M theory with compactifications involving AdS,, i.e. the AdS, x S”
solution, it is dual to the three-dimensional gauge field theory with the superconformal
symmetry OSp(8]4). If one could find an explicit Lagrangian description of conformally
invariant gauge theory with the symmetry OSp(8|4), it will become possible to study the
details of interacting M-branes directly.

Since M-theory is the strong coupling limit of Type ITA string theory, it follows that
M2-branes could be considered as the strong coupling limit of D2-branes. Considering that
the low-energy effective world volume theory of N D2-branes of Type ITA is a maximally
supersymmetric Yang-Mills theory in three dimensions, the corresponding world volume
theory of N M2-branes should be the strong coupling limit of a maximally supersymmetric
Yang-Mills theory in three dimensions. Unfortunately, such a super-Yang-Mills theory
seems to have only SO(7) R-symmetry due to rotations of seven transverse coordinates.
And it’s not conformal because of the dimensionful gauge coupling.

However, in the strong coupling limit, which implies the gauge coupling becomes infi-
nite, corresponding to the increasing coupling constant there arises an extra 8th transverse
dimensions, which generates the enhanced SO(8) together with the original seven trans-
verse coordinates. Then appears the conformally invariant theory, which describes the
interaction among multiple M2-branes in eleven dimensions.

To sum up, the proposed three-dimensional CFT with OSp(8|4) superconformal sym-
metry should have eight transverse scalars and eight (two-component) Majorana spinors
and preserve the equality of bosonic and fermionic physical degrees of freedom. The
construction of a Lagrangian for such a theory is the main content of this chapter.

4.1 Superconformal Chern-Simons theories

To construct a Lagrangian satisfying the requirements above, the key is to find a proper
way to introduce the gauge fields to the free theory with global U(N) symmetry. In 2004,
J.Schwarz [28] suggested that the kinetic term of gauge field s should be taken to be
Chern-Simons type, instead of the F? type, to make sure no new propagating degrees
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of freedom are added. Moreover, since the Chern-Simons term is of dimension three,
the coefficient of this term is dimensionless, in accordance with the requirement that the
classical theory should be scale invariant.

According to Schwarz’s article [2§], the pure Chern-Simons action is proportional to

2
L= tr | (A4, + TAAA) (4.1)

which has no propagating degrees of freedom on-shell, and hence can have arbitrary
number of supersymmetries by assuming that A, is simply invariant under supersymmetry
transformations.

By adding an auxiliary fermionic field x to the action above, J.Schwarz constructed
three-dimensional gauge theories with both A supersymmetries and classical scale invari-
ance for N =1, 2. The gauge multiplet he obtained could also be coupled to a 'matter’
supermultiplet to construct the corresponding gauged matter Lagrangian. Both of them
are based on ’ordinary’ gauge theories, where these gauge symmetries are related to Lie
algebras.

Under certain assumptions, he also found that there was no Chern-Simons theories
with the desired A/ = 8 supersymmetries. To construct the three-dimensional super-CFT
with OSp(8|4) symmetry, one has to change one or some of his assumptions, which was
done by Bagger/Lambert and by Gustavsson.

4.2 The BLG action

In 2007, J.Bagger and N.Lambert [29][30] found that one can extend the concept of Lie
algebra to provide the Chern-Simons guage theories with the desired O.Sp(8]4) symmetry.
Such an extension of Lie algebra is now called three-algebral] which can be described in
a vector space with a basis T,, a=1,2,..,N and a trilinear totally antisymmetric product:

[T, T°, T = f*,T", (4.2)

where obviously f¢=f [abc]d. Furthermore, one could define a symmetric metric to raise
or lower indices a, b:
R = Tr(T, T"). (4.3)

Instead of the Jacobi identity of Lie algebras, there is the fundamental identity for the
so-called three-algebra:

[T, T° [T, 7% T°] = [[T°T° T, T T+ [T¢ [T T T, T° (4.4)
+ [T, T [T, T, T°].

Also, another constraint for the 'structure constant’ has been found to be necessary:

Tr(T?, [T®, T°, TY)) = —Tr([T?, T, T¢], TY). (4.5)

In [31] an equivalent algebraic structure describing multiple M2-branes was suggested by
A.Gustavsson at the same time.

20



D=3 superconformal matter theories The BLG action

All of them together build up the definition of the original three-algebra, and actually
imply that the structure constant f%°? is totally antisymmetric. Besides, the fundamental
identity is described by:

fefgdfabcg — fefagfbcgd + fefbgfcagd + fefcgfabgd’ (46)

in a basis form.

4.2.1 The N = 8 explicit Lagrangian

Now, let’s turn to the Lagrangian. First of all, the Lagrangian must contain two propa-
gating fields: complex scalars X! and spinors ¥,. To construct the symmetry required,
one also needs to introduce a gauge field A, to define the physical "auxiliary’ field:

jziyab = A,ucddeaba (47)

which is related to the structure constants. Such a field defines the covariant derivative
as:

DX, =0,X,—A} X}, (4.8)
Then the classical Lagrangian, namely the BLG action, takes the form:
1 . R | .y
L = —§(DMX‘”)(D“X;) + %\IJ“F“DM% + i\IbeinzXéllfaf"”Cd
1 2
-V + §ew( FlA b0y Ared + gfcd“gfef P ApabAveaArer), (4.9)

where a, b, .. are indices of the structure constants, which are connected to the ’auxiliary’
gauge field, while the 4, j, .. are SO(8) R-symmetry indices, corresponding to the 8 trans-
verse directions. Indices pu, v, .. describe the (241) M2-brane world volume, which is flat
here. Besides, the 6-scalar potential V' has a symmetric form:

1 abed pe iy iy
Vo= of bl peI9 XX XEXIXTX)
1 . ) ) .
= 5 3|Tr([XZ,XJ,X’“],[Xl,XJ,X’“]). (4.10)

This Lagrangian was shown in [30] to be invariant under gauge tranformation and
supersymmetry transformation as follow:

X! = ey,

) . | -
ov, = D#X;I“Tze—ngXngbedaF”ke (4.11)
(S/‘iuba = Z.EFMFin\IdeCdbav

the algebras of which were also proven to close on shell.
In the BLG action, the spinor € has the opposite chirality from ¥, i.e.

F012€ = — F012€ = €

F012‘P = — \I] (412)
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4.2.2 Further discussions

The Lagrangian given in the last subsection is maximally supersymmetric and classically
conformally invariant. Though the Chern-Simons term doesn’t conserve the parity by
itself, the parity invariance is clarified by defining the parity transformation for those fields
in a novel way [32]. So the Lagrangian obtained here is consistent with all the symmetries
of M2-branes required in [28]. Furthermore, there are no free parameters apart from an
overall constant that is quantized [33], which implies there are no continuous parameters
in the theory. All of these advantages make it a proper candidate of a interacting theory
of multiple M2-branes.

However, many studies on the BLG action then indicated that it’s too difficult to
find non-trivial solutions to the fundamental identity. Actually it turns out that there is
only one realization of the original three-algebra, namely the SO(4) gauge group, which
describes stacks of two M2-branes. By relaxing the assumption of total antisymmetry
of the structure constants (such as [34]), the problem can be partly solved. Then many
articles came out to construct different 'non-totally-antisymmetric’ structure constants to
obtain field equations which is the IR limit of those of D2-branes, instead of working out
the explicit classical action, which seems to be impossible sometimes. However there are
still some theoretical faults in the N' = 8 supersymmetric theory.

Fortunately, there is another option, namely to look for theories with a reduced number
of supersymmetries. Works have been done to explore the possibility, for example, similar
Chern-Simons Lagrangians with A/ = 4 supersymmtry have been suggested by Witten
and others. Among them, the most interesting one with a higher supersymmetry is the
so-called ABJM action, which will be discussed in the next section.

4.3 The ABJM action

In June of 2008, Aharony, Bergman, Jafferis and Maldacena (ABJM) [26] constructed
a three-dimensional Chern-Simons theory with gauge groups U(N) x U(N), and proved
that this theory has explicitly A" = 6 supersymmtry. Following their work, Bagger and
Lambert (B-L) [25] rewrote the classical action in the 3-algebra form by relaxing con-
straints on the original structure constants. They also proved that the BLG action could
be a special case of the ABJM action when the supersymmetry is enhanced to N' = 8
for levels k=1,2. Later, the authors of [35] redefined the 'generalized’ three-algebra, and
connected the 'B-L’ version of ABJM action to generalized Jordan triple systems. For
convenience, we use the notations of the ABJM action in [35] during the whole thesis.

4.3.1 The N = 6 explicit Lagrangian

In the paper [35], the "generalized’ structure constants are defined as f%.; with two upper
indices and two lower indices. Furthermore, they are both antisymmetric respectively, i.e.

fob oy = fladl = f“b[cd} ) (4.13)
while a different fundamental identity is satisfied
fa[bdcfe]dgh = fbed[gfadh}o (414>
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Under complex conjugation there is

(fabcd)* = deab = fade' (415)

Of course, we have to redefine the physical 'auxiliary’ gauge fields, which now are con-
nected to the gauge fields A, by

A = A0, (4.16)

Having finished the redefinition of the ’generalized’ three-algebra, let’s turn to the
classical description of the action. In the new form of the ABJM action, the complex
scalars and fermions are defined to have the index structure as Zf and W 4,, and their
corresponding complex conjugates as Z4 and W42,

Recall the indices A B, which are two antisymmetric SU(4) indices in the fundamental
representation. Besides, the real vector representation of SU(4) = SO(6) when the self-
duality condition:

1
CAB = §€ABCD6AB (417)

is satisfied. Here €*? is defined as the complex conjugate of €45.
Now, we can rewrite the 'B-L’ version of ABJM action as follows:

A

L = —(D,Z4)(D"Z4") — 0" D, W 4,
i f g U 0, 7B, 75 4 20 f g U g, 2P 7 4
_%GABCDfabcd\IIAC‘PBdZCaZDb - %eABCDdeab\TJAc\IdeZCaZDb

-V + %GMV)\(fabchudbaVA)\ca + %fbdgcfgfaeAuabAuchkef> 9 (418>

where the covariant derivative is
D7} = 0,7 — AL 7}, (4.19)

and the potential takes the form
V =27PpTep, (4.20)

YOP gy = %42, 20,25 + P u0C g 2P 25, Z5° . (4.21)

Finally, there are supersymmetry transformations with respect to the supersymmetry
parameters of the A' = 6 action, self-dual spinors e?Z:

624, =iePUg, .
Vg =D, Z%geap + [ eaZC 2Py Z%cn (4.22)
— [ Z40 7% 2 e an,

5Auab = — iEAB’yM‘I/AaZBb -+ igAB”y#\I’AbZBa .

