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Introduction

General Relativity (GR) has resisted the test of time even a hundred years
after its conception. From an experimental point of view it has been tested to
incredible accuracy by solar system experiments and pulsar timing measurements,
and it has predicted with precision, such phenomena as the deflection of light, the
perihelion advance of Mercury, and the gravitational frequency shift of light. GR
also predicts that over time a binary system’s orbital energy will be converted to
gravitational radiation and the measured rate of orbital period decay turns out to
be almost precisely as predicted. From a theoretical point of view GR provides
a comprehensive, consistent and elegant description of gravity, spacetime and
matter on the macroscopic level.

However, GR loses precision and predictability in strong gravity regimes and
it fails to explain some phenomena in weak gravity regimes such as the galaxy
rotation problem and the missing mass problem in clusters of galaxies. Further-
more, there is not a satisfactory model that explains dark energy and the accel-
erated expansion of the universe. The theory also has some shortcomings such
as its failure to unify gravity with strong and electroweak forces, its prediction of
spacetime singularities, and its incompatibility with quantum mechanics.

Due to GR’s experimental and theoretical importance, many efforts have been
made to study its possible deformations. Extending GR is technically very chal-
lenging because any new theory would have to resolve the above-mentioned large
scale problems while taking into account the behavior that arises in quantum
theory. In other words, we are searching for a mathematically consistent theory
(free of instabilities and ghosts), that can reproduce GR at cosmological scales,
provide an explanation of today’s acceleration of the universe and at the same
time, capable of giving a description of gravity following the principles of quantum
mechanics.
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In view of the complexity of this task, this work aims to take a first step
towards dissecting GR and studying a number of different extensions and limits
of the theory in order to have a better understanding of it. Modifying a known
theory is one of the best ways to discover new structures, which may have un-
foreseen applications. In this thesis we therefore address the following question:
What are the possible ways of modifying and studying different limits of gravity?
Table 1.1 lists the extensions and limits studied in this thesis.

a) Add new symmetries: Supersymmetry.
. b) Add new parameters: Mass parameter.
Extensions
¢) Modify symmetries: Lorentz violation.
d) Modify quantization scheme: Polymer quantization.
Limits e) Study the non-relativistic limit.

f)  Study the ultra-relativistic limit.

TABLE 1.1
Extensions and Limits of Gravity as described in this thesis.

In order to explain the usefulness of supersymmetry, case (a) in Table 1.1,
we should keep in mind the current status of the Standard Model of particle
physics. The Standard Model was developed in the early 1970s and has since
then successfully explained observations from particle colliders. The Standard
Model has the symmetry group

SU3)e x SU(2)L xU(1)y . (1.1)

Roughly speaking, the three factors give rise to the fundamental interactions.
The first SU(3)¢ part is related to the chromodynamics sector. The gauge group
SU(2)p xU(1)y is related to the electroweak theory which describes two different
forces below the breaking scale: the weak force and the electromagnetic force.
Despite the huge success of the Standard Model in describing high energy
phenomena, it does leave some features unexplained. For instance, the Standard
Model Higgs sector is not natural, the theory does not provide a dark matter
candidate, fails to explain the origin of the three gauge interactions and cannot
provide an explanation for the inflation period in the early universe [1]. There
are several possible approaches to address these issues, such as adding more



particles or interactions to the model, including more general internal symmetries
(in other words, the symmetries of the Standard Model are obtained from the
symmetry breaking of a larger symmetry group) or adding more general spacetime
symmetries (such as extra spacetime dimensions or supersymmetry).

With the development of quantum mechanics, symmetry principles and con-
servation laws came to play a fundamental role in physics. Particle physics sym-
metries include the Poincaré invariance (translations and rotations), ‘internal’
symmetries which can be further divided into global (related to conserved quan-
tum numbers such as the electric charge) and local symmetries (which form the
basis for gauge theories and are therefore related to forces) and discrete sym-
metries (such as charge conjugation, parity transformation and time reversal
invariance).

In 1967 Coleman and Mandula [2] proved that, given certain assumptions,
these are the only possible symmetries for a physical system. The Coleman-
Mandula theorem states that for quantum field theories, spacetime and internal
symmetries can only be combined in a direct product symmetry group (in other
words, Poincaré and internal symmetries do not mix) [3]. This theorem is based
on certain assumptions: that the Poincaré, internal and discrete symmetries are
the only symmetries of the S matrix, that there is a mass gap and that internal
symmetries form a so called Lie group.

It is possible to bypass this theorem by relaxing some of these assumptions.
For example, Poincaré and internal symmetries do in fact mix in the case of
spontaneous broken symmetries. Another option is to consider conformal field
theories, in which there is no mass gap. If the theory only presupposes massless
particles, the Poincaré algebra is extended to the conformal algebra. Yet an-
other alternative is to relax the Lie group structure of the Poincaré and internal
symmetries and to unify them into a superalgebra. In particular, the theorem
assumes that the symmetry generators of the algebra only involve commutators.
Weakening this assumption to allow both anticommuting and commuting gen-
erators opens the possibility of supersymmetry, in other words, an algebra that
includes fermionic and bosonic symmetry generators.

Performing a supersymmetry transformation on a field results in an inter-
change of bosonic and fermionic fields. Exact invariance under supersymmetry
implies that every particle in nature should have a partner with the same mass
and same quantum numbers but with a spin differing by one-half. Performing
two successive supersymmetry transformations on a field leads to the same field
but with a different dependence of spacetime coordinates. It turns out that su-
persymmetry is the only possible extension of the known spacetime symmetries
of particle physics, so it is natural to include it in the study of gravity which is
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the gauge field of the Poincaré spacetime symmetries.

Supergravity is an extension of Einstein’s general relativity that treats super-
symmetry as a gauge symmetry. In other words, supergravity theories have local
supersymmetry and corresponding gauge fields, the gravitini. The gravitini are
the fermionic partners of the graviton. Including supersymmetry in a theory of
gravity turns out to be a valuable and useful technical tool. Moreover, supergrav-
ity theories arise naturally from string theory which is a major candidate for a
theory of quantum gravity. Supergravity is also an essential ingredient for super-
symmetric phenomenology and for obtaining precise predictions, often relating
strong- to weak-coupling regimes leading to the AdS/CFT correspondence.

In addition to adding new symmetries, such as supersymmetry, one could
also add new parameters to gravity. For instance, adding a mass parameter to
GR leads to a theory of massive gravitons, corresponding to case (b) in Table
1.1. Recent years have witnessed a growing interest in massive gravity as a
result of the cosmological constant problem and the discovery of the acceleration
of the universe [4,5], which could be better explained in terms of an infrared
modification of GR [6, 7] that gives the graviton a mass than by using a dark
energy component. Further motivation arises from the conjecture that some
theories involving massive gravitons could be the low energy limit of a non-critical
string-theory underlying quantum chromodynamics [8].

There are number of ways to acquire a theory of massive gravitons, one
of which is to include explicit mass terms in the Einstein-Hilbert action as in
the so-called Fierz—Pauli theory [9]. A second alternative is to consider higher-
dimensional scenarios, as in the Dvali-Gabadadze-Porrati model [10]. Other theo-
ries, referred to as bi-metric theories, consider two dynamical spin-2 fields [11-13].
Finally, one could introduce higher-derivative terms in the action as in the New
Massive Gravity (NMG) theory [14].

Massive gravity theories pose two main problems. First of all, they usually
make it necessary to work with non-linear theories because linear theories would
not yield the predictions of GR when taking the massless limit. The second
problem that we must take into account is that most massive gravity theories
are plagued with ghost instabilities (fields with negative kinetic energy). In an
attempt to resolve these problems, researchers have tried to construct massive
gravity theories in three dimensions.

Although we live in a four dimensional spacetime it is often convenient to
study gravity in different dimensions. Dimensionality is one of the main features
used to describe physical systems. For example, it is possible to build theoretical
models in dimensions higher than four, or to study systems that are in lower
spatial dimensions, such as one dimensional wires, or two dimensional interfaces.



Recently, the study of GR extensions in more than four dimensions has gained
a lot of attention, in particular thanks to the black hole solutions this offers [15].
Another motivation for studying gravity in higher spacetime dimensions is that
the AdS/CFT correspondence relates the properties of a D-dimensional black hole
with those of a quantum field theory in D — 1 dimensions [16], thus relating an
AdS black hole in the gravitational theory with a strongly coupled CF'T theory at
finite temperature [17]. Additionally, many studies have focused on this approach
because string theory is formulated in higher dimensions and it includes gravity
[18].

The quantum theory of gravitons is non-renormalizable in four dimensions.
Therefore, theorists have considered GR and its variants in three dimensions
because one expects less severe short-distance behavior in lower dimensions. This
makes it interesting to use three-dimensional gravity models to study problems
in quantum gravity.

Three dimensions are special because a massless graviton in three dimensions
has no propagating degrees of freedom (we discuss in detail the counting of de-
grees of freedom in section (3.1)). In three dimensional gravity, the Weyl tensor
vanishes identically and the Riemann tensor is therefore completely determined
by the Ricci tensor. Thus, all the components of the Riemann tensor are fixed
by Einstein’s equations and there are no free degrees of freedom. Despite this,
three dimensional gravity allows for solutions with non-trivial topology. A mas-
sive graviton in three dimensions has two degrees of freedom which is the same
number as a massless graviton in four dimensions. Therefore, in three dimensions
it should be possible to construct a theory of massive gravity that is invariant
under diffeomorphisms.

New Massive Gravity (NMG) is a higher-derivative extension of three-dimen-
sional (3D) Einstein—Hilbert gravity, with a particular set of terms quadratic
in the 3D Ricci tensor and Ricci scalar [14]. The NMG model is interesting
because although the theory contains higher derivatives, it nevertheless describes,
unitarily, two massive degrees of freedom of helicity +2 and —2. Furthermore, it
has been shown that even at the non-linear level ghosts are absent [19]. The 3D
NMG model is an interesting laboratory to study the validity of the AdS/CFT
correspondence in the presence of higher derivatives. A supersymmetric version of
NMG was constructed in [20]. In addition to the fourth-order-derivative terms of
the metric tensor, this model also contains third-order-derivative terms involving
the gravitino.