The Lagrangian has six supersymmetries under the SUSY transformations above.
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4.3.2 Further discussions about the gauge group

Since the constraint on three-algebra is relaxed, the ABJM action allows for a much larger
set of models with arbitrary number of M2-branes. It opens the possibility for many
variations of NV = 6 superconformal theories with OSp(6|4) superconformal symmetry,
which can be classified by the associated gauge groups. For example, the BLG action
as a special case of the ABJM action, corresponds to the one with gauge group SU(2)x
SU2P

Recall in the 'B-L’ version we have used, the gauge group is defined by the three-
algebra. The construction of structure constants satisfying the fundamental identity seems
to become a crucial concept of the related M2-branes dynamics.

According to the analysis in [31][25], there is a general form of the solution to the
fundamental identity, which can be expressed as:

FPa = Qap(t*)(t?) (4.23)
AB

in which Q45 = Qpa, and the T4 is a matrix representation of some Lie algebra. If we
substitute the expression into the fundamental identity, further constraints on Q45 can
be found.

In a recent paper [37], the 'generalized’ three-algebras was proven to be in one-to-one
correspondence to a certain set of Lie superalgebras via Jordan triple system, which may
lead to some deeper understanding of the classification of those three-algebras of ABJM

type.

2For more about the U(N)xU(N) gauge group, especially how the supersymmetry reduces from A/ = 8
to N = 6, refer to [36].

24



Chapter

The Gauged ABJM theory

Now, both the topologically pure supergravities and the BLG/ABJM superconformal
matter theories have been introduced. They can be combined together to give the so-
called gauged BLG/ABJM theories. The reason why such a combination is possible is
that the topologically pure supergravity doesn’t have no propagating degrees of freedom,
so the equality of bosonic and fermionic degrees of freedom still holds at least on shell
when it couples to the BLG/ABJM matter theories.

While replacing the (241)-dimensional Minkowski metric with the general metric g,,,,
the gauged action we obtain is supposed to be a ’geometric’ description of the corre-
sponding world volume theory. A similar geometric description of the world sheet theory,
namely the Polyakov string, was studied in [38][39]. According to the importance of
Polyakov string to the quantum string, the gauged BLG/ABJM actions may be of some
interest for M2-branes.

In this chapter we construct the gauged ABJM theory [40] (i.e. couple the N'=6 pure
supergravity to the ABJM matter action). Besides, the gauged BLG action [24] has been
partly obtained before, but due to some unresolved issues at the one derivative level in
0L, the entire Lagrangian has not yet been possible to derive.

5.1 The gauged ABJM action

On one hand, the action of N' = 6 pure topological supergravity ng’;fa has been obtained
in section 3.3; and on the other hand, the ABJM action LY} ;,, was introduced in section
4.3. We are now ready to combine them into the gauged theory. In this section, we give
the whole Lagrangian explicitly, as well as its SUSY transformation rules. The process of
constructing the action will be discussed in the following sections.

As usual, the covariant derivative is defined before the explicit action is given. As a
gauged action, there are three kinds of gauge fields, @,.p for the Lorentz SO(1,2) group,
B;‘B for the R-symmetry group, flzb for the gauge group. Besides, it will be shown later
that an additional U(1) group, A,, is required to conserve SUSY invariance of the gauged

action. To sum up, the covariant derivative is defined as follows:

D = 0,004 + 2,057 0 + BilghP + A% 4 g A, 0", (5.1)
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in which ¢? = %, The value of charge q is derived from the normalization of the Chern-

Simons term of the U(1) group.
Now, we can write down the whole Lagrangian of three-dimensional gauged ABJM

type (with A = ++/2, which is explained in the next section):

L = LgZfoa + LXBm (5.2)
1
5" A0, 4, (5.3)
+iAe>ZfA7”7“\Ian(DVZf§ — %A}ZVBC\I/C“) + c.c. (5.4)
e (X Xupe) Ze Do 25 + c.c. (5.5)
_Z.A(f#ABVu\I]AaZ% + JFZB%L\IIAQZ;B) (5.6)
—§1§>22 (5.7)
i
+§ZszBXﬁB (5:8)
+2ie Af® g (Xuapy" VY ZP ZA ZE + c.c. (5.9)
—ie"? (XX W23 2y 26 25) [ ea
i = 7¢C 7 a
+Ze“”p(quB%X;f‘B)(Zf 2y 2 2Z5) e (5.10)
—%eeABCD(@Aa\DBb)ZgZ% + c.c.
+1i66(\IJDb\I/Db>ZQ - ie(\Tbe\I/Bb)Z%Zf
0 i 5 .
+§e(\1:Dbe:Da)Zng + gle(\Ibe\IfBa)Z%Zf (5.11)
—%GeA(X#ABW\I/Bb)ZQZbA - %eA()Z#ABW”\I/Db)ZfZEZE tee  (5.12)
/L. v _ 7a r7 Z v =
=1 Roan X, V2027 2 20 + 1@ (Xwanvox, ") 2 (5.13)
1 1 o
+3¢ f®aZ?78 7P 7678 + 3¢ YA A A AN AN A (5.14)
5 1 | o
+157 64626 - 3—262221?252323 + @ezfzfzfzgzgzg, (5.15)

where c.c. stands for complex conjugation of the term that is on its left side on the same
line. To keep the Lagrangian to be self-conjugate, the Dirac term of the ABJM matter
action has to be written in a ’self-conjugate’ way:

1 - ~ — ~
— i(ie\I/Aav“Du\Ian + ieW 4oy" D, U, (5.16)
which is actually so because the covariant derivative of e doesn’t vanish automatically.

To make all supersymmetry variation terms of such a complicated Lagrangian van-
ish, the initial supersymmetry transformations rules have to be modified too. The final
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The Gauged ABJM theory Construction of the gauged ABJM action

transformation rules turn out to be:

b, = iegap X", (5.17)
ox? = Dyel”, (5.18)
i ,
5BuAB = g(f e YuVv€gBC — fBC'Vu%G?C)
%(EBD’V;;\I’G(DZA) . EAD,YM\IJ (DZa))
— (& chZ Z — EQBCXuCZAZD>
+ £03 ( “Xupc — EgDCXM NzPZj,
+ (€ xuBp — €8DX, ") 27, (5.19)
02 = ie"PWp,, (5.20)

0Upa =" eap(D, 2] — iAXL P Vpa)
+ [aZC 2P Ziecp — [aZl Zy Zieas

1 _ 1
+ 2 23 Zyeop + 127 Zilea, (5.21)
5/1; = —i(gAB’yH‘I/AaZIF — gAB’}/u\IfAbZ%)fbcad
— 2i(&,"Xunp — €0X0 ") 2y Z4f 0 (5.22)
§A, = —iq(e AB%\I/A“ZB — —AB%@ A0 Z%)
22@( PXuBD — EgBDX,u zBzs. (5.23)

where €28 = AEAB = ¢4B and A = +v/2. The verification of the SUSY invariance is
mostly provided as an appendlxﬂ while some standard steps of the coupling are demon-
strated in the next section.

5.2 Construction of the gauged ABJM action

Following [24], in this section we demonstrate how the gauged ABJM action can be derived

conf. cov.
from the two known actions Ll and LY%

We begin with an assumption that the complete gauged action has this form:

L = LEIOLZ{CL + L?EJM + ngz)ercurrenﬂ (524)
where the notation L) . ., ren; means all new terms added in order to conserve the SUSY

invariance. Meanwhile, the transformation rules have to be modified.

As a demonstration of this procedure, we mostly consider how new terms are added to
preserve the invariance of the gauged action at the level of the second order in covariant
derivatives. As the whole Lagrangian was obtained following the same method, we’d
like not to repeat how the procedure works for the (D,)! and (D,)? levels due to their
intricacies. This part of the calculation is presented in Appendix C.

I'Note the discussion concerning multiple-fermion variation terms with derivatives has not been com-
pletely finished yet, though some arguments are given [40].
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5.2.1 Coupling at order (13#)2

Let’s begin with the localized ABJM action (of tensor density one):
L = —e(D,ZM(D'Z%) —ieT 4 D,V 4,
—ief® U 1, ZB 76 + 2ief® VAN, ZB 7
—Lteeapep [V UPIZE 2P — Lec PP fU WU 0 U By 22 ZY,
—eV + %EMV)\(fabchudbauA)\ca + %fbdgcfgfaeAuabAuchAef) 9 (525)

which generates new variation terms according to the orginal variations of both vielbeins
and gauge field B#AB. Note for these fields of the matter sector, the supersymmetry
parameter is denoted by € instead of €,,, while for fields of the pure supergravity, the
parameter 1s €.