For many purposes, it is convenient to work with a formulation of this model
without higher derivatives, see, e.g. [21]. In the linearized NMG model, this can
be achieved by introducing an auxiliary symmetric tensor that couples to (the
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Einstein tensor of) the 3D metric tensor and has an explicit mass term [14].

The first GR modification that we consider in this work combines extensions
(a) and (b) from Table 1.1, we modify GR by adding an additional symmetry
(supersymmetry) and an additional parameter (a mass parameter). We work
with a supersymmetric reformulation of the NMG model (SNMG) without higher
derivatives. This requires us to introduce both an auxiliary symmetric tensor and
further auxiliary fermionic fields that effectively lower the number of derivatives
of the gravitino kinetic terms.

As previously mentioned, the rules of quantum mechanics have not been ap-
plied to gravity in a satisfactory manner up to now, although recently, many
theories have emerged as possible avenues towards the quantization of GR such
as string theory, supergravity, loop quantum gravity, Horava-Lifshitz gravity. ..
Despite these efforts, the candidate models still need to overcome major formal
and conceptual problems besides, with our current technology development on
particle physics and cosmological observations, there is no way to validate their
predictions through experimental tests.

Even though there are no experimental accessible situations where one can
check the quantum gravity framework, there are many physical scenarios that
one can imagine that require a quantum theory of gravity for their description
where we can study their properties and outcomes with our current knowledge.

Recently, Hofava proposed a new theory of gravity [22-24] based on an
anisotropic scaling of the spatial and time coordinates, which leads to the break-
ing of the relativistic invariance at short distances, with GR being recovered for
low-energy limits. The main ingredient of this theory is the anomalous scal-
ing relation between the Minkowskian space and time coordinates, breaking the
spacetime diffeomorphism invariance.

The second modification that we study in this thesis (case (c¢) on Table 1.1)
was inspired by the Lorentz violation in Hofava’s theory. We use Noether’s
theorem to study the symmetries of anisotropic actions for arbitrary fields which
generally depend on higher order spatial derivatives, and find the corresponding
current densities and charges. In particular, we consider scale invariance on higher
derivative four dimensional extensions of the scalar field and electrodynamics, and
a three dimensional Chern-Simons theory.

On the other hand, in the mid 1980s, Ashtekar pointed out that it is possible
to rewrite the equations of gravity in terms of variables that made the theory re-
semble the theories of particle physics in such a way that techniques from particle
physics could be imported to the quantization of gravity. The resulting approach
is called loop quantum gravity (see for example [25] for a brief introduction).

Loop Quantum Gravity considers GR’s insight that spacetime is a dynamical



field and is therefore a quantum object so there should be no background metric,
implying that geometry and matter should both be ‘born quantum mechani-
cally’ [25]. A second consideration in loop quantum gravity is that the quantum
discreteness that determines the particle-like behavior of other field theories also
affects the structure of space. One of the main results of loop quantum gravity
is the derivation of a granular structure of space at the Planck length.

Polymer Quantum Mechanics is a quantization that replicates some features
of the quantization in Loop Quantum Gravity. It was introduced by Ashtekar
in [26] and later used in [27-30] as a novel quantization for scalar field theories,
to construct a quantization scheme not equivalent to Schrédinger Quantum Me-
chanics. This scheme has been successfully applied to the quantization of several
cosmologies, avoiding the big bang singularity.

In order to gain a better insight on this quantization, in our third study
case (case (d) on Table 1.1) we analyze the polymer quantization via the path
integral procedure of some toy models such as the non-relativistic free particle,
the relativistic free particle, the harmonic oscillator and the simplest Friedman-
Robertson-Walker model. This scheme provides us with an effective action that
we can use to understand more deeply the non-perturbative aspects of the dy-
namical system at classical and quantum levels.

Apart from these gravity extensions, another approach to study gravity is to
test its properties in limiting cases [31-34]. Here we consider the supersymmetric
non-relativistic and ultra-relativistic limits of GR: the limits when the speed
of light goes to infinity (we combine extension (a) and limit (¢) of Table 1.1)
and to zero (combining cases (a) and (d)) respectively. Geometrically, the non-
relativistic transition can be viewed as the opening of the light cones (the cones
become space-like hypersurfaces) while the opposite ultra-relativistic transition
can be understood as the shrinking of the light cones (the cones become time-
like hypersurfaces). While the non-relativistic limit is governed by the Galilei
algebra, the corresponding algebra in the ultra-relativistic limit is the Carroll
algebra. Both invariance groups can be obtained from adequate contractions of
the Poincaré group. When starting from the AdS group, different contractions
will lead to the non-relativistic Newton-Hooke and the ultra-relativistic AdS-
Carroll groups.

There are many non-relativistic conformal field theories which describe physi-
cal systems within condensed matter physics [35], atomic physics [36] and nuclear
physics [37]. Non-relativistic versions of the AdS/CFT correspondence have re-
cently been investigated because they open the way for possible applications of
gauge-gravity duality to a variety of real-life strongly interacting systems. Non-
relativistic symmetry groups, such as the Schrodinger or the Galilean conformal
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symmetry groups, are relevant for the study of cold atoms, which have a gravity
dual possessing these symmetries [38,39]. Furthermore, in the case of strings,
non-relativistic limits may have applications in the context of non-relativistic
versions of AdS/CFT [40].

In addition, the so-called Carroll symmetries that arise in the ultra-relativistic
limit, have played an important role in recent investigations [41], for example in
studies of tachyon condensation [42]. More recently, they have also appeared in
the study of warped conformal field theories [43].

There are essentially two procedures for constructing non-relativistic and
ultra-relativistic gravity /supergravity theories. The first involves using the limits
from vielbein formulations of relativistic gravity/supergravity. As shown in [44],
such a limit can be defined and implemented in a consistent manner in the non-
relativistic case. The second procedure consists of gauging the algebras with
non-relativistic or ultra-relativistic symmetries (the gauging procedure in the
non-relativistic case was studied in [45-47]). In other words, the first proce-
dure considers the non-relativistic and ultra-relativistic limits of Einstein gravity
while the second procedure involves performing a gauging of the limit versions
of the Poincaré algebra. It turns out that the relevant non-relativistic and ultra-
relativistic versions of the Poincaré algebra represent a particular contraction of
this algebra.

Using the non relativistic limit of GR leads to the well-known non-relativistic
Galilean gravity (valid in frames with constant acceleration), Curved Galilean
gravity (valid in frames with time-dependent acceleration) and, Newton—Cartan
gravity (valid in arbitrary frames). So far, no satisfactory ultra-relativistic limit
of GR has been found.

1.1. Outline of the thesis

This thesis is organized as follows. The first part of Chapter 2 contains a
review of supersymmetry and supergravity, as these topics play an important
role in this thesis. Since we discuss different types of limits and contractions of
the AdS groups, we dedicate a section of this chapter to reviewing some features
of the different kinematical groups. We also explain the non-linear realizations
method which allows us to construct actions invariant under the symmetry group
under consideration.

In Chapter 3 we make the case for constructing a supersymmetric model of
New Massive Gravity without higher derivatives. We show how to explicitly
construct the linearized, massive, off-shell, spin 1 three dimensional N' = 1 su-
permultiplet and we comment about its massless limit as a warming-up example
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before moving on to the spin-2 case. We then discuss how to obtain a linearized
supersymmetric new massive gravity theory without higher derivatives and we
offer some comments on the non-linear case.

At the linearized level, the NMG model decomposes into the sum of a massless
spin-2 Einstein—Hilbert theory and a massive spin-2 Fierz—Pauli (FP) model [14].
In the supersymmetric case we therefore need a 3D massless and a 3D massive
spin-2 supermultiplet.

Chapters 4 and 5 are devoted to the symmetry analysis of higher order spa-
tial derivatives systems with the anisotropic scaling between the space and time
coordinates introduced by Horava and the construction of the path integral for
some physical systems in the framework of polymer quantization respectively. In
Chapter 5 we also study the measure of the integral in detail in order to obtain
the form of the exact propagators. Afterwards we analyze the effective action of
several systems and their dynamics.

Chapter 6 addresses the problem of how to describe a non-relativistic super-
particle in a curved background. Describing a non-relativistic superparticle in a
curved background requires first a supersymmetric extension of the gravity back-
grounds. Since non-relativistic supergravity multiplets have to our knowledge
only been explicitly constructed in three dimensions, we will only consider su-
perparticles in a three-dimensional (3D) background. A supersymmetric version
of the 3D Galilean background was recently constructed by gauging the Galilei,
or more accurately the Bargmann, superalgebra [48]. Our aim is to investigate
the action of a 3D superparticle first in a flat background and then in a Galilean
supergravity background without a cosmological constant.

In Chapter 7 we investigate particles whose dynamics are invariant under
the Carroll superalgebra. We investigate the geometry of flat and curved (AdS)
Carroll space and the symmetries of a particle moving in such a space both in
the bosonic as well as in the supersymmetric case. In the bosonic case we find
that the Carroll particle possesses an infinite-dimensional symmetry which only
includes dilatations in the flat case. The duality between the Bargmann and
Carroll algebra that is relevant for the flat case does not extend to the curved
case.

In the supersymmetric case we study the dynamics of the N'=1 AdS Carroll
superparticle. Only in the flat limit do we find that the action is invariant under
an infinite-dimensional symmetry that includes a supersymmetric extension of
the Lifshitz Carroll algebra with dynamical exponent z = 0. We also discuss the
extension to N = 2 supersymmetry in the flat case and show that the flat NV = 2
superparticle is equivalent to the (non-moving) AN/ = 1 superparticle making it
non-BPS, unlike its Galilei counterpart. This is due to the fact that in this case
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the so-called kappa-symmetry eliminates the linearized supersymmetry.
In the last chapter, Chapter 8, we conclude and offer some possible directions
for future research.



Preliminaries

In the first part of this chapter we review some general theoretical aspects
that we will use through this thesis. We start with supersymmetry and super-
gravity and we discuss the construction of massless and massive representations
of supersymmetry algebras in four and three dimensions respectively in order to
have a better understanding of the supermultiplets involved in the New Massive
Supergravity section.

We also make a review of the kinematical groups obtained from the differ-
ent contractions of the AdS group that we use in the non-relativistic and in the
Carroll sections. We give the generalities of the non-linear realizations proce-
dure to obtain particle actions and we discuss how to study the symmetries of
Hamiltonian systems.

2.1. Supersymmetry

The Standard Model has a huge and continued success in providing experi-
mental predictions, however it does leave some unexplained phenomena like the
hierarchy problem or the cosmological constant problem. Besides, it describes
three of the four fundamental interactions at the quantum level, and we need
a quantum theory of gravity because at energies higher than the Planck scale,
gravity becomes comparable with other forces and cannot be neglected. At this
scales quantum effects of gravity have to be included but Einstein’s theory is
non-renormalizable and therefore it can not provide proper answers to observ-
ables beyond this scale.

Supersymmetry solves the naturalness issue of the hierarchy problem. Com-
bined with string theory it solves the quantum gravity issue. It also provides

11
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the best example for dark matter candidates and it also allows one to evade the
Coleman-Mandula theorem which asserted the impossibility of putting together
spacetime symmetries and internal symmetries in a non-trivial way. Moreover,
Haag, Lopuszanski and Sohnius showed that supersymmetry is the only possi-
ble option of non-trivial interactions between internal symmetries and spacetime
symmetries. There is a lot of literature devoted to these topics, throughout
this thesis we will mainly follow the notation from [49]. Other useful references
are [50-55].

Supersymmetry is a spacetime symmetry mapping bosonic states (integer
spin) into fermionic states (half-integer spin) and vice versa. The operator @
that generates such transformation must be a spinor with

Q|boson) = |fermion) and Q|fermion) = |boson) . (2.1)

Supersymmetry is not an internal symmetry but a spacetime symmetry because it
changes the spin of a particle and the behaviour of bosons and fermions is different
under rotations. This can be seen trough the commutation relations between the
supersymmetry generators and the other ones. The operator () commutes with
time and spatial translations and also with internal quantum numbers (like gauge
and global symmetries). However, it does not commute with Lorentz generators

[Qa Pu] = 07 [Qa Mw/] 7é 0. (2.2)

We should remark here that the full supersymmetry algebra contains the Poincaré
algebra as a subalgebra, and since each irreducible representation of the Poincaré
algebra corresponds to a particle, an irreducible representation of the super-
symmetry algebra in general corresponds to several particles (because any rep-
resentation of the full supersymmetry algebra also gives in general a reducible
representation of the Poincaré algebra). The resulting states are related between
them by the ) generators and have spins differing by units of one half. They form
a supermultiplet. A supermultiplet always contains an equal number of bosonic
and fermionic degrees of freedom (here it is necessary to make a distinction be-
tween on- and off-shell multiplets. In the off-shell case, it is necessary to add
auxiliary fields to the theory in order to close the algebra off-shell and then we
will have equality of bosonic and fermionic degrees of freedom). In other words,
in all supersymmetric models each one-particle state has at least one superpart-
ner, therefore instead of having single particle states we have supermultiplets of
particle states. From the commutation relations we can also see that the particles
belonging to the same supermultiplet have different spin but same mass and same
quantum numbers.
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It is possible to write down theories with any number N of supersymmetry
generators but this number cannot be arbitrarily large, because as we will show
later on, A is related with particle states of a given spin, so by increasing N
the spin will also increase and it is very difficult to built higher spin consistent
theories. For example in 4 dimensions to describe local and interacting massless
theories with global supersymmetry, A/ can be at most as large as 4 for theories
with maximal spin 1 (gauge theories) and as large as 8 for theories with maximal
spin 2 (supergravity theories). For A/ > 9 the representations contain some
particles with spin s > 2. It turns out, that there is a one-to-one correspondence
between the massless on shell supermultiplets of N -extended four dimensional
supersymmetry and the massive on shell-supermultiplets of N extended three-
dimensional supersymmetry [56], we discuss both cases in detail in the following
sections.

2.1.1. Massless multiplets

The maximum allowed number of supersymmetry generators A, depends on
the dimension of the spinor representation of the Lorentz group which at the same
time depends on the spacetime dimensions where one is working (for example, in
ten dimensions, which is the dimension where superstring theory lives, only two
supersymmetry generators are allowed). In this section we will focus in the case
of four dimensions.

Lets consider superalgebras containing A/ > 1 Majorana spinor charges Q;q,
where « is the spinor index and 7 is the index that labels the supercharges i =
1,...N. We define the supercharges Q;, as the left-handed chiral components
and use the Weyl representation, then Q;o = (Qi1, @i2,0,0), where the i index
stands up for their hermitian conjugates QT = ((Qs1)*, (Qs2)*,0,0) so we can
use the index range o = 1,2. This gives the algebra

(PusQial =0, My, Qual = 51 liQus, Qi @9} = 58]l
(2.3)
Since the momentum operators P, commute with the supercharges, we may
consider the states at arbitrary but fixed momentum P, which for massless rep-
resentations, satisfies P? = 0, so it will be enough to consider the action of the
supersymmetry generators on a set of particle states |p*, s, \) where s is the spin
and A is the helicity of the particle (the component of angular momentum in the
direction of motion of the particle). Going to the rest frame P* = (E,0,0, E)
and

{Qia, QVP} = (8 g) & (2.4)
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hence half of the spinors must vanish on physical states while the other half will
generate a Clifford algebra. From the non-trivial generators we can choose Q;2
as the annihilation and Q1" as the creation operators. In the present frame

5.1 = -t 2.5)

which means that Q1?2 lowers the helicity of a state by 1/2 and Q;» arises it by the
same amount. Now, it is possible to choose a vacuum state (a state annihilated
by all the annihilation operators). This vacuum state will carry some irreducible
representation of the Poincaré algebra. We denote this state as |Ag). We can
construct the supermultiplet by applying the creation operator over |Ag) creating
a tower of helicity states of maximum helicity A¢g and minimum helicity Ag — %N
as

M) s [ho = 3)i s Ao = Dijy - [ho — )i (2.6)

where i = 1,...N. Note that the particle spin s = |\| is a redundant label
and p, is fixed so we omitted them when writing the states. Since the action
of different creation operators is antisymmetric, the interchange of the indices
1,7, ... is antisymmetric too and states with helicity A = \g — % have multiplicity
(],Z ) with & = 0,1,...N, see Table 2.1. The sequence stops at the multiplicity
1 state of lowest helicity Ay — %/\/' and it is easy to see that in every multiplet
Amax — Amin = %[ Summing the binomial coefficients gives a total of 2N states

State Number of states
o) 1=(7)
Ao —3) N =)
ho—1) | NNV -1)=(})

o — %) 1=

TABLE 2.1
This table gives the number of states that we will get in 4 dimensions depending on the
number of supersymmetry generators N that we are considering.

with 2V-1 having integer helicity (bosons) and N1 having half-integer helicity
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(fermions).
N
N _ -
Z = 2N = (QN 1)b050n3 + (2N l)fermions ) (27)
im0 \F

For unextended supersymmetry N = 1 each massless supermultiplet only
contains two states |Ao) and [A\g— 1). We denote these multiplets by (X, Ao — 1).
To satisfy CPT invariance and since they can never be CPT self-conjugate and one
needs to double these multiplets by adding their CPT conjugate with opposite
helicities and opposite quantum numbers. Thus one arrives at the following
massless N’ = 1 multiplets.

= The chiral multiplet (Ao = 0): contains (0,—1) and its CPT conjugate
(—i—%, 0). The degrees of freedom correspond to one Weyl fermion and one
complex scalar. This is the representation to describe a matter multiplet.

= The vector multiplet (\g = —3): consists of (—3, —1) plus (+1,+3), corre-
sponding to a gauge boson (massless vector) and one Weyl fermion (gaug-
ino). This representation describes gauge fields in a supersymmetric theory.

= The gravitino multiplet (A\g = —1): contains (—1,—3) and (+3, +1), which
describe a gravitino and a gauge boson. Notice that there is a corresponding
free field theory for a massless spin 3/2 fermion but no interacting field
theory is know for this multiplet without supergravity.

= The graviton multiplet (Ag = —32): describes a (—32,—2) and (+2,+3)
supermultiplets corresponding to the graviton and the gravitino. This is
the supergravity multiplet.

For N/ = 2 the supermultiplets will contain 22 = 4 states and again it is
necessary to add their CPT conjugates so we will get

= The matter multiplet or hypermultiplet (Ao = 1): contains 2x(3, 0,0, —3)
corresponding to two Weyl fermions and two complex scalars. Note that
although this multiplet is self-conjugate it requires to be doubled because
of hermiticity. This can be decomposed in terms of two N = 1 chiral
multiplets.

= The gauge multiplet (Ao = 0): consisting of (0,—1,—% —1) and (+1,+1,
+%, 0), so the degrees of freedom are those of one vector, two Weyl fermions
and one complex scalar. This supermultiplet can be decomposed in terms
of one N = 1 vector and one N = 1 chiral multiplets.
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= The gravitino multiplet (Ao = 3): describing a (+3,+1,+1,+3) and (-1,
-1, -1, —%) corresponding to a spin 3/2 fermion, two vectors and one Weyl
fermion.

= The graviton multiplet (Ao = 2): containing (+2,+3,43,+1) and (-1, -3,

—3,-2) a graviton, two gravitini and a vector.
2

Consider now the N' = 4 case

= The vector multiplet (A9 = +1): consisting of (1 x (+1),4 x (+3),6 x
(0),4 x (—3),1 x (—1)). This is the only multiplet in A" = 4 with states
with helicity A < 2. It consist of three A/ = 1 chiral multiplets plus their
CPT conjugates and one N' = 1 vector. Or one N' = 2 vector multiplet and
two N = 2 hypermultiplets plus their CPT conjugates.