If one only considers terms of the second order in covariant derivatives, a limited
number of terms are contributing and we have:

0Lagsu |p2= — 0(eg™ ) (Du2) (DL Z5)
—eD,ZADMSZY) + c.c.
—eg"' D, ZX (6B, 4 |5 Z8) + c.c.
— Le(6U |py YD,V 4o + U2 D 5V 4, |p2) + coc. (5.26)
The second and fourth lines of the R.H.S. of eq. actually give:
%e(\TIBaPy“”eAB)FWbaZ,f‘ — %e(\IIB“”y“”eAB)GWACZf
—Le(UAy#" D ,epa) D, ZE + c.c. (5.27)
in which F,,, and G, 4 are the field strengths of A,% and B, 5. The first term has
been canceled already in the ungauged ABJM case while the vanishing of the second term
requires an additional term added to 5BMA p in order to derive an opposite term from its

Chern-Simons term. Remind the fact BMA B’s reverse has to be its conjugate, the new
additional term can be expressed as:

0B, ¢ lnew1= —§ (¥ uecn) 2 — (Vpayue™™) ZE]. (5.28)
Now turn to the first line of the R.H.S. of the eq.(5.26)). According to the variation of

e’ . we have:
- 5(69W>f)uszuzj = —ie(QX{’W”}Gg —9"x- VEQ)EquDuZZ (529)

To cancel this variation term, the first new term, namely a supercurrent term, has to be
introduced: o R
Aiexy, YW aa (D) 25 — §AXBoV) + ., (5.30)

in which dx leads to variation terms which cancel with the last line of (5.27)), and the
V| pz gives

Aie“"”()@ABeBD)D,,ZfﬁpZ,% + c.c.
i Ae(xt e — gy e DL ZADLZS, (5.31)
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the second line of which should cancel with term({5.29)). Both two cancelations here require
the relation:
AP = 269‘43, and '8 = Aeg‘B, (5.32)

which connect the two supersymmetry parameters and imply A = 4++/2. Such a relation
has been shown to be extremely important during the whole construction.
Now, the remaining variation terms are:

—eg“”Dqu(—(SBVCA | fe Zg) + c.c.
+Aie"?(Xuape®P)D,Z2D,Z5 + c.c., (5.33)

which require adding another new term
iA'e“”p)ZﬁCXVBCZjDPZf + c.c.. (5.34)

It is easily seen that its (D,)? variation terms can only be derived from varying the two
x’s in it. By using integration by parts, the result turns out to be

- 2Ali[(EgAprAC) - (E‘;szB)]ZgDpi +cc
— A1 [(eganx, <) — (gﬁchAB)]DpiDng‘ +c.c

A (Eanxl) — (€% am)| 28 Fta 78 + coc.

- %A/[(EQABX;L‘C) - (€;CXVAB)]ZE’GMPBDZ«? +c.c., (5.35)
in which the second half implies new terms of both dA4,% and 5BHA B, similarly to the
eq.(5.28). That is,

5Auba lnew—1= 2iA/[(XuCD€§B) - (XfDEgDC)ZS]ZJb&
6B, ¢ |new—2 = 5A [(Xubpey ) 22 28 — (X3 P egne) Z4 Z3), (5.36)

which affect the calculation of (D,,)? variation terms because of their corresponding Chern-
Simons termd?

Using the relation Ae? = 26;‘3 , one could find if A" = 1, the second line of term @
cancels the second line of the remaining terms mentioned above. More interestingly,
according to the fact

6BHAB|0rginal = i(fVACfYM’VVEgBC’ - .]FEC’YM/%/G;C% (537>

their first lines also add and hence give a simpler expression:

Qi(fVCBVVVMEQBA>DquZg« + c.c.
L (Fr APy egan) D ZS 28 + cc., (5.38)

which are all variation terms left of second order in covariant derivatives up to now.
The next term added to the Lagrangian is assumed to be

LA” - iA//fAB : 'Y\IjAaZ% + C.C., (539)

?Here when refering to ’(D,,)? terms’ we include also field strength terms.
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in which the variation of W generates exactly the same variation terms to the first part
of term ) but with opposite sign when we set A” = —A. Meanwhile, by varying x in
its field strength fAB new G5 4 terms arise due to the appearance of [D D »], which
means there exist new variation terms in 6Bu c:

5B, ¢ |new-3= — A" (W% 1e050) ZP) — (Wicauel NZg), (5.40)
Furthermore [f) D,,] acting on spinors also generates Rm,ag terms, which is
— AR (T, e0a5) ZE + coc, (5.41)

in which R***7 is the double dual of curvature tensor. Remind the triple dual can be
shown as

R = ixyanyuf”*”, (5.42)
the term ([5.41]) can be divided into two parts:
—AT//R**<\I/AGEQAB)Z£ + c.c.
A A P (U9 e00p) ZP + cc, (5.43)

in which the first part is canceled later in this section while the other part remains until
we calculate the (D,)! variation terms.

Required by the local scale invariance of the scale fields Z, there has to be a gravity
term in the action:

Lpge = —£RZ%. (5.44)
All variation terms generated by such a gravity term have been worked out to be:

(SZRZQ = QG/WP[K UﬁAB’YprAB+Kuua(€;4370prB anpe ’Y fAB)]

+4 Z2R;*1/ ;BV Xap

_ R**<_AB\IJAaZ "’fmAB\IjAaZaB)
+Le"" D, 2%y, foan, (5.45)

in which the third line cancels with the first line of term according to A”e, = —e.
Because the first line are terms linear to the covariant derivative, we don’t take them into
our consideration in this section.

Directly, we add the last term when concerning only the (D,)? cancelation:

Lyzp, = iA" 2 flipx )" (5.46)
Varying the first x, i.e. the y in f, it gives:
— %A"’ZQ(R**“’”EQAB%X;;‘B — ZE“VPGWAcefBXpAB), (5.47)
and if varying the second y, we obtain:
iA" 72 B D e an. (5.48)
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Both variation terms involving R** cancel now, hence what we have to fight are the
second line of term ([5.38)), the first and fourth lines of term ([5.45)), and term ([5.47)) and
(5.48]). They are gathered to give:

%(JMABEQAB)DMZQ
+iA//IZ2fNABDM€gAB
_i(Al// . )ZQR**“’V(EgAB%/XﬁB)
HLA" 220G e P X pan. (5.49)
1

Using the integration by parts and defining A” = 5, we can easily find the sum of the
first three lines is equal to the last line, that is,

+ L1776 Gl €SP X pap (5.50)
Such a term always means new variation terms in 5BMA B
5BMAC |new—4: é[(iﬁBegB(/’) (XMBCEAB)]Z : (5'51>

Now, all (Du)2 variation terms vanish, as well as field strength terms. To sum up what
we have obtained so far, there are the modified Lagrangian:

Llpspe = LEZZZa + Lgle + iAN(ee_aueﬁy)XﬁB’YEWQ‘PAa(DVZ% - %AXVBC‘I]C(I> +c.c.
—I—ze"”px XVBCZZD 7P t+ce.

zA(f“AB%\IJAaZ + c.c.
—ERZ*+ 127 flipx” (5.52)

and modified transformation rules:

de,* = iégAByaxﬁB,
o XﬁB = z'Dueg‘B :
5B,LLAB = i(fVACqu'yuegBC - f]_léC’YM’YVEI;C>

+5(Emppy 0P 2 = @07, Vap Z)) )
' ( ACXMDC — EgDcxﬁC)ZfZ% — i(éfcxugc — EchxfC)ZfZ% — trace
_'_g(_ADX,uBD - EgBDX:?D>Z27
674 = @By,
(S\I/Bd = v EmAB(D Z d—lAXuD\I/Dd) -
VAN A A EmCD faZ?. 2% Zc eman,
SA = —z(emABWIJA“ZB — &8y W, 78)

12
—2i(e2 XD — EnoX ") 28 25 (5.53)

The coefficient A has been worked out to be ++/2 according to the combination of relations
A€y = € and 2¢;, = Ae. Another coefficient Ais :I:\/_ 2, determined by the requirement that
0V should be supercovariant. We also add an additional trace term to 5BM '3, because it
is believed to be tracelesd]

3This conclusion was obtained in the section about A" = 6 pure supergravity.
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5.2.2 Coupling at order (D,)! and (D,)°

In this subsection, we continue constructing the supersymmetric Lagrangian by consid-
ering the cancelation of all variation terms which are linear to, or independent of, the
covariant derivative. Following standard techniques used above, one finds that new terms
of the form:

(X" W) Z°, (X" x,) 2", and Z° (5.54)

need to be added to the coupled Lagrangian. To conserve the SUSY invariance, we also
need modify the variations of those fields. In particular, we need to add

6\IIBd |new: %LZCCZé)Z%ECD + %ZQZC?EAB; (555)

which then implies that the complete Lagrangian should contain (¥'W)Z? without struc-
ture constants, in accordance with the existence of Z® term which is also independent of
structure constants.

Finally, the whole Lagrangian could be obtained. The verification of its SUSY invari-
ance is discussed in the Appendix.C.

5.3 The additional U(1) gauge field

In this section, we would like to comment on the the abelian gauge field that is written
out explicitly in both the covariant derivative and the Chern-Simons term of
the Lagrangian.

If the ABJM matter was coupled to the pure supergravity in the simplest way, the
covariant derivative acting on scalar fields would be defined as:

D, 24 = 0,24 — B Z% + A% ZY. (5.56)

However, it doesn’t preserve the local supersymmetry of the gauged action, e.g. there are
terms like

1eZ4D,u Z (e X"PP) = (€7 Xpe)| 2525 + c.c.
24D, Z (egpy" TP ZE — (EPP~4"U )] + c.c. (5.57)

that remain when calculating the variation terms linear in the covariant derivative. To
keep the supersymmetry, introducing an additional U(1) gauge group is necessary. Then
the covariant derivative becomes

D,Z4 = 0,24 — B2, Z% + A% 7Y + qA,Z5, (5.58)
and the term (5.57)) vanishes as a consequence of the variation of the new U(1) field:

0A, = —iq(EAB%\IfA“Zf - EABVM\I/AGZ%)
- 2iQ(€gADXuBD - EgBDX;lD)ZaBZ?}, (5.59)
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where ¢* = 15

Furthermore, by adding to the Lagrangian a normalized Chern-Simons term of the
new gauge field A,,:

1
S ADA,, (5.60)

all relevant variation terms of the second order in covariant derivatives vanish in the same
a
way as for A /.
When the covariant derivative acts on spinors

DﬂwAa _ auwAa + i@uaﬁ,}/aﬁwAa + B;leBa +AzbwAb+unwAa’ (561)

the U(1) field is also supported by the fact that variation terms in the form of (e¥)(VW¥)Z
without structure constant in 6£ vanish if ¢ = %.

Interestingly, the additional gauge field rises the question whether or not the U(1)
gauge group is related to the structure constant f®.; since one may notice that the
variation of the new gauge field is similar to that of Au‘lb. Although f%.; = 6% is one
solution of the fundamental identity, it is not clear if the U(1) gauge field can be absorbed

into the structure constant.
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Chapter

Outlook

Here we have reviewed both conformal supergravities and superconformal matter theories
have been reviewed. Based on them we constructed the matter N/ = 6 three-dimensional
superconformal action coupled to the Chern-Simons supergravity with the same super-
symmetries, namely the gauged ABJM action. Recalling that the ABJM theory is believed
to describe the interaction of multiple M2-branes at the infrared fixpoint, such a coupling
may be of some interest.