= The gravitino multiplet (A\g = +3): contains (1x(+3),4x (+1),6x (+3), 4x

(0),1 x (—3)) plus its CPT conjugate.

= The graviton multiplet (Ao = +2): consisting of (1 x (+2),4 x (+3),6 x
(+1),4 x (+3),1 x (0)) and its CPT conjugate.

Finally, for N' = 8 generators we obtain
= The maximum multiplet: (1x (£2),8x (£3),28x (£1),56 x (£3), 70 x (0)).

It is important to note that renormalizable theories have spin s < 1 implying N <
4. Therefore N’ = 4 is the largest supersymmetry for renormalizable theories with
global supersymmetry. Besides this, the maximum number of supersymmetries
is A/ = 8 otherwise we will have particles with spin higher than two and theories
with more than one graviton. Supergravity theories will be those involving one
spin-2 graviton, A spin-3/2 gravitini, and, for /' > 2 lower spin particles.

2.1.2. Massive supermultiplets

Having discussed the algebra and representations of extended massless super-
symmetry, we will turn now to the case of massive supersymmetry AV > 1 in three
dimensions. In this section we follow the discussion given in [56]. The algebra in
this case is

1

. 1 .
[P,LU Qia] = Oa [M;wa Qia] = _5[’7uu]gQiﬁ ) {Qiay QUB} = 553 [VMVO]QPM )

{Qia, Qi) = €ij 205, {Q1,QVP} = IZP
(2.8)
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these are superalgebras with central charges. The generator Z and its complex
conjugate Z commute with all generators of the full algebra. Because of the
presence of €;;, there is no possibility of central charges for the simplest algebra
N =1.

In general, massive multiplets are bigger than massless ones because the num-
ber of non-trivial generators is not reduced, unlike for the massless case where
one-half of the generators vanishes. However, it is possible to have a shortening of
the massive representation in the presence of special values of the central charges.
The shortened supermultiplets are known as BPS multiplets.

In the rest frame where P, = (m,0,0) and P? = m? > 0, the supersymmetry
algebra becomes

Since the central charges can or can not be non-vanishing, we will just focus in
the vanishing central charges Z = 0 case.

There are 2\ creation and annihilation operators Q1 and @Q;4 respectively
(with A = 1,2), in this case QT4 lowers the helicity by % and Q;4 rises it by
the same amount. In 3D the helicity A is equal to the Pauli-Lubanski pseudo
scalar divided by the mass. We can define a vacuum state with mass m and spin
s as |Q) which is annihilated by both @;4 and act with the creation operators to
construct the corresponding massive representation

1), Q1410), QUEQTA|Q), QTP QIEQTA |, ..., @WE .. Q4|Q),  (2.10)

leading to 2V states with helicities ranging from A to A+ N /2. Tt turns out that
formally these are the same massless particle multiplets in four dimensions for
N-extended supersymmetry.

Helicity | +2 +3/2 +1 +1/2 0 -1/2 -1 -3/2 -2
N=1 1 1

N=2 1 2 1

N =4 1 4 6 4 1

N =38 1 8 28 56 70 56 28 8 1

TABLE 2.2
This table gives the multiplets containing the +2 helicities for N'=1,2,4 and 8
supersymmetries.
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One important difference between the 4D and 3D theories is that the last
one has half the total number of supersymmetries. The correspondence between
4D and 3D theories is for supermultiplets, and not for free field theories as it is
explained in [56].

2.2. Supergravity

Supergravity is a field theory that combines general relativity and supersym-
metry, therefore, supersymmetry holds locally in a supergravity theory (in other
words, supergravity is the supersymmetric theory of gravity, or equivalently, a
theory of local supersymmetry). The theory will be invariant under supersym-
metry transformations in which the spinor parameters are arbitrary functions of
the spacetime coordinates. The gauge field of supersymmetry is a spin 3/2 field
Yy called gravitino and it is the supersymmetric partner of the graviton.

The supersymmetry algebra (see (2.8)) will then involve local translation pa-
rameters which must be viewed as diffeomorphisms. Take the anticommutation
relation

{Qia, Q) = 367 (7,71 2 PH, (2.11)

this indicates that having general coordinate transformations is equivalent to have
local supersymmetry. Thus local supersymmetry requires gravity. The converse is
also true. In any supersymmetric theory which includes gravity, supersymmetry
has to be realized locally. The reason is that a constant spinor is not compatible
with the symmetries required in a theory of gravity with fermions. One must
extend the constant parameter to a local one.

Since Einstein’s gravity is a gauge theory of local symmetry, then the genera-
tors of rotations M, and the translation generators P, have corresponding gauge

fields wzb, the spin connection, and ej;, the vierbein (where a,b = 0,...,D —1
are Lorentz gauge group indices and p,v = 0,...,D — 1 are spacetime indices).

Thus, the vierbein and the spin connection transform under general coordinate
transformations as collections of vectors. A vierbein formulation of gravity is
necessary since supersymmetry will require the presence of spinor fields. The
gauge fields have corresponding field strengths Rz,bj, the Riemann curvature ten-
sor, and C}, the torsion. Setting the torsion to zero allows us to solve for the
spin connection in terms of the vierbein, which leaves a theory with two degrees
of freedom: the graviton.

A supergravity theory is an interacting field theory that contains the gravity
multiplet plus other matter multiplets of the underlying global supersymmetry

algebra. The gauge multiplet consists of the vierbein eZ(x) describing the graviton
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plus the supersymmetric partners of it, a specific number N of vector—spinor fields
1/1,2(1:), i =1,...,N, the gravitini. In the basic case of N’ = 1 supergravity in four
spacetime dimensions, the gauge multiplet consists entirely of the graviton and
one Majorana spinor gravitino.

2.3. Kinematical Groups

Spacetime symmetries have played a central role in the understanding of var-
ious physical theories such as Newtonian Gravity, Maxwell’s Electromagnetism,
Special Relativity, General Relativity, Strings and Supergravity. Most of these
models are based on relativistic symmetries. An example of a model with non-
relativistic symmetries is Newtonian Gravity which is based on the Galilei sym-
metries. Such non-relativistic symmetries arise when the velocity of light is sent
to infinity.

A less well known example of a non-relativistic symmetry are the Carroll
symmetries which arise when the velocity of light is sent to zero [32]. In this sense
the Carroll symmetries are the opposite to the Galilei symmetries. This can also
be seen by looking at the light cone which in the Carroll case, at each point of
spacetime, collapses to the time axis whereas in the Galilei case it coincides with
the space axis, see Table 2.3.

c— 00 c— 0

TABLE 2.3
The diagram at the left shows the transition Einstein—Newton that occurs in the limit
¢ — 00, geometrically it can be viewed as the opening of the light cones. The diagram at the
right shows the transition Einstein— Carroll that occurs in the limit ¢ — 0 which can be
interpreted as the shrinking of the light cones.

A systematic investigation of the possible relativity groups' was initiated by
Bacry and Lévy-Leblond [31]. They showed that all these groups can be obtained
by a contraction of the anti-de Sitter (AdS) and de Sitter (dS) groups. There are
eleven kinematical Lie algebras:

LA relativity group is an invariance group of a physical theory that contains the generators
of special relativity: time translations, spatial translations, boosts and spatial rotations.
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= Two simple Lie algebras: the dS and AdS algebras.

» Five solvable Lie algebras: the Poincaré (P) algebra, two Newton-Hook
(NH.) and two AdS-Carroll (AC4) algebras.

» Three nilpotent Lie algebras: the Galilei (G), the Carroll (C) and two Para-
Galilei (PG) algebras.

AdS
c—0 c—00
R—o00
AC P NH
c—0 c—00
R—o0 R—o0
C G

TABLE 2.4

The figure displays the different contractions of the AdS group. The different abbreviations are
explained in the text.

As Table 2.4 shows there are three different types of contractions’: the non-
relativistic limit ¢ — oo of the AdS group leads to the Newton-Hooke (NH)
group. The flat limit R — oo leads to the Poincaré (P) group and the ultra-
relativistic limit ¢ — 0 leads to the AdS-Carroll (AC) group [32]°. In a second
stage, the flat limit of the AdS-Carroll group and the ultra-relativistic limit of
the Poincaré group leads to the Carroll (C) group while the non-relativistic limit
of the Poincaré group and the flat limit of the Newton-Hooke group leads to the
Galilean (G) group.

All the algebras corresponding to the kinematical groups given in Table 2.4
contain the same commutators involving spatial rotations. These commutators
are given by

[Mab7 Mcd] = 277a[ch]b - 2nb[CMd]a7 (212)
[Maba Pc] = 260[bpa} ) [Maba Kc] = 260[17Ka] ) (2'13)

2In this thesis we will only consider the AdS case.
3Bacry and Lévy-Leblond [31] call this algebra the para-Poincaré algebra.
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wherea = 1,...,D—1, for a D-dimensional space-time. The Galilean algebra can
be extended with a central charge generator Z to the so-called Bargmann algebra
[57]. It has been recently shown that there is a duality between this Bargmann
algebra and the Carroll algebra by the exchange of Z and the generator of time
translations H [33]. Note that this duality does not extend to a duality between
the Newton-Hooke and AdS-Carroll algebras. This is due to the expression for
the commutator [P,, Py], see Table 2.5

[Fo, Kb | [H,Ko] | [H, Fa] | [Pa, B] | [Ka, Kb

AdS o H P, —#KG %Mab My
Poincaré o H P, 0 0 My
Newton-Hooke A P, — #K o 0 0
AdS-Carroll daH 0 - %Ku %Mab 0
Galilei A P, 0 0
Carroll o H 0 0 0 0
TABLE 2.5

This table gives an overview of the algebras of the relativity groups that we consider.