As mentioned before, the N = 6 Chern-Simons supergravity is topological, and hence
reduces to a superconformal theory when coupled to conformal matter. More interestingly,
all gauge fields of the gauged ABJM theory are introduced by adding Chern-Simons terms.
Considering that a Chern-Simons term doesn’t introduce any new propagating degrees of
freedom, what we have done here may hint at further interesting questions of the effect
of Chern-Simons-like terms in gaugings of three-dimensional superconformal theories, for
example, the possibility of multiple level number k.

At last, we’d like to point out that the possibility of decoupling the gauged action
to obtain an generalization of the original ABJM matter action, with three gauge fields
/Nlu“b, A, and BfB remaining. Actually, if we set e =1, © = 0 and x5 = 0, and adopt
the Minkowski metric in the gauged ABJM action, the action would again concern only
the matter section, and the only non-vanishing term of dL under the modified SUSY
transformations comes from the second term of 5B;‘B, ie.

7 _
Z(EBD%\IMDZ;‘U — Py, Vo pZy). (6.1)

Though there may be little chance to work it out directly, it implies the possibility of
introducing a Chern-Simons term with the R-symmetry indices into the ordinary super-
conformal Chern-Simons matter theories.
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Appendix A

Fierz identities

In this appendix, we only discuss the Fierz identity in SO(1,10) case, i.e. Clifford algebra
for the BLG action. Such a identity is very useful in the verification of the invariant of
either the A/ = 8 pure supergravity Lagrangian or the BLG matter Lagrangian. The
situation in any other dimensions is quite similar to the case discussed here. For a general
discussion in arbitrary dimensions, refer to [41],[42] etc.

A.1 The general form of the Fierz identity

Considering the fact that all spinorial quantities are those of the eleven-dimensional Clif-
ford algebra, one produces the I'™(m = 0, 1, 2, ..., 10.) matrices as

=yt @T° =012
FI:IQX2®F7;, [: Z: 3,4,...,10.

which, apparently, satisfy the condition T*I'f = —T''T*.
Defining
Cab:O:/yO@Fg)
CY=C1=-C
= (Fm>c d>
in which C' is considered as a metric to raise or lower indices. Then according to the
definition, we can easily find a basis

I FI F]J FIJK Flllg...lg

CTw, T, cTrrty orrrt/E - CTHT iz Ts
which can be used to expand any 32 x 32 matrix in series, such as the direct product of
two 32-dimensional spinors €, 7).

However, if €, n are Weyl spinors, i.e. I'% = ¢, 'Yy = 1, the situation would be
simplified. Recall the relationship

1
Pivoty = gttty 0T (A1)
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for the SO(1,10) Clifford algebra, it follows that all terms left from the basis we mentioned
above that contribute to the direct product of two weyl spinors €, ®mn, have an even number
of indices, and p < 4, that is,
€a @ My :Zlgncab + Z2€FH7](F“C’)QI,
+ ZzeTABn(T4B0) o, + Z4el T apn(THTAB0) o
+ ZseDABCP (T ABCL Oy + Zgel T apopn(THTABCPC),,, (A.2)

A.2 How to determine the coefficients

By multiplying both sides of eq.(A.2)) by same factors and then using the contraction of
indices, those coefficients can be easily determined.
1. For the first coefficient 77,

C®« L.H.S. =en
O % R.H.S. =Z,&nCoyC + Z4e0, T apn(T*TAEC) C® + Zzel 4By (14890 ), 0P
=— Zy€en-Trl.

For weyl spinor, there is Tr1=16, then

Zy = ——. A.
= (A3)

2. For the second coefficient Zs,
(CTY)™ % L.H.S. =el"n
(CT")* % R.H.S. =Z5eT,(T*C) gy (CTY)® + Zsel apn(TALC),, (CTY)®
+ Zel T apn(TFTABCL ), (OTY)™
:16Z2€]_—W’I7

Then

3. For the third coefficient Zs,

(CTEF)" & L.H.5. —eT"Fy,
(CTPF)Y" « R.H.S. =250, n(T#C) oy (CTFF) ™ 4 Zgel apn(T4BC) gy, (CTEF)™
+ Zgel, L apn(DFTAPCPCY  (CTPF) ™
= — 3223€FEFT]

Then 1
J3 = ——. A.
’ 32 (A.5)
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4. For the fourth coefficient Z,,
(CT"TP)™ % L.H.S. =eT" TPy,
C® % R.H.S. =Z1enCl, (CT'TP)™ 4 Z,eT, T apn(T*TAEC),, (CTVTCP)
+ Z5€FABCDT](FABCDC)ab (CF”FCD)ab
=322, TPy,

Then ]
Zi= 5. (A.6)
5. For the fifth coefficient Zs,
(CTPFGHY™ I H.S. —elPFGH;) — e PFGHT
(CTEFCH)™ & RH.S. =Z1enCy (CTEFEH)™ 1 Z4eT, L apn(T*TAE ), (CTEFEH)™

+ Z5€FABCD7](FABCDC>ab (CTEFGH)ab
1 1
= = Zseg (55};@5 + J5aBcD EFGH) r45¢Py . 2. 41Tr1

= — 3241 ZselPFCH ) for Weyl spinor.

Then 1

(CTYTPFEH™ & [ H.S. =eD*TPFCHy = rvpFretty)
Similarly,
(CTYTFFEIY™ « RH.S. =32 - 41 - ZgeT"TPFGH

for weyl spinor. Then

1

A.3 The Fierz identity

According to these coefficients above, the Fierz identity of Weyl spinors can be written

as:
1

1
€a QM = — E@?Cab + TGEFMU(F“C)ab

1 1
— 3—26rABn(rABO)ab - ﬁgrﬂrABn(r#rABC)ab
1

1
_ 5l gFABCDﬂ(FABCDC)ab + mgFuFABCDn<FMFABCDC)ab (A9)
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If both sides of the equ are multiplied by C® on the right, one would obtain

1 1
ERN =— Een]l + EGFMUFM

1
_ _gFABnFAB + 3_2€FMFABUF“FAB

32
— 3 4'€FABCDT7FABCD + =51l EFHFABCD??FMFABCD
1 1
— 4 1661‘,mr~ — S—QEFABUFAB + 37 4'€FMFABCD77F”FABCD (a)
1 1
~ g+ 3 2€F [ pnTFTAB — mgrABCDnPABCD (s) (A.10)

It is easy to prove that the expansion is also right for two anti-weyl spinors, such as,
U’s in the BLG action.

A.4 Gamma matrices

Here is some identities used above, most of which have been proven in [42]:

Tr(l') =0,
(FI) =0,
Tr(l';;) =0,
Tr(T, ") =g"Trl,
TT(FABCD) —Tr (F[ABCFD]),
=0
Tr(THTA%) =Tr (7" @ )T @ T*))

—Tr (,Y,LL ® (FQ . Fab..)) ’
=0
TH(TABCPTBFGH) _Tr(T, 0y PP 4 4(1)° - TrL- 655,
+ My -Type PF9+ My Ty + M- T, "),

=Tr(Capep "7 +4U=1)° - T71- 655E0).
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Appendix B

SUSY invariance of N’ = 6 pure supergravity

B.1 The variation of the Lagrangian

The lagrangian of the pure topological N'=6 conformal supergravity is:

con 1 v ~ ~ 2~ ~ o~
Esugffa = 55”’ PTro(w,0,w, + gwﬂwywp)
2

— 2e"PTrA(B,0,B, + gBMB,,Bp)
— 4i(e ™%’ ) (7 57 "m):
and the SUSY transformations then take the form:
de®, = ie*P1 X uan

5X,LL AB :ﬁuEAB (B].)

1 — a « T
6BMAC' :E[EAB'Y Y %e —f

a AB o
Yy Yepc]

Substituting these variations into 6L, it gives:

0Ly = 4(EAB%<76fof43)(TMCDVBX“CD) (B.2)
0Ly = 8(?MAB%%JCVAB)(ECDVTXSD) (B.3)
— 4 ap vt M) Ecprx,P) (B.4)
0Ls = A(F ap18700 X3 ) (€72 op) €7 (B.5)
— 2(Fap18707X: ) € fop) € (B.6)
0Ly = 8(7aAB%’YaX,\CB)(EAD’YM’YprDc)EVp/\ (B.7)
= 8(F 41X ) Encrup ! P) e (B.8)
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B.2 Fierzing in the SO(2, 1) case

Then each term can be Fierzed into two kinds of terms:

5£1 = 4(EABVa75faAB)(TNCD’V&XMCD)

= - Q[GNCD’Yﬁ’Ya’YﬁfaAB)(EABXMCD> (B.9)
+ (Fep?" Y var8 s @ P7x,5P)] (B.10)
0Ly = 8(f ap e fP) Ecpr XEP) (B.11)
— 4(F" ot AP e X, ) (B.12)
the first half of 6L5 = 4(7aABV,B’Ya%X,\AB)(ECD%f VCD>66AP
= 2 18709 o) EPXMP) (B.13)
+ (P ap 18707 90 ep) € P15x:)] (B.14)
the second half of L3 = — 2(?aA3757a7px/\AB)(ECD% Yop €
= E(Fapr8707m f ep) EP ) (B.15)
+ (P ap87277 1 ep) € P15x, )] (B.16)
the first half of 0£, = 8(70243%%)(/\03)(EAD”yu'ypf"DC)e”p’\
= =4 (18707 Ve e p) E P10 7) (B.17)
the second half of 6L, = — 8(?QA37u7aX>\CB)(Epcv,ﬂpf“ AD)e”p’\
= 4 ap18700 7 /" *P)(E epxa"P) (B.18)
+ (P ap18707 3o f* APV (E cprx:"")] (B.19)

B.3 The first half of the Fierzing results

Considering the R.H.S. of the Fierz identity for the 2-component spinors, its first half
contributes (€ - x)-terms to the total variation:

such terms from 6L,

== Q(TQCD’Yaf/\AB)(ECDX,\AB) (B.20)
such terms from the first half of dL3

= —4M(fo aply op)(EPx,\7) (B.21)

—4( a7y 0n) (@7 XMP) (B.22)
such terms from the second half of 6L5
-, _

=—=2(f" " fs CD)(ECDXAAB) (B.23)
such terms from §£, (only the second half contributes)

=477 (TQABW%%%W DA)(E CDX,\CB) (B.24)

1 —a _
[=4- —GDAEFEEPAU AB V8V VYol ) (€ CDXACB)]

2
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SUSY invariance of N' = 6 pure supergravity The second half of the Fierzing results

By expanding the L.H.S of the equation below,

1 —a _
10+ e ap1570 970 op) (€ oopa™) = 0

we could easily obtain such a relationship:

. ) 1 Y _
P a8V 1 P E oy P) = 3 P epV8Va VYo [ an) (B CPXMP)

Y

then, using this relationship, those terms from 6L,

=4 - GAHQ(TQ A CD)(ECDX,\AB)
(B.25)

+A(F" 5V fu o0) (EPXAB) (B.26)

To sum up, these terms from 0L, cancel similar terms from the second half of L3, and
these terms from 6L, cancel similar ones from the first half of 0£4. That is, all (€-x)-terms
in the variation cancel.