The next thing to do is to consider a supersymmetric extension of the bosonic
relativity groups given in 2.4. We construct the A/ = 1 superalgebras in any
dimension (see Tables 2.5 and 2.6, where @ stands for the generator of supersym-
metry).

All these algebras contain the same commutator between spatial rotations and
supersymmetry generators

[May Q) =~ 57Q (2.14)

Note that an adequate Newton-Hooke superalgebra should contain commutator
relations that yield {Q, Q} ~ H and {Q, Q} ~ P, that is, the commutator of two
supersymmetries gives time- and space-translations. For A/ = 1 this cannot be
achieved, in order to obtain a true supersymmetric extension of the Bargmann
algebra in which the anti-commutator of two supersymmetry generators gives

4Note that the AdS Carroll algebra is formally isomorphic to the Poincaré algebra by replacing
the AC generators of time/spatial translations and boosts according to H — %H , Po — %KG
and K, — P,. We thank Sergey Krivonos for pointing this out to us.
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N=1 (Ko, Q] | [H,Q] | [P, Q] {Qa,Qp}
AdS —’Y%OQ ;IO{Q ;T“% 2[7A071]Q5PA + %[’}/ABcfl}aﬁMAB
Poincaré — 10 0 0 2[yAC Y5 Pa
Newton-Hooke 0 0 0 20087
AdS-Carroll 0 0 757 @ [VOC Y asH + £[v*°C Y apKa
Galilei 0 0 0 20087
Carroll 0 0 0 YO asH

TABLE 2.6
In this table we give the (anti-)commutators of the N' = 1 superalgebras that involve the
generators () of supersymmetry.

both a time and a space translation we need at least two supersymmetries. On
the other hand the AdS Carroll superalgebra has a conventional supersymmetry
algebra, where the energy and boost generators appear in the anti-commutator
of the supersymmetries.

One way to obtain N' = 2 locally supersymmetric theories in three space-
time dimensions is through dimensional reduction from four dimensional N' = 1
supersymmetric systems, however, there are theories which cannot be obtained
from such procedure. Such theories contain Chern-Simons couplings, in [58] is
showed that in three dimensions NV -extended AdS supergravity exists in several
incarnations [59,60]. These were called the (p, ¢) AdS supergravity theories where
the non-negative integers p > ¢ are such that N' = p+ ¢. The N' = (p,q) no-
tation refers to the associated 3D AdS supergroups OSp(2,p) @ OSp(2, q) with
R-symmetry group SO(p) x SO(q).

There are two different independent versions of the N' = 2 supergravities in
three dimensions, the so-called N’ = (1,1) and N = (2,0) representations.

The basic commutators of the 3D N = (2,0) AdS algebra are given by those
on Table 2.5 plus

1

Map @' = —57pQ,  [PaQl=2omQ,  [R.Q=207Q,
{Q4, Q) = 27" C 7 MapPadV + 22[y*PCapMaps” + 2(C ase' R,

(2.15)
where (A = 0,1,2;i = 1,2). Here P4, Map, R and @, are the generators of space-
time translations, Lorentz rotations, SO(2) R-symmetry transformations and su-
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persymmetry transformations, respectively. The bosonic generators P4, Map
and R are anti-hermitian while the fermionic generators Q¢ are hermitian. The
parameter x = 1/(2R), with R being the AdS radius. Note that the generator of
the SO(2) R-symmetry becomes the central element of the Poincaré algebra in
the flat limit = — 0.

To show that the above algebra corresponds to the N' = (2,0) AdS algebra it
is convenient to define the new generators

Mg = ecapM*4E, Ji=PataMy. (2.16)

In terms of these new generators we obtain the following (anti-)commutation
relations:

[J1, Q"] = 2274Q", QL. QLY =20 A C ap 567, (2.17)

while the charges Q" do not transform under J;. This identifies the algebra as
the /' = (2,0) AdS algebra.

We now consider the 3D N = (1,1) anti-de Sitter algebra which is given by
the commutators on Table 2.5 and the following (anti-)commutators:

[MABa Qi] = _%’YABQi ) [PA> Qi} = :l:l"YAQi )
(2.18)

{Q%,Q5} =4 C VapPa £ 4a[y*PC NopMag

Here Ps, Map and Qg are the generators of space-time translations, Lorentz
rotations and supersymmetry transformations, respectively. The bosonic gen-
erators P4 and M sp are anti-hermitian while the fermionic generators Qf are
hermitian. The parameter x = 1/(2R) is a contraction parameter.

If we consider the AdS superalgebra (2.18) it is easy to show that this algebra
corresponds to the AN/ = (1, 1) representation by redefining

Me = ecapMAE Jy =Pyt aMy. (2.19)
This gives the (anti-)commutation relations

T, Q@1 =207aQ", [J-,Q7]=—2074Q", {Q,Q5} =40"C apJx,
(2.20)

where the N' = (1,1) character is manifest.
Together with the bosonic commutators in Table 2.5 the algebras of the kine-
matical groups that we study in this thesis are given in Tables 2.7 and 2.8 for
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N=20 | [Ko, Q'] | [Ka, Q7] | [H, Q"] | [H,Q7] | [Po, Q7] | [P, Q7] | [2,Q7] | [2,Q7]
AdS | -0Q7 | -BQT | ROV | QT | #QT | FQT | —TRQT | -HQ
p —lQm | et 0 0 0 0 0 0
NH | -20Q- 0 -2t | 3o~ | 2@ 0 0 0
AC 0 0 0 0 2Q™ | 22QF 0 0
G — 200 0 0 0 0 0 0 0
C 0 0 0 0 0 0 0 0

TABLE 2.7

This table gives an overview of the commutators of the N' = (2,0) superalgebras that involve
the supersymmetry generators Q4+ and Q—

N =(2,0) {Qf,QF} {Q..Q5} {Qf,Q5}
00,0 H ] (1% os P
AdS e o 2°CasZ e
+352 [V C 7 ap Map b Jas +arv*PC M asMap
Poincaré (Y CapH 2[°CYapZ [V CapPa
- [y°C~asH 0 -1 [°C agPa
Newton-Hooke O Mo 2V C apZ +oL 9001, 5K,
AdS-Carroll VOO~ Yos(H +227) YO C Y as(H — 22) 32 [1°C 0K,
Galilei YOO apH 2[°C s Z [V*CapPa
Carroll (YO ap(H +22) | /°C~Yap(H —27) 0
TABLE 2.8

This table gives the anticommutators of the N' = (2,0) superalgebras that we studied.

the N' = (2,0) case and in Tables 2.9 and 2.10 for the N' = (1,1) case. In order
to compare the (anti-)commutators of all the kinematical groups we rewrote the
generators of the AdS algebras Py, My and Q"2 in terms of the generators H,
K, and Q*.

The Newton-Hooke superalgebra that we will use is obtained by contracting
the N/ = (2,0) AdS superalgebra. The reason why we do not use the N' = (1,1)
AdS algebra for the contraction in this case is essentially the same reason as
why we are interested in A/ = 2 rather than A/ = 1 algebras. Taking the non-



2.4 Non-Linear Realizations 25

relativistic contraction thereof amounts to taking the simultaneous contractions
of two independent N = 1 algebras. However, we already argued that this
cannot lead to a superalgebra of the desired form. On the other hand, for the
ultra-relativistic limit, the A/ = (2,0) and N' = (1,1) AdS Carroll algebras are
not isomorphic. We will see in Chapter 7 that the associated particle actions are
rather different.

N=(1) | [Ke, Q7] | [H, Q7] | [H Q7] | [Po, Q7] | [Pa, @]
AdS 0 ;—%Q‘*‘ _;TO%Q_ ;T%Q—&- —%Q_
P 0 0 0 0 0
AC 0 0 0 Qb | —25Q-
C 0 0 0 0 0
TABLE 2.9

This table gives the commutators of the N' = (1, 1) superalgebras that involve the
supersymmetry generators Q+ and Q—.

N =(1,1) {QF,Q5} {Q. Q51
ass | OOC dePs O e
+55 7P C apMap | =5 PC asMas
Poincaré (Y20~ apPa [vAC™HasPa
01 0—1
AdS-Carroll +%2[§ao%_]fﬁf K _%QRGOCC_]?]‘Z ",
Carroll 2[/°CY,sH 2y°CY,sH
TABLE 2.10

This table gives the anticommutators of the N = (1, 1) superalgebras of the kinematical
groups that we are considering.

2.4. Non-Linear Realizations

Non-linear realizations have played a very important role in our understand-
ing of symmetries in quantum field theories and in particle physics in general.
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Given a quantum field theory with a rigid symmetry group G which is spon-
taneously broken to a subgroup H, in many circumstances, its effective theory
is described by the non-linear realization of G with local subgroup H. Having
deduced the non-linear realization, one has discovered the symmetry G of the
underlying theory and possessing the symmetry one may then use it to try to
understand the underlying dynamics that it has. In this section we review this
procedure and later on we will use it when we discuss the non relativistic and the
Carroll superparticle sections.

In the original approach [61,62] Callan, Coleman, Wess and Zumino follow a
method in terms of coset representatives’. We use a reformulation of the theory
of non-linear realizations in terms of the group elements of G themselves rather
than those of the coset G/H [65,66]. Let us consider a Lie supergroup G, a
subgroup H, and the coset G/H. We will use the following notation for the Lie
generators:

GAEG, H, e H, G[EG/H. (2.21)
The generators of the supergroup satisfy the graded commutation relations
[Ga,Gp} = fipGe. (2.22)

The bracket structure {, ] signifies either commutator or anticommutator, ac-
cording to the even or odd character of the generators. The structure constants
are graded anti-symmetric

(—)48 = —1 when A and B refer to odd
95 =—(=1)A4BfS, . where generators ,
(—)AB = +1 otherwise .
(2.23)
We will use the conventions corresponding to independent parity for forms and
Grassmann variables. For instance, the rule for a 0-form as G 4 and for a 1-form
as L® would be
LAGp = (—)*PGRLA, (2.24)

whereas for two 1-forms
LALP = —(—)ABLBLA. (2.25)

We consider group elements g(z) of G and take the symmetries of the non-linearly
realized theory given by

9(2) = g0g(2) and g(z) = g(2)h(z), (2.26)

SFor an early application of this method in a different situation than the one considered
in this work, namely to the construction of worldline actions of conformal and superconformal
particles, see [63,064].
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where h € H is a local (that is, spacetime dependent) transformation that belongs
to H and gp € G is a rigid transformation (that is, does not depend on spacetime)
that belongs to G. We note that the rigid and local transformations may be
carried out completely independently. This defines what the non-linear realization
is and one only has to find the dynamics that is invariant under this symmetry.