B.4 The second half of the Fierzing results

Considering the R.H.S. of the Fierz identity for the 2-component spinors, its second half
contributes (€ - v - x)-terms. Let’s expand these terms, which actually are the rest of the
variation.

1.All such terms

such terms from 6L,

=—6(f spfa CD)(ECDVQXMAB) (B.27)
—2(f" 457" fa CD)(ECD%XMAB) (B.28)
such terms from the first half of 6L,
=8(f"anf, ") EP Y X D) (B.29)
871 £, ) E P ) (B.30)
such terms from the second half of d£,
A a5, ) e D) (B.31)
—4(F ap v t” *P)Eepr X P (B.32)
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SUSY invariance of N' = 6 pure supergravity The second half of the Fierzing results

such terms from the first half of 0L3

=- 4(?5ABf /\CD)(ECD%XAAB)
+4(F upfr o) (€P7xsP)
+4(f ABf CD)( ’YéXA F)
4(f AB7Y f'y CD)(ECD%X)\AB)
—4(f aAB’VM ¢ )(_CD%X,\AB)

+4(fo 487" fy c0)EPXP)
such terms from the second half of 0L5

= 2(f apt CD)( ’YJXAAB)
+2(F 457y 00) (EP75x,")

such terms from the first half of 6L,
== 8(fapfy c) (@77
ABf CD)( ’YéX,\CB)

+8(f
+8(F apF o) EP50,C7)
8( @ AB’Y “fy CD)( VAXACB)
( 7 AB’Y fCD)( %XACB)
(f Vak f'y cp)(€ AD”Y&XACB)

such terms from the second half of 6L,
:8(?7A3f~,AD)(ECD7/\X,\CB)
= 8(Fanl* D) Eer10:”)
8( ABf/\ AD)(EC 76X,\CB)
+8(fa apY [, Eepr X P)
—8(fy asf *P)(Ecprsx,C ")
(f

—8(F 45 1,2 0) Eeprs.C")

2.(7“fu)(E'yAx,\)-terms

Terms in this form are Term.(B.31]), Term.(B.34]), Term.(B.41)) and Term.(B.47).

By expanding the L.H.S of the equation below,

1 _
5 - §€EFCD(77ABJC,Y[EF)(€ AD’Y/\X)\C]B) =0
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SUSY invariance of N' = 6 pure supergravity The second half of the Fierzing results

we could easily obtain such a relationship:

—=2(f apfy c0)E PYNCEE) + (F antfy op) (@ P P)

= 2<?’YABf7AD)(E CD'Y/\X,\CB) (B.53)
That is,
Term.(B.34) + Term.(B.41) = Term.(B.47), (B.54)

then the sum of these terms can be expressed only as [Term.(B.31))+2Term.(B.47))].
Again by expanding the L.H.S of the equation below,

1 Tl — o
- EECDEF(f#ABfMA[Bxe BEy XUCD]) =0

we could easily obtain such a relationship:
(7MAprAB) (E CD’YUXUCD) = 4(?MABfMAD)(E CD/YO—XO'CD>7

which means

Term.(B.31)) + 2Term.(B.47) = 0. (B.55)

So all (f" f,)(@y*x»)-terms cancel.
3.(f v uf") (@ x)-terms

Terms in this form are Term.(B.32]), Term.(B.38)), Term.(B.44) and Term.(B.50]). Sim-

ilarly to the above case, we also obtain:

Term.(B.38|) + Term.(B.44) = Term.(5.50), (B.56)
and
Term.(B.32)) + 2T erm.(B.50) = 0, (B.57)

AD

(to get the later equation, one would find T#A R i 7 Vv f*45 useful.)

Then, of course, all (?M%M V) (@ xa)-terms cancel.
4.(ff)(#y7x»)-terms

Terms in this form are Term.(B.27)), Term.(B.29)), Term.(B.33), Term.(B.35]), Term.(B.39),
Term.(B.42)), Term.(B.43)), Term.(B.48) and Term.(B.49).

Term.(B27) + Term.(B33) + Term.(B39) = — 4(F apSop) € rsxs™F)  (B.58)
-5 _
Term.(B33) = — 4(f apfop)EPx,*")  (B.59)
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Similarly to the above case of Equ.(B.53)),

(Fasfon) @ P ) = 2(F 4s foon) @ Prs0,CP)
= 2(Fup/* A7) (Eepr1sx,C), (B.60)

which means

[Term.(B.27) + Term.(B.35) + Term.(B.39)] + Term.(B.42) =Term.(B.48))
[Term.(B.27) + Term.(B.35) + Term.(B.39)] + Term.(B.42)) + Term.(B.48) =2Term.(B.48))

Term.(B.33|) + Term.(B.43) =Term.(B.49)
Term.(B.33) + Term.(B.43) + Term.(5.49) =2Term.(B.49)

And apparently,according to the equation below,

1

5 §€CDEF(7uABfV A[B)(E EF’YVXMCD]) =0

we could easily obtain such a relationship:

(Fant” *B)E cpmx,CP)
=2(f"spf” *?)E “Prx, o)
+2(f anf” *P)E comx, ),

Then
Term.(B.29) + 2Term.(B.48)) + 2Term.(B.49) = 0 (B.61)

That is, all (ff)(ey7x)-terms cancel.

5.(f16.f) (€Y x»)-terms

For Term.(B.28)), Term.(B.30|), Term.(B.36]), Term.(B.37)), Term.(B.40)), Term.(B.45]),
Term.(B.46)), Term.(B.51)) and Term.(B.52).

Term.(B28) + Term.(B.36) + Term.(BA0) = — 4(f5 a7’ fy ) (€ 15xy™")
Term. 1’ = 4(]67 AB'YMf)\CD)(ECD'Y(SX)\AB)

Similarly to the above case of Equ.(B.53]),

[Term.(B.28)) + Term.(B.36) + Term.(B.40)] + Term.(B.46) =Term.(B.52)
[Term.(B.28)) + Term.(B.36) + Term.(B.40)] + Term.(B.46|) + Term.(B.52) =2Term.(5.52))

Term.(B.37) + Term.(B.45) =Term.(B.51)
Term.(B.37) + Term.(B.45)) + Term.(B.51)) =2Term.(B.51))
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SUSY invariance of N' = 6 pure supergravity The second half of the Fierzing results

And according to the equation below,

1

—A _ C
5 secper(Fapy™ £,7) @ PP "") =0

we could easily obtain such a relationship:

Then

—\ _
(a1, 2P) (€ covsxyEP)

—\ _ —A _

=2(f ABVMSfyAD)(E CD%X/\ cg) +2(f ADW&fWAB)(E CD%XA cB)
—A _ — AB _

=2(f ABVnyAD)(E CD%X/\ cB) + Q(f’y ’VMJMAD)(E CD%XA cB)

Term.(B.30) + 2T erm.(B.52) + 2T erm.(B.51) = 0 (B.62)

That is, all terms in the form of (f7,5f)(€y°x») cancel.

To sum up, all terms cancel, which gives a zero variation, so the Lagrangian is SUSY

invariant.
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Appendix

SUSY invariance of gauged ABJM action

Let’s check the supersymmetry(l| of the gauged ABJM action, whose explicit expression
has been given in Chapter 5.1 with the corresponding supersymmetric transformation
rules. It’s easier to do it separately, i.e. to compute each kind of variation terms at a
time, instead of writing down all variation terms at the beginning.

In this appendix, we analyze most of the variation terms and prove them to be vanish.
Then follows a final discussion on terms remaining. Variation terms which have vanished
either in the original ABJM action or in the pure supergravity are not discussed in details,
though they are mentioned sometimes.

A trick we use here is, we still consider the original form of the Dirac term as the actual
one when dealing with its SUSY variation terms including only two fermionic variables.
It’s because under SUSY transformations the self-conjugate form of the Dirac term

1 _ ~ _ ~
— 5(16@“7“1)“\1% +ieW 47" D, UA) (C.1)
actually gives
. T, Aa » i » T, Aa
— 55U5y(zeeg\IlA W’BDM\IJAQ) — §5SUsy(6Du€g\IfA ")/ﬁ\Ian), (CQ)

where the second part doesn’t contribute (D,)? terms. The fact can be easily proven by
using integration by parts. Of course, when discussing the D(WW)(ey) variation terms,

7 ~
§5SUSY(€GZ)DH‘I’AaW6‘1’Aa (C.3)

has to be taken into consideration.

Note the notation - f” in these formulas below means there exists a factor of structure
constant f*.,. And when the D, appear in headings, it may act on any field in the term,
though it’s written on the left of a certain field.

At last, keep in mind the relation 28 = Ae;‘B = 4B, where A = ++/2, as we may
not mention it all the time when using it.

IFor a literal description of the verification, refer to [40].

46



SUSY invariance of gauged ABJM action Variation terms at order (D,,)?

C.1 Variation terms at order (Du)2

Terms in this form have vanished in Chapter 5.2 while the gauged ABJM action was
constructed at this order. So do the G, -terms and F},,-terms.

C.2 Variation terms linear in Du

C.2.1 Terms with two fermions
C.2.1.1 the e(éy*V)D,Z° - f-terms

Such variation terms come from the W of the fermionic kinetic term (i.e. the Dirac term)
and the y of the (x,7*¥)Z® term. )
Let’s begin with the kinetic term of fermions, i.e.—ie(¥A%* D, ¥ 4,). Obviously,

—ieWUA Y D, (6 44 | 23.)
= — ieV YD, (f e ZE 20 2% — [vaepaZl Z) Z1)
= — ieUA (. D,epp ZE 70 78 — faD,epaZP 2P 7Y)
— WAt [ enp Du(Z7 27 Z4) + [ vaenaDu( 22 21 Z)
in which the last two terms have been canceled in the ABJM action, and the first term
and its complex conjugate cancel with the variation of y from the (xy¥)Z3 - f term (5.9),
just as mentioned.

Actually all other (ey#W)D,Z? - f terms have been proved to vanish in the original
ABJM theory.

C.2.1.2 The e(éy*V)D, Z3-terms

Variation terms considered here are generated by these terms below. Firstly, because we
add two new terms Z2 without structure constants to the variation of ¥, two corresponding
D,e terms will arise from the kinetic term of the fermion. Similarly to the previous case
with structure constant, they should cancel with the §y of the (x¥)Z3 term. What'’s

left now is:
1= _
iez(\I/Dw“eBA)DM(ZfZ%Zg) + c.c.

1 - _
+iel—6(\IJDb7“eBD)DH(ZQZ%) +c.c. (C.4)

Terms in the same form are also from the (VW)Z? term(p.11)) of the Lagrangian:
ie%eABCD(\IJDb(S\IICa |p2)Z8%2% + c.c.
=+ ie(Upyy" e D, ZP Z4 2} + c.c.
—iet(Upyy"e®P) D, Z2 2828 + c.c.
+ ie%(\TJDw“eBD)DMZfZ%Zj +c.c. (C.5)
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SUSY invariance of gauged ABJM action Variation terms linear in Du

Z@-(‘I’Dbé‘yDb ’DZ)Z2 + c.c.

=ie(Vppy"e"P) D, ZRZ° + c.c. (C.6)

iex (U pd U Ip2) 2424 + c.c.
=iet(Uppy"e®P)D, 2} 2525 + c.c. (C.7)

—jet (\Ibeé\I/ |DZ)Z“ZD+CC
=ie (U pyy"e" D, ZKZEZ0 + c.c. (C.8)

ze%(\IbecS\IfB“ \pz) 2% 7P +ce.
=ie (U pyy"e? D, ZHZ4 20 + c.c. (C.9)

And —eg"' D, Z4ZB5B,"; + c.c. of the kinetic term of the scalar fields contribute:
ée(@DbV“EBD)D ZAZ878 + c.c.
e(Upyy"ePPVD, 28 24 74 + c.c.

e(Uppy"e?ND, 2875 7P + c.c.

+
OOIS-OOIN-OOI®

e(Uppy'e®ND,ZP 25 7% + c.c. (C.10)

The last term in this form comes from fzeg"” D, Z4Z25A, + c.c., i.e. the additional U(1)
gauge field of the Klein-Gordon term:

+ 11—66(@D57MEBD)DMZ§§Z;42% + c.c.
- 1@—66(\111357 BD,ZA 7978 + c.c. (C.11)

We will find the sum of these variation terms above equals to zero.

C.2.1.3 The (¢- x)DZ* - f-terms

The variation ¥ |pz in the previous term (x¥)Z3 - f(5.9) (namely Lj) gives

—ieAf®q(Xuapy'y €V ZAZE 26D, 78 + c.c.
+ieAf® q(Xapy'y" eCB) 22 ZP 726D, Z8, + c.c.
= —ieAf®.q(N4geP) 22 2B 26D, 78 + c.c.
+ieAf?q(XageP) 22 2P 26D, 78 4 c.c.
+ieAf® q(Xapy PV ZAZE 78D, 78 + c.c.
a(

— ieAf™ y(Xuapy BV Z2ZP 20D, Z8 + c.c.

Then considering the variation 6¥ |zs.; in (xW)DZ term (i.e. the first half of (5.4)))
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which gives:

ie A(Xuapy v e“P) D, Z2ZE 7878 + c.c.
—ieA(XpapY ' V'eO8) f*aD, Z2ZP 7678, + c.c.
= +ieA(X4geP) f?uD, 22 2B 26 78 4 c.c.
—ieA(Xpe P f D, Z2ZP 26 78 + c.c.
+ieA(Xapy " e“P) [ aD, Z2ZE 7678 + c.c.
— ieA(Xuapy "€ P) D, Z2 ZP 75 78, + c.c. (C.12)

Also, we have some similar terms from —ieg"” D, ZP 7¢8A,0, + c.c. in the kinetic term
of the scalar fields:

—ieA(X45e“P) 22D, ZP 79 Z8 f o + c.c.
+ieA(X"“Peap) 22D, ZP 7,78 f oy + c.c. (C.13)

in which,2e, = Ae has been used.
1) (ev*xu)D,Z* - f
To sum up, considering all (x,7*“€)D,Z* - f-terms first, the sum will be written as

) _
AR DU LI Ty ZE) e +

1 _
—§Ae()_(ﬂA37”“eCB)DVZfZIPZBng“de + c.c.

—;Ae( AByvie N 7AZP 78 D, Z4 fb + c.c.

1 _
- §Ae(>2MABy”“eCD)DV(Zfo Z878) f% g + c.c.

i _
L Ae(Ruapy ) DN ZE P 2 T0) (C.14)

the 6V |zs.; of the (f¥)Z term (5.6 (i.e. Lar) gives:

i
- Ae(DyXuapY e PNZAZEZEZE) f ea + coc.

Z a
_ZAG( uXuABV AB)(ZCZIPZCZD)JC bcd (C.15)

Also, according to the complete differential, the dy of another term (yx)Z* - f(5.10))
is also needed to give the last part of the complete differential in order to make all such
terms cancel according to the boundary condition. Note 2¢, = Ae has also been used
here.

2) (ex*)DuZ* - f
Then we write all (x*€)D,Z*- f-terms together, and find it can be written as another
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form:

= —ieAf?a(X"“Pean) D, Z2ZE 2678, + c.c.
+ieAf?q(XageS )DL, ZAZE 76 78 + c.c.
— 2ieAf"q(Xa5e VD, 22 2P 7678 + c.c.
— 2ieAf® (X4 5 PVD, ZP ZA 75,78 + c.c.
+ieAf*u(Xape )DL ZE 2y 2528 + c.c.,

which vanish due to the duality equation

X"Peap = Xy - 6045 P,

C.2.1.4 The (éx)DZ*-terms
Firstly, the 0¥ |pz of the (x¥)Z? term gives:
—ieAl()ZfAy“fy”eCD)Z%ZngDVZbC + c.c.
—161416()(# Yy eep) 2228 D, Z + c.c.
= —ieAT(x"Pecp) 24252 D, 27 + c.c.
—ieAL(V"PPecp)2°ZyD, Z + c.c.

+ zeA—( DAy teep) ZE 24520 D, Zy + c.c.

+ieA3s (X, BDyvie )22 2% D, ZE + c.c.
Secondly, the 0¥ |z of the first part of the term (5.4), (x¥)DZ gives:
+ieAL (X;‘B’y”’y epc) 2P 28 75D, 75 + c.c.
+zeA16(XﬁBv”7 epp)2*ZPD,Z5 + c.c.

=ieAY(X""Pepc) 2y ZE 23D, Z5 + c.c.
+ieAs (Y ““Pepp) 22 ZPD, 7% + c.c.

+ieAL(x Any”“eDc)Zlf)ZfZng,Zj + c.c.

+ieA 16()(’437”“6 B)Z*ZPD,Z% + c.c.

(C.16)

(C.17)

(C.18)

(C.19)

then they can be divided into two kinds of variation terms, and then calculated separately.

1) (ev"xu)D, 2"

From above, what we have now are:
+ie AL (X2 ecp) 232520 Dy Zy + c.c.
+ ieAsx (XBD’y”“ec V22 7% D, Z + c.c.
+ ieAZ (X ny”“e,:)c)Z,PZQCZ%D,,Z‘Z1 + c.c.
+ zeAlﬁ(X“Bv”“EDB)ZQZfDVZj + c.c.,
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which finally give:
—te AN, Py M enc) Dy (27 25 Z37%) + c.c.
—éeA()ZﬁByy“eAB)DUZ‘l (C.21)
Then the W |zs of the (fV)Z term (5.6 gives
— L A(D XA epe) (20 2y Z3Z5) + c.c.
—51eAD, XV ean) 2t (C.22)
and the (yx)Z?* term(5.13),which gives
—%GA()ZﬁBWV“D GDC)(ZDZEZ%ZZ) + c.c.
—&e AN,y Dyeap) Z* (C.23)
Recall the complete differential for integration, all such terms here cancel according to
the boundary condition. Note 2¢, = Ae has also been used.
2) (ex")D, 2"
From above, what we have now are:
—ieAl()ZfAfy””y”eCD)Z%ZZZfD,,ZbC + c.c.
_ZeAlﬁ(Xu Yy eop) Z2 2% D, ZE + c.c.
= +ieAX (v Pepc) 2P 28 24D, Z5 + c.c.
+ieAL(vPepp)Z°Z) D, Z5 + c.c.
+ieAL(XE AV ecp) 252520 D, 7y + c.c.
+ieAL (XS Py ecp) 22 23D, Zy + c.c. (C.24)

Also we have —eg””DMZjZB5BVAB + c.c. from the Klein-Gordon term, which contribute:

e(X"P%up) D, Z2 28 ZE 78 + c.c.

e(XpeebPVD, 21 24 2 7Y + c.c.

+

e(X"PCe,np)D,Z2Z4ZP 7Y + c.c.

_|_
OO|®~OO|@~OO|®~OOIN~[\')I®-[\')IN

e(XpeedPVD, 2 2425 73 + c.c.