This theory contains gauge degrees of freedom that can be fixed using the
local H transformations. This formulation is a non-linear realization of a group
G with local subgroup H. The global G transformations of the coordinates
z’s are determined up to the local H transformations and are in general non-
linear. This general approach can be used for spacetime symmetries as well as
internal symmetries of fields. One can recover the original approach using from
the beginning these local H transformations to set to zero some fields (fixing
the gauge freedom) and so work only with coset representatives, it would also
require the H-compensating transformations for the global gy transformations.
In this section we will review this more general way of constructing non-linear
realizations and in the non-relativistic and Carroll sections will choose specific
examples of the coset.

Let us now consider the structure equations for the forms LA. The usual
method is to consider the Maurer-Cartan (MC) one form which belongs to the
Lie algebra and so can be written in the form

O =g ldg=GuLA. (2.27)
This equation defines the set of 1-forms L“ and satisfies the MC equation
dQ = G4dL? = d(g'dg) = dg~ dg = —g 'dgg~ dg = —Q A Q, (2.28)
and

1 1
OAQ = (=)APGLGELANLE = 5(—)AB[GA,GB}LAALB = —§ffBGCLBALA,

(2.29)
therefore we get the structure equations for the L4’s
1
dL¢ — 5ff{BLB ANLA=0. (2.30)
When the forms LA are considered as depending on the parameters z#, we have

LA = d2B Lg. In order to evaluate the properties of transformations of the MC
form with respect to an infinitesimal variation of the group element g, it is very
useful to introduce the following quantity

Qs =g Yg. (2.31)
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Notice that formally Q5 —  when §g — dg. We may now evaluate the variation
of  to get
00 = dQs — [Qs,9], (2.32)

which does not depend on the grading. Let us now consider a generic variation
of the parameters z4 and define

Qs = Galo2] = (—)2024Ga, [0z = 02514, (2.33)

we get
§(GAL™) = d(Ga[027) — [Gl025], GeLE]. (2.34)

Using the identity
[O1c1, O2¢2] = [O1,02}cacq (2.35)

valid for graded c-numbers ¢;’s and graded operators O;’s, i = 1,2, with deg[¢;] =
deglO;], we get
[GB[62"],GeLY) = fReGaLC[527], (2.36)

and therefore
SLA = d([622]) — fAoLC02P]. (2.37)

Now, the central problem in the theory of non-linear realizations is to con-
struct an action. Let us consider {B;} as the set of generators of broken (su-
per)translations (it can also include central charge extensions), {T;} the unbroken
translation generators, { H;} the generators of the stability group H and {K;} the
remaining broken transformations. We now consider the coset element g = gg U,
where gg is the coset representing the group (super)space of broken and unbroken
translations and U is in terms of the generators {K,}. We may write go and U
in terms of an exponential parametrization as

go = T (@) Bizh (@) (2.38)

where the z; are the Goldstone bosons of the symmetry generators 7T; and B;,
and U = eX*x () where U is parametrized by the Goldstone bosons of the G;
symmetry transformations.

As a warming up example let us consider the basic commutators of the AdS
algebra given by (A=0,1,...,D —1)

[Mag, Mcp) = 2naicMpip — 2nBjcMp)a ,
) (2.39)

[Mag, Pc] = —2nc(aPpy [Pa, Pp] = —3Map .
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Here P4, and M 4p, are the generators of spacetime translations, and rotations
respectively and both of them are anti-hermitian.

To make the non-relativistic and the ultrarelativistic contractions in the fol-
lowing sections, we rescale the generators with parameters w, a and 3 as follows

(a=1,...,D—1):

Py=aH, My =wK,, R =BR, (2.40)

and divide the commutators in the following way

[Maba Mcd] = 2(Sa[cjwd]b - 2(Sb[cjwd]a ) [Jaba (P/K)C] = -2 5c[a(P/K)b] >

1 1 o'
[Kava] = ﬁMab7 I:Paupb] = WMCLIJ) [P(I?Kb:l = aéabHa
1 w
[HaKa]:@Pa) [H,Pa]:—WKa
(2.41)
We consider the coset o AdS
—_— = 2.42
H SO(D-1)’ ( )
and the coset element g = go U, where gg = eftef®* is the coset representing the

AdS space and U = eX+** is a general boost. Here, the complete set of generators
is given by {G;} = {H, P,, Ko, Mg}, where

{T;} = H is the unbroken time translation,
{B;} = P, are the broken translation generators,
{K;} = K, are the broken AdS boost generators,

are the generators of the stability group

{Hi} = Map in this case the spatial rotations.

The z%(a = 1,...,D — 1) are the Goldstone bosons of broken translations, ¢
is the Goldstone boson of the unbroken time translation® and U is parametrized
by the v, Goldstone bosons of the broken AdS boost transformations.

The reason to consider the coset element in terms of gg and U is because in
this way we have that for a general symmetric spacetime gq is the coset element
representing the ‘empty’ (super-)spacetime, while U represents the broken sym-
metries that are due to the presence of a dynamical object, in our case a particle,

5The unbroken translation P, generates via a right action [67,68] a transformation which is
equivalent to the world-line diffeomorphisms.
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in the ‘empty’ (super-)spacetime. For the case of a particle U is given by the
general rotation that mixes the ‘longitudinal’ time direction with the ‘transverse’
space directions. If we would like to consider as a dynamical object a p-brane, we
should consider as U the general rotations that mix the longitudinal and tranverse
directions [68].

First we write out the Maurer-Cartan form 2y associated to the AdS space

Qp = galdgo = He? + Pe® + Kw™ + Myw®, (2.43)

where (e, ¢?) and (w,w?) are the space and time components of the Vielbein
and spin connection 1-forms of the AdS space, respectively. If we parametrize the
AdS space as efftefa®  the Vielbein and spin-connection 1-forms corresponding

to the AdS space are given by

e = dt cosh L ,

BR
1
e = ﬁ—Rdm‘“ sinh —— + =z xbdmb(l — B—R sinh —)
x BR 22 BR (2.44)
w0 = a/@ Rdtm smhﬁ
1 T
ab _ b 7,.a] e
w x2$ dx (cosh iR 1) .

We now insert a particle in the empty AdS space and consider the Maurer-Cartan
form of the combined system:

Q=g ldg=UQU +U™dU = GAL,. (2.45)
Using these formulae we find that the Maurer-Cartan form €2 is given by

v ..
Ly = e cosh — 4+ — sinh —v,e?,
w v w

R
Lp® =¢® —|— smh e v® + &(coshg — l)v“vbeb
w

Lk =— smh Y v + - (1 — ~Zsinh — ) 4 + WP cosh =
v

w v w

1 9w (2.46)

+ = (1—cosh )w vpv? +—smh ~vpw,
v w

1 1
LM“b = w“b + —sinh —v[bw‘z]o + —2(cosh v_ l)v[bdv“}
wv w v w

2
- ( cosh v_ l)vcv[bw“]c .
v w
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Finally, the construction of the most general action with the lowest number
of derivatives is obtained by taking the pull-back of all the L’s invariant under
the subgroup H of the representations that arise in the Cartan form. The result
is unique up to a few possible constants.

2.4.1. Limits vs Non Linear Realizations

There are two ways of obtaining the (super)particle action starting from the
AdS algebra (see Table 2.11).

AdS NLR AdS
Algebra Action
c— 00 c— 00
c—0 c—0
AC NH n~r  AC NH
Algebra Algebra Action Action
TABLE 2.11

Contruction of the AC and the NH action.

The first method consist in using the non-linear realizations method (NLR)
over the AdS algebra (2.41) written in terms of the contraction parameters and
taking the AC or the NH limits from the Maurer-Cartan one-forms (2.46) as
follows

s Newton—Hooke limit: define the contraction parameters as
azi, b=w, w—oo. (2.47)
= Carroll limit: in this case, the parametes are given by

a=, g=1, w— 00. (2.48)
After taking these limits the results are the same as those given in sections 6 and
7 respectively. Even though this is a general procedure from where we can obtain
the results of both limits, a drawback arises when going to the supersymmetric
case where the calculations become tedious.
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The second way, explained in detail in sections 6 and 7 for the non-relativistic
and Carroll limits respectively, consists in taking the NH and AC limits over the
AdS Algebra, leading to the corresponding non-relativistic and ultra-relativistic
algebras, then taking the non-linear realization in each limit to obtain the action
and transformation rules.

2.5. Group averaging method

The group averaging method (see for example [69-71]) is a formalism to derive
the physical Hilbert space for a system with constraints.

Let us assume that there is only an unique constraint G. For a given arbi-
trary state |¢p;,) in the kinematical space Hp;, (where all the constraints are
well defined) we can obtain an averaged state [1)pnys) (solution of the constraint

equation, i.e. .C;thys) =0) by
|Yphys) = /_ AN em Y [Ypn) (2.49)

where we introduced an A factor for convenience. The Kernel for this transfor-
mation is given by

(o] . ~
G(xy,ty; x4, t;) = / dX(zys,ty \eﬁ)‘g\xi,m. (2.50)
o0

If we decompose the evolution in N intervals of length € = 1/N
. A N . PN
en?9 = [ enro, (2.51)
n=1

and inserting a set of a complete base of the form 1 = [ dt,, dzy|zn, tn) (Tn, tnl,
we can rewrite the Kernel as

G(xg,tr; i, t;) :/ood/\ H {/Oodtn/ooda:n} H<xn7tn\656/\9”|xn_1,tn_1>,
- n=1 - - n=1

(2.52)
where the final and initial state are (zp,t,|= (xf,tr| and |zo,t0) = |xi, ;)
respectively.