+

e()Z”DBegAD)D,,ZfZ%ZQ + c.c.
e(XpaelP)D, 2 23427 + c.c. (C.25)

The last terms in this form come from szeg" D, Z4Z'6A,", + c.c. of the kinetic term of
scalar field:

- %e(X”BDegDC)DVZijZbCZ% + c.c.
+ %e(XVDCGfD)DVZfZZZEZ% + c.c. (C.26)
If we add them together, we would find all such terms vanish.
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C.2.2 Terms with more than two fermions
C.2.2.1 The ¢(U¥)(eD,x)-terms

the Dirac term is the first source of such variation terms. According to integration by
parts, d(ee”) of the Dirac term gives

— i5(ee!) (T4 D, W 4,) + %5(665)15“(\TJA“7“\11M). (C.27)
Substituting the transformation rule of de# into the term above, we obtain
1 —
§Ae(€B%[VX,,BC)(@Awlpuma) + c.c., (C.28)

in which the relation 26?3 = AeAB has been used.
The 0V |(w)e of the Dirac term contributes

eA(D, Ty epa) (XPPUp,) + c.c., (C.29)
which is fierzed to be
—%eA(lNDM\TJA“\I/Da)()ZBDv“v”eBA) + c.c.

—%eA([?M\TJA“%\IJDa)()‘(Bnypfy“fy”eBA) + c.c. (C.30)
Also, the variation of the Dirac term contains 6 B,% in D,,, which is found to be
— G (WA W, ) (€7 f pa) + o (C.31)

The last variation term of this kind from the Dirac term is not that explicit. It derives
from —%(\Ian’}/M}L(S(IJuag’yaﬁ‘Ian) + c.c.. Recall that

6w, = =21y, foan — 29w forn), (C.32)
the term above can be simplified as
LT 40) (€Y fupe). (C.33)

Then turn to iAe(X,apy" VU5 D, (Z2 — 2(x2PVUp,)) + c.c., of which the 6D, Z2
and 0x generate terms we look for. All of them have to be fierzed into (VW) (ye)-form
and the result turns out to be

%(\I’BG’Y“\PDJ[(DVEAD”YVXMAB) + (DMEAB’)/”XVAD)] + c.c.
‘*’%(\I’BGDV‘I’D(;)[(EADV’WVXMAB) + c.c.
+4¢ (0P, D, U po ) [(EP 77" Xuas) + c.c. (C.34)
Finally, the 6Z7 of the term —i A(f457,V4*)0Z8 + c.c. goes as follow:
—2e(UY? D, xpa5) (PP U p,) + c.c.
= Ae(U"W po ) (7P~ Dy X pan) + c.c.
—4e(UA, W, ) (€777,7" Dy Xpag) + c.c. (C.35)

These are all terms we are interested in at this step. On one hand, terms containing
(UW) without gamma matrix inside can easily be seen to cancel; On the other hand, the
sum of terms with the factor (¥ -~ - W) is also zero according to the fact [ d(..) =0 when
the integration range is the whole space. That is, all of them vanish.
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C.2.2.2 The e(xx)(eV)D, Z-terms
Let’s consider the terms with the derivative acting on the scalar fields first.
The 6V |p, variation of %Qe(mmwuwa)(xﬁl?\pm) + c.c. gives:
—5e( U2y ecn) (X0 P Xuan) Dy Z + c.c.
—5e(UP P ecn) (0 P Xuap) D Zg + c.c.
—Le(UP 'y ecp) (XA P xvan) D, ZE + c.c.
—%e(\I/Day’\y”v“y”eCB)()ZI’;‘B')/AXVAD)Dpi + c.c.. (C.36)

The second variation term of this kind comes from the §¥ |(yy)e of —i—z’Ae;ZfAfy”fy“\Il ACLDVZ%—F
c.c., which equals to

—e(XueXpap) (WP e P) D, Z + c.c.
—e(XueB1Xpan) (WP 9P P) D, 25 + c.c., (C.37)

while the third one is derived from the same term by varying the eef e, and gives

_e%(X?BXMCD)(@DQ’YM’YV’YPEAB)DVZS + c.c.

—e3 (V2P vaxucp) (P Yy Yy eap) D, Z5 + c.c.

+e3 (X0 P xuon) (7997 ean) D, 25 + c.c.

+e (V0P xuen) (BP* Y v eap) Dy ZE + c.c.
"’6%()ZfBXuCD)(\I’Da’Vp”y”’y“eAB)D,,Zac + c.c.

+ex (Vo Xuep) (U7 Y eap) Dy ZE + c.c. (C.38)

Then comes the fourth variation term:

ie“”p()zﬁoxl,Bc)éZf[?ij + c.c.
= —e“”'”()zﬁcxl,gc)(\IJDGGBD)D,)Z;; + c.c. (C.39)
The last one is related to the ¥ |.pz in the self-conjugate Dirac term, where the
factor D, e’ obviously leads to some variation terms which have to be take into our
considerationﬂ. For the first half of the Dirac term,
—%\IIA“’y“DN(é\DAa)eg — —%(\IlAa’ya'yBeBA)egD#eED,,Zf,
—L(6UAYY DLW g€l — —£(W a7y PN D (ele) D, 2, (C.40)

the second half are just their adjoints. Obviously, both of them only contribute to variation
terms with the factor (xyy).
Now we sum them up, the result is

— &P (XPXvac) (PP %pp) D, 28 + c.c., (C.41)

2There is no such contributions from K-G term due to the fact D,g"" = 0.
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in which the derivative is acting on Z. Meanwhile,
ie“”p(XﬁBXVAC)ZgDp((SZ%) + c.c.. (C.42)

give the corresponding variation term with the derivative acting on (We). According to
the complete differential, what we need to cancel all terms above is a similar term with
the derivative acting on (), which can be expressed by the field strength f#4? as

[—4(f** P Xuap) (W ep0) 27 = ([P Xxuan) (W ecp) 2, + c.c.. (C.43)
These terms are obtained by the variations below:
1)the variation 6B |(wez of the x’s Chern-Simons term, which gives:

—l(JMAB%’YuXpBC)6”pA

(e )
(qu VU’YuXpBCkVpA(E Vp‘IlAa)ZEl) + c.c.
(P yruxono)e " (Epat, WP Z$ + c.c.
(F 4P ruXpe) e (Epar, U9 2, + c.c. (C.44)

”yp\IJDa Zf, + c.c.

EupA

N N wl

2)the variation of B, of the iAe;ZEA'y”’y”\I/AaD,,Zg + c.c., which gives:

PPy ype0n) (BB Y X an) Z2 + c.c.

+(prA7V’YpECD)(\I]BQ’YM/YVXNAB)ZE + c.c.

(P APy, 7p600) (B2 X uan) ZE + .. (C.45)

3)the variation of the supersymmetric ’spin connection’ in the term —i A f4 ;v, ¥4 Z5 +
c.c., which gives:

—5 (" Precn) (TN P Yxpa8) 24 + cc.
+ 1P ,e0p) (U Py, X paB) 22 + c.c. (C.46)
Then the variation of B, in the same term gives:

a.vp

—(fH Py uean) (T4 x 30) Z2 + c.c.
+%(f#CD7}L€CD)<\II aVVpoBA)Z + c.c.
+(J?“CD%%€AD)(‘1’ a”y”poBc)Z + c.c.
—i(f“CD’Yu€CD)(‘IJBG”YVpoBA)ZA + c.c. (C.47)

Also regarding the same term, the dW |, u). gives:

= 2(fhp (WP x0n) 27 + cc., (C.48)

and the de” gives: B
(fhp1u ¥ ZE (ecpy*XTP) + c.c.. (C.49)
4)the variation of the scalar field in §|Z|? fhpxs? gives:

— %(fﬁBxfB)(\IfXD“eCD)ZaC + c.c. (C.50)
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5)the final one is a little tricky. When calculating the d of the term —i A f} 57, W42 Z5+
c.c., we obtain

Ee“””Rl,pag(\I/AayuvaﬁeAB)Zf + c.c., (C.51)

which in fact can be transformed to be
LR (TA (g + Yynean) ZE + coc.. (C.52)
While the g7 part has vanished in the (D,)? calculation, the v, part generates

P yxuan) (B9 ecp) ZP + c.c. (C.53)

Gathering all these terms from the five sources aboveﬂ, we find exactly the term.(C.43)).
That is, all terms in the form e(xx)(e¥)D,Z vanish.

C.2.2.3 The (fx)(xx)Z-terms

Note to make the notations simpler, during the discussion on such terms, we use ¢, instead
of e.

The first one is from the variation of BHAB l(xe)z2 in x’s Chern-Simons term, which
contains 6 terms:

2P ryruxaso)l(€s Dxppe) Z8 24 — (€qamxy ") Zs Zih)e™ + c.c.
+1pma Prrxase) (€5 Dxpap) 2% — (€gapxsP) 27" + c.c.
+5 (P nr00ap) (6§ Dxope) 2 28 — (eqenx, ) 24 Zile™ + c.c., (C.54)
all of which have to be fierzed into the (XX) part and (yyx)-part. o
The second is from the variation of B 5 | in 1P (X9 Xp0) 28 D, 25 + c.c., which
is:
_GMVP(XMABXV )(f)\DEprf)/)\egCE)ZaBZ% + c.c.
— " (Xuap Xy )PP vnegne) 23 28 + c.c. (C.55)

The third one is from the variation of B, |f. in §|Z|* f4px47, and can be expressed
as:

euup(xu XpB C)(fA ’yu/y)\egDA)Z + c.c. (C56)
The fourth one is from the 6@,ap of £|Z|? fABX“

_Allelﬂlp(x;?B/Y)\XpAB)(f_)\CD’YVEgCD)ZQ + c.c.
+%€MW(X;‘B/7VXPAB)(fACD7A€gCD)Z2 +c.c. (C'57>

The fifth one is the last term of 6 Lpze:

— ie“”pKW"[(prB%e?B)Z gap(f)\AB”y’\ AB)ZQ] +c.c., (C.58)

ABCD

3We have used Fierz identity to transform these terms into the same form (fx)(We) while using e
to raise or lower some indices.
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which actually is:

EWP(XSDVUXVCD)((prB% )22+ ce.
+2P (XS Pvpxven) (faasy )} P) 22 + cc.. (C.59)

Besides, there is also the sixth variation term from 6L py2:

— Z(XABV”EAB)RZTVZQ, (C.60)

Similarly to eq. 1) %]Z 2 f4 BXZ‘B also generates variation terms involving the Ricci

tensor, which is: .
7
Z()ZﬁB%GgAB)R**MT. (C.61)

We can see it cancels with the sixth one.
By cycling the SU(4) indices [ABCDE], i.e. using

6’“"0()(,; ) (F Py ue40p) ZE Zgy 4 c.c. =0, (C.62)

it can be easily proven that the (xy)-part of the first one cancels with the second and
third ones. Following the same procedures, we find (xyx)-part of the first variation term
cancels with itself. The fourth one cancels with the fifth one by cycling the world line
indices [uvpA], which actually is

i [WP(XV VA]XpAB)(f,\CD%ech)Zz +c.c.=0. (C.63)

To sum up, all such terms vanishes.