On the other hand, we can write the physical state as

Yphys (T, 1) = (@, t[phys) = /dm’/dt’G(m,t; o ) i (2, 1), (2.53)
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which means that we can use the Kernel G(xf,ts; x;,1;) to extract a physical
state from a kinematical state.

Now, if |pkin) and |tg,) are kinematical states mapped to physical states
(|éphys) and [¢phys) respectively) according with the definition (2.49) the physical
internal product is defined as

(¢phys|¢phys> :<¢kzn|/dAe%Ag|wkzn>

(2.54)
:/dx dx’ dt dt’ Prin(x,t) G, t; 2 ) Ypin (/)

and all the information of the quantum dynamics is codified in the extraction
amplitude G(x¢,ts; x;,1;), which is the transition amplitude from z; at the time
t; to s at the time ¢;.

To exemplify the procedure, in the next section we will show how to use the
averaging method to calculate the Kernel for the relativistic particle to obtain
the usual result. This will be useful for the polymer path integral which we will
discuss in chapter 5.

2.5.1. The relativistic free particle

The action of a relativistic free particle of mass m is

s
- fc/ dr (a’:udz“ - m2)\> , (2.55)
2 )y TN

and can be written in an equivalent way as
1 ) 1./1 9
S :/ dr |pua* + 5)\ —pupt +mc)| , (2.56)
0 c

where z#(7) are the coordinates of the particle in a D dimensional Minkowski
space in function of the arbitrary time parameter 7. The parameter A acts as the
Lagrange multiplier for the constraint

s 1 /1,
g= 5 (cpup“ + m20> . (2.57)

Using that
(@nle™ 7@, 1) =

1LA\P = 5 i 1/1
=\57 —|—ed= | - H 2 B bt
- <27rh) [wd pneXP{h { 6)\2 (Cpunpn +m c) + Pun, (mn xnl)}
(2.

l .

8)
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We can use the group averaging method to calculate the Kernel (2.50) where the
physical internal product is

N-1{ oo N

(e #0a) = TT | [ d%a] TLteale#9%0,)
n=1 - n=1
N - oo N-1 D71

NS Rl 1 Er——
n=1 o n=1 /.LZO

exp{ [pw (;c/; - a:g‘) i ( ~Pu P +m c)”

1
<27rh) / d pNexp{—h {eN)\ (Cpm\,p’]@ +m2c> — Pun (a:’]f, —mé‘)]} .

(2.59)
The term p,, (mff — x’iil) inside the exponential (2.58) combined with the inte-

gral over x,, in the product (2.59) would lead to a Dirac delta over the momentum
Py, for each one of the D coordinates. We will only have N — 1 of these Dirac
deltas but N integrals over p, so an integration over the py momentum would
remain.

Integrating over A we get the Kernel

1\? > p
G(:Uf;:ni):/d)\<27rh) Lmd DN

] 1
exp {_h [eNA (CpuNpZ + m%) — Dun (:U‘I‘V — xé‘)} }
(2.60)

We can simplify this expression by making the integration over the momentum
or over the Lagrange multiplier. In the first case, integrating over py we obtain

Glzypai) = <27mh)\> /d)\exp{2h (XAXN Am2)} , (2.61)

where we used X# = 2!\, — xfy and eN = 1. This is the result obtained in [72].
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In the second case, integrating over the Lagrange multiplier, we get

1 \P [ 4rh i
G(xf;xi> = (271'ﬁ) /_ dDPN( T C) (5(pMNp’]f] —|—m202)eﬁpu1\r($§<{*$5)

-
1 \P7tr2eN o
_ (Y =C qb-1
% [eé(m?vzg)\/zm e k@)
2V/pP? +mc
(2.62)

In the last step we integrated over pg using the Dirac Delta and we used the metric
(—,+,++...). This propagator coincides with the usual result (for example given
in [73]).

2.6. Killing Equations

Killing vectors £ are vector fields that generate a symmetry of the metric
guv (the symmetries of a metric are also called isometries of spacetime). Given
a metric, Killing vectors should satisfy the Killing equations. Solutions, if they
exist, represent symmetry transformations of the spacetime. Killing vectors form
a Lie algebra and this resulting algebra of these Killing vectors is the Lie algebra
of the isometry group of the metric.

The Killing equations are applied to two kinds of problems:

1. Determining the metric of a spacetime whose symmetries are assumed.
2. Finding the symmetries of a spacetime.

In this section we focus on the second problem. Given an action we show
the Lagrangian and Hamiltonian procedure to find the Killing equations, whose
solutions will give the symmetries of the system. Both formalisms coincide. As
warm up examples we apply these formalisms to the massive relativistic particle
in the bosonic and in the supersymmetric cases.

2.6.1. Massive Relativistic Particle

The first example that we consider is the bosonic free relativistic particle of
mass M, here p=0,1,...D — 1.
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Lagrangian Formalism

We consider the action of the free massive relativistic particle

,9::A4J/d7,/—¢#¢u‘ (2.63)

Let us consider that the transformation of the coordinates is given by
dzt = &H(x), (2.64)

the invariance of the variation of the action under the symmetry transformations
0S8 = 0 lead to the following Killing equations

Oply + 0,E, = 0. (2.65)

The solutions of (2.65) are simply &#(z) = a* + M x,,, where a* and \* are con-
stant parameters. These are precisely the infinitesimal translations and Lorentz
transformations of the Poincaré algebra.

Hamiltonian Formalism

The canonical action of the free massive relativistic particle given by
. €/ 2 2
S = /dT(pu$M - i(p + M?)). (2.66)
The basic Poisson brackets of the canonical variables occurring in this action are
{zu,pv} =6, {e,me} =1, (2.67)
Dirac’s Hamiltonian will be
Hp = g(pQ + M?) + A, (2.68)

The equations of motion are

1
H = eph, =0, =M\, 7‘1-62—5(2-1-M2), (2.69)

We will take as the generator of canonical transformations

G = p & + e, (2.70)



2.6 Killing Equations 37

with parameters ¢ = &#(z) and v = ~y(x). Here A = A(7) is an arbitrary
function and 7. is constrained 7, = 0. This leads to the following restrictions on
the parameters:

: » 1 , 1
G = " 0,8" = (0 + M?) = e 8" — SA(* + M), (271)

and the Killing equations that we obtain are
vy=0, 0.8 +8, =0. (2.72)

As we see, both formalisms lead to the same Killing equations (and thus the same
symmetries) (2.65) and (2.72).

2.6.2. Massive Relativistic Superparticle

It is time to extend the analysis of symmetries to the supersymmetric case.
The superparticle theory has been studied because of its simplicity and its anal-
ogous properties with superstring theory, it has also been considered that the
classical superparticle describes the dynamics of the classical spinning particle or
spin-1/2 particle [74,75].

Lagrangian Formalism

Now let us consider the supersymmetric case. The action of the free massive
relativistic superparticle is given by

S—M / dr\/— (it + i0ym)2. (2.73)
Let us consider that the transformation of the coordinates is given by
oxt = gH(x,0), 080 = x(z,0). (2.74)

In order to make the action invariant under the transformation rules, 6.5 = 0, we
find the following conditions

8#51/ + 8y§u + ié’hnaux + ié’YuauX =0,
i@g‘fué@y“é — )Z'yuééfy“é — éfy“éévu@gxé =0, (2.75)
D&, + iXVyu + 107, 00X + 10,607 — 07,0, x07" = 0.

Making the redefinition B
by = &t i (2.76)
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we can rewrite the Killing equations in a more compact form as

Ouhy + Oyhy, =0,

U (2.77)
Dph, 60716 = 0.

The third equation Jgh, + i@uh,,éfy” = 0, is a direct consequence of the other
two. The solutions of (2.77) are the transformations of Poincaré symmetry and
supersymmetry:
1
& (x,0) = a' + Ny, + eyHo, X = 1)\“”7/“,0 + ie. (2.78)
Hamiltonian Formalism

The canonical action of the free massive relativistic superparticle will be
S= [dr(par + P~ S0P+ M)~ (Po+ipbr"p) (279)

The basic Poisson brackets of the canonical variables occurring in this action are

{zu,pv} =6, {e,me} =1, {Pg, 05} = =653, {117, ps} = =65 .
(2.80)
and the corresponding Dirac’s Hamiltonian of this action is given by
€ = .o _
Hp = §(p2 + M?) + (P + ipu0y")p + Ame + 7oA. (2.81)

As it occurs in the main text, 7. and II, are the primary constraints and A = A(7)
and A = A(7) are arbitrary functions. The primary hamiltonian equations of
motion are given by

it =ep' +iby'p, P =0, By = —ipup*, 0=p.
. , 1, ‘ S (2.82)
e=\, We:fa(p + M?), p=A, I, = Py +iP,0~" .

The stability of primary constraints give secondary bosonic and fermionic con-
straints, given by p? + M2 = 0 and Py + iP#H_’y“ = 0 respectively. By requiring
the stability of these secondary constraints one gets p = 0, leading to the same
equations of motion as in the Lagrangian formalism.

We will take as the generator of canonical transformations

G =p,&"(z,0) + Pyx(x,0) +~(x,0)T + f[pF(x, 0), (2.83)
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with parameters {* = {#(x,0), x = x(z,0), v = v(x,0) and I' = I'(z,0) that
have the following restrictions on the parameters:

. o o . -
G = pu(#”0," + 0p"0) — 57(192 + M?) —ipupy"x + Py, xi" + 0px0)

+ (Py +ip 67T,
. - 1
= epup’ 0,8" + ipuOu€ 07" p + pudep — Sy (v? + M?)
— ipupYX + ep' POy X + 107" pPad,x + Podoxp + PoT + ip07"T
(2.84)
and the Killing equations are given by
v=0, dux=0, TI'=0yxp,
0uéy + 0,6, =0, (2.85)
Op" + +ix " +10,£10~" + i07"9px = 0.