C.3 Variation terms independent of D,

In this section, we discuss all variation terms which don’t contain the covariant derivative,
or f,"8. We also begin with terms of second order in fermionic variables. For terms
including multiple fermions, such as (yx)(e¥)Z2, the verification is incomplete.

C.3.1 Terms with two fermions
C.3.1.1 The (¥¢)Z° - f>-terms

Such terms vanish just like what happens in the original ABJM theory, since no new
contributions to them are given.

C.3.1.2 The (¥¢)Z5 - f-terms
the new defined variation W |zs of the original interacting terms in ABJM action gives:
—if (U aa0 VA | 2) ZE 26 + c.c.
= — 'if“bcd(\ian(—:BD)ZAZbCZ%Z%Zg + c.c.
— i [ (Y aae® N 22 ZF ZE 25 + c.c. (C.64)
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20 (U 60U P | 2) Z2 28 + c.c.
= — i}1fadeGABCD(\I/AGGEF)ZEZEZEZ%ZE + c.c.
— ik [ g PP (W poepp) 22 ZF 23 ZE + c.c. (C.65)

And similar variation terms also come from the ¥ | zs.; of the new added terms (¥W)Z2(5.11))of
the Lagrangian:

ieéeABOD(\TIAa&I/Bd |Za.f)Zng7 +c.c.
:z’e%eABCD(\IIAaeEF)ZfoZ%ZgZ% + c.c.
- ie%eABCD(@AaeEB)ZfoZ;ZgZGD + c.c.
= —ieg(Va, - 35%460[)])25252}3232% + c.c.

+ieg(Uaq - 125%4£GCD])Z£Z£Z§Z$ZB + c.c. (C.66)

ie (W00 |22 1) 2% + coc.
= — ie%fabcd(@AaECD)Zzz?ZE«Z% + c.c.

+iet f (W ane® N 2225 25, Z¢ + c.c. (C.67)

(€2 (W a0V | 75 0) 220 + c.c.
=ied (Ve ZAZP 28232 + coc.
— e fPa(Uaue®NZE Z8 2528 78 + c.c. (C.68)
—ie (W 4a0 WP |55 p) 2325 + c.c.
= +ie f (VU aucP)Z0 20 ZE 2525 + c.c.
— et f (VU ane“PVZAZP 232578 + c.c. (C.69)
i3 (Va0 VP | s ) 2825 + c.c.
= —ie2 [ q(Vaac“P) 22 2P ZEZE 2 + coc
+ied fPa(UaneP) 20 ZE 2528 Z¢ + c.c. (C.70)
We find there are five kinds of (Vp,eAB)Z° - f terms left, whose coefficients satisfy the
relations to cancel themselves.

For variation terms like (W p,et?)Z5 - f, which is the rest, will cancel the variation of
the scalar fields Z in the potential term with one structure constant(5.14)).

C.3.1.3 The (¥¢)Z°-terms
The variation of ¥ | s of the (UW)Z? term (5.11)) gives:
ie%eABCD(\PAQ&IIBd | 23) ZEZ3 + c.c. =iegs (U py - 126%‘%0[’})252523232% + c.c.
— e (Upy, - 35][;€BD])ZQZEZZZ% +c.c. (C.71)

128
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ieL (U, 00 | 23)2° + c.c. e (Upye®NZ°ZP 2928 + c.c.
—l—zeﬁ(@DbeAD)ZQZzZﬁ, + c.c. (C.72)

ie2 (W a0V | 23) 2820 + c.c. =iess (Vppe® ) 2D 25 22025 + c.c.
+ies (U ppe?P) 2225 2428 + c.c. (C.73)

—ie2 (W 0UP" | 3) 2020 + c.o. = — ie = (U ppe® N ZS 27 2824528 + c.c.

+iek (Uppe®N 22 ZP 2523 + c.c. (C.74)

ze%(\IancS\I/Bb |23) 287 + c.c. —ze—(‘lfpbeBA)ZfZDZ“ 2978 + c.c.
—ie S (Uppe®N 22 ZP 2525 + c.c. (C.75)

~ On one hand, all of terms like (U ppeB) Z° above vanish; On the other hand, terms like
(U ppet?) Z5, which are the rest, cancel the variation of the scalar fields Z in the potential
term without structure constant(.15)).

C.3.1.4 The (Y -€)Z% - f*-terms
The 6 |z in the Ly term (x¥)Z% - f(5.9) generates

Az’e(xu VeprZEZE 76 — )Z,’jBy“eEBZngZ;)fmneddeachDZjZ% + c.c.
—Aze(xu Vepr ZEZEZE — XﬁBv“EEDZﬁZfZ%)fm”eddeabe)ZjZ% +c.c.
= — 3Aie(X3 " epr + Xupr V'€ P) [P caf o ZY Z) ZP 23 23 7,
— L Ae(xy Py enn) [P eaf o Ze 28 ZP 2R 25,77
AR enn) [ [ ZE ZE 2P 2R 23 T
+ g Ae(X0 " ean) [ caf 2y Zy 20 25 Zp 2, (C.76)
which is exactly canceled by the variation of the dreibein in the potential term of the

original ABJM action.
Also note, to get the result above we need to prove the equation

9142'6()_(:?37“6151? + )ZNEF’YHGAB)fabcdfedngfoZeDZAmZgZB
ZZ'Ae()_(ﬁB”}/MEAB)fabcdfedngfZIfZeDZng;Zlc)
— 2iAe(>—<ﬁB,yM€AB)fabcdfedng(IEZ£Z£Z%”Z%Zg

by circling [ABCDE] and using the fundamental identity of the structure constants.

C.3.1.5 The (x -€)Z% - f-terms

The two new terms (xW¥)Z3(5.12)) contribute to terms with structure constants, due to
the oW |Zs.f2

+ieAL P a(Xuapye" ) 25 20 2 7 25 25 + c.c.
—ieAL (X pan " T 2P ZP ZP 28 76, 7% + c.c. (C.77)
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and
+ieA [Pea(Xuapy"e" ) 2221 27 23 75 + c.c.
+ieAL [ ca(XuapV'e" ) 22 Z{ ZE 2571 + c.c. (C.78)
Also, the (xWV)Z? - f term L generates some similar terms, due to the §W |
—ie AL g (Xpapy' ") 20 2P 2P 26,2578 + c.c.
+ieAL f*u(Xpap' "B ZA 22 ZP ZEZ5 + c.c. (C.79)
and
—ie AL o (Nuap ") Z2 2P 2P 26,2528 + c.c.
+ie A f ca(XpapV'e"P) 22 Z2 2P 2875 + c.c. (C.80)
Circling the SU(4) indices [ABDEF], we could find that the R.H.S of the four equa-
tions above cancel the variation of the dreibein in the potential term with one structure
constant(5.14). Of course, the relations among these coefficients have been used.
C.3.1.6 The (Y - €)Z°terms
The 6 |z variation of the (y¥)Z?3 term(5.12)) gives:
ie A (Nuapy "N 22 2P 20 2320 75 + c.c.
—ieAL (Nuap ' e€"N) 220 20 23 7% + c.c. (C.81)
and
ieAL (Nuap" "N 2220 20 23 20 + c.c.
— ieAﬁ()@ABV“EAE)Z‘lZfZ% +c.c.
:z’eA6—14()ZMABVMEEF)ZQZ(?ZEZ%Z% +c.c.
- 1.6145%(5(“1437“6‘43)26 (C.82)

Circling the SU(4) indices [ABDEF], we will find, the two terms above cancel the
variation of the dreibein in the potential term without structure constant(5.15)).

C.3.2 Terms with more than two fermions
When considering variation terms independent of D, with multiple-fermion, there are
exx’, exx' 2%, eUx'Z, ex\*V?, exx*Z, eUx*Z%, exVZ?, vz (C.83)

(with structure constants or not), which are all kinds of terms left in §L. To finalize the
proof of supersymmetry, they have to be proven to vanish.

The first kind, eyx®, is irrelevant to the matter sector, so it has to disappear even
in the pure supergravity case. For the second and third terms exx*Z2, e¥x*Z, they are
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absorbed into the contorsion in D), and hence vanish while all variation terms including
covariant derivative are canceled.

Then jump to the last one, e0W2Z. Terms in this form with structure constants have
been canceled in the original ABJM action. Variation terms in the form of e0¥2Z without
structure constants are generated in three different ways: the 67 of (¥W)Z?, the 5BMAB
and the A, of the Dirac term. Actually, terms obtained in the first ways gives

1 - —
eg(\Iwa“\Ile)(\IfA“%eBD)Zf + c.c.

1 - _
€§(@Db7u\PBb)<‘Ian’}/u€BA)ZaD + c.c.
1

eTG(\TJvauqJDb)(\TJAa%eBA)Zf + c.c. (C.84)
in which the first and the second lines cancel with 0B MAB of the Dirac term, and the third
line cancels with 0A,, of the Dirac termﬁ That is, all such variation terms vanish.

Now, the variation terms left are of four kinds:

exxiU% exx?Z*, eU\2Z3, exViz2. (C.85)

What we have got so far is that terms in the form of (¥42WB?)(€y) - f vanish.

Though the rest of them are too difficult to check in full details, there are some
strong hints the Lagrangian we gave is complete. For example, the fact that most of
the coefficients appearing in the Lagrangian are determined uniquely by at least two
independent calculations, convinces us to believe both the Lagrangian and its SUSY
transformation rules, must be the component parts of the final gauged theory. Then all
variation terms involving the derivative have vanished, providing a strong constraint on
the new terms we can add to the Lagrangian. Actually, combining with both the analysis
of indices and cancelations of those variation terms independent of derivative, it seems no
new terms are allowed when one traverses all possible terms of dimension-three.

4Tt is another support for the existence of the additional U(1) group, as we mentioned in the last
section of Chapter 5.
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