By making the redefinition (2.76) we obtain again the Killing equations (2.77).



Supersymmetric Massive Extension

3.1. Introduction

The first modification from general relativity that we will consider is to search
for a theory with a spin-2 massive particle. Consistent theories for both massless
and massive particles with spin less than two are well known and their quan-
tum versions play an important role in theoretical particle physics. In fact, the
Standard Model is a consistent quantum theory of massive and massless fields
with spin 0, 1/2 and 1, but compared with the lower spin cases, massive spin-2
particles turn out to be more difficult to handle.

One motivation to search for a theory of massive gravity is related with the
cosmological constant problem. It is possible to introduce the cosmological con-
stant as a free parameter in the classical action of a gravitational field as

1
= / d*ov/—g(R — 2A) + Smasser s X] (3.1)
where Kk = SZTG = ni—g = M% with mp; and Mp; being Planck’s mass and the
1 Pl

reduced Planck’s maslg respectively; the first term stands for the Einstein-Hilbert
action, the second term is the cosmological constant term (which can be assigned
units of 1 over distance squared) and the third term describes the matter part
where X represents a generic matter field. The variation of equation (3.1) will
lead to the Einstein’s field equations:

1
R, — §gWR + g = kT (3.2)

here, T},, is the energy-momentum tensor, this term gathers the ordinary matter
and radiation contributions to the total energy (and momentum) of the universe.

41
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A much less obvious source of energy on the structure of the universe is the
vacuum energy density and is proportional to the cosmological constant.

A nonzero vacuum energy density would have a visible effect on the geometry
of space-time. A large negative(positive) cosmological constant would produce
a space with negative(positive) constant curvature so our Euclidean geometry
would not be valid any longer. If the cosmological constant is nonzero but quite
small we would have to look over large distances to see its effects on space-time
structure. It would also affect the expansion rate of the universe, a negative
cosmological constant would slow the expansion of the galaxies at a constant rate
and a positive cosmological constant would accelerate galaxies away from each
other and increase the expansion rate of the universe.

Now, theoretically, the vacuum energy density is naively expected to be of the
order A ~ km™2 and the acceleration rate of the universe H is computed to be
H > 1073V but these values will cause tremendous distortions in the space-time
structure. According to observational data the value of A if nonzero has to be of
the order of A ~ 107°2m~2 or similarly the expansion rate has to be less than or
equal to the present-day value of the Hubble parameter H < 10733eV.

Since the discrepancy between theory and experiment is so big we may be
missing an essential part of the puzzle. Some authors argue that giving mass to
the graviton may solve this unnaturalness problem because long range interac-
tions would be damped exponentially and this would narrow the gap between the
expected and the observed value of the cosmological constant.

There are also purely theoretical motivations of working with a massive theory
of gravity. The main theoretical aim is to better understand our current theory,
to test it and to try to get consistent modifications and to obtain new insights
and points of view.

The idea of adding a mass to a spin-1 and a spin-2 particle is old. Between
1936 and 1941 Proca developed the theory of the massive vector boson fields
governing the weak interaction and the motion of the spin-1 mesons. In 1939 the
free theory for massive spin-2 particles was constructed by Fierz and Pauli [9]. A
massless spin-1 particle enjoys a U(1) symmetry, and in the same way a massless
spin-2 particle has a diffeomorphism symmetry, however a main difference arises
between both cases when coupling with external matter fields. In the spin-2
theory this coupling makes general relativity a fully non-linear theory with non-
linear diffeomorphism invariance, this feature is inherited in the massive theory
(although the symmetry is broken) making it very difficult to obtain.

There are some concerns when dealing with a massive graviton, one of them
is that when taking the massless limit of a massive spin-2 field, it propagates
too many degrees of freedom, and it would seem that we can never get general
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relativity from it. This phenomena is called the vDVZ discontinuity and it can
be solved by considering non-linear extensions of the theory. A second problem
to overcome is that non-linearities introduce ghosts into the physical spectrum.
Ghosts correspond to fields with negative kinetic energy that lead to instabilities
at the classical level and to non-unitarity at the quantum level.

In the past decade a lot of effort has been put into constructing models that
can cure the vDVZ discontinuity and that are ghost free, for a review see for
example [76]. Here we will concentrate on the three-dimensional theory of massive
gravity called New Massive Gravity. New Massive Gravity (NMG) is a higher-
derivative extension of three-dimensional (3D) Einstein-Hilbert gravity with a
particular set of terms quadratic in the 3D Ricci tensor and Ricci scalar [14]. The
interest in the NMG model lies in the fact that, although the theory contains
higher derivatives, it nevertheless describes, unitarily, two massive degrees of
freedom of helicity +2 and —2. Furthermore, it has been shown that even at
the non-linear level ghosts are absent [19]. The 3D NMG model is an interesting
laboratory to study the validity of the AdS/CFT correspondence in the presence
of higher derivatives. Its extension to 4D remains an open issue and has only
been established so far at the linearized level [77].

A supersymmetric version of NMG was constructed in [20]. Besides the
fourth-order-derivative terms of the metric tensor this model also contains third-
order-derivative terms involving the gravitino. The purpose of this section is
to show how to construct a reformulation of the supersymmetric NMG model
(SNMG) without higher derivatives.

This chapter is organized as follows, first we will show how to construct the
massive actions, then we will give a general review of New Massive Gravity, after
that we will use the spin-1 case as a warm up exercise to study the spin-2 case to
explicitly construct the linearized, massive, off-shell supermultiplet performing a
Kaluza-Klein reduction over a circle and projecting onto the first massive Kaluza
Klein sector. The final form of the 3-dimensional off-shell massive supermultiplet
is then obtained after a truncation and gauge-fixing a few Stiickelberg symmetries.
We will look in detail at the massless limit along the construction. Then we will
construct the linearized version of SNMG.

3.2. Constructing Massive Actions

3.2.1. Proca Action

Spin-1 theories share several features with the spin-2 analogues (for example,
unlike the spin-0 or spin-1/2 cases gauge invariance is needed in the massless case
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to obtain the correct number of degrees of freedom), that is why it is instructive
to begin with the simpler spin-1 case.

First we want to construct a relativistic Lagrangian for a massive spin-1 field.
In particle physics, particles with spin-1 are the mediators of interactions and
they are described in field theory as quanta of vector fields. The most impor-
tant examples are the gauge fields of the electromagnetic and strong interactions
(massless photons and gluons respectively) and the ones of weak interactions
(massive W and Z° bosons). Thus, we start with a vector field 4,,.

The vector field A, has D degrees of freedom which is more than is required
to describe a spin-1 particle (see Table 3.1). Here a distinction has to be made
that distinguishes massless and massive particles. In the massless off-shell case
we can use the gauge transformation to fix one component of A, therefore we
will have D — 1 degrees of freedom; in the on-shell case the Lorentz subsidiary
condition (0"A, = 0) imposes a constraint on the polarization vectors reducing
again the degrees of freedom by one, so we end with D —2 degrees of freedom. For
example, in electrodynamics, the photon has only two polarization states, both of
which are transverse. For the massive off-shell case the gauge invariance is lost,
because the field A, transforms inhomogeneously and thus the mass term in the
Lagrangian is not invariant, so only after imposing the Lorentz condition there
will be left D —1 degrees of freedom. That is why a massive vector field allows an
additional longitudinal polarization state in addition to the two transverse ones.

A, Off-Shell | 4D | 3D | On-Shell | 4D | 3D

Massless D—-1 3 2 D -2 2 1

Massive D 4 3 D—-1 3 2
TABLE 3.1
This table gives the counting of degrees of freedom for a vector field A,, that describes a spin-1
particle.

Here we will consider the massive classical spin-1 field also known as the Proca
field (we will assume that A, is a real-valued neutral field, for a charged field A,
is complex). That the vector field carries mass m means it satisfies the field
equation

(O-m*HA, =0, (3.3)

that has D — 1 degrees of freedom. The sign of the mass term depends on the
metric choice that we made, in this case we are using the mostly plus signature
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convention (—,+,...,+). Thus we must impose a constraint to cut down the
number of degrees of freedom by one. The only Lorentz covariant possibility
(linear in A,,) is

A, =0, (3.4)

Now we make an ansatz for a possible action that contains both (3.3) and (3.4).
The first part of this ansatz will contain the leading Klein—Gordon term, the
second part consist on all possible quadratic terms with the order of derivatives
not higher than the leading term. For this case, the only possibility (for first-order
derivatives) is a (9*4,)? term

1
Sprocs — / AP {5 AN (D — m?) A4, + g(a“A“)Q}, (3.5)

where a is a free parameter that we have to tune in such a way we can obtain
both (3.3) and (3.4).
From the variation % = 0 we obtain an equation of motion of rank-1

(O —m?)A, —ad,(8"A,) =0, (3.6)
by taking the divergence of the previous equation we obtain an equation of rank-0
(O0—a0—-m?)o*A, =0, (3.7)

setting a = 1 we obtain the divergenceless condition (3.4) and substituting these
into (3.6) the Klein—Gordon equation is also derived.

3.2.2. Fierz-Pauli action

Now let us move on with the graviton case. In this case, particles with spin-2
are described by a second-rank symmetric tensor g,,. Let us count the degrees
of freedom (see Table 3.2), since g, is a symmetric matrix it has D(D + 1)/2
independent components. In the massless off-shell case, gauge invariance (general
coordinate transformations) fix D components; in the on shell-case the subsidiary
conditions will constrain the polarization tensor reducing the degrees of freedom
by D so we will have at the end D(D — 3)/2 degrees of freedom. These last
constraints are the reason why the polarization states of the massless graviton
are only transverse. For the massive scenario the gauge invariance is broken and
only on-shell we can reduce the degrees of freedom due to the D + 1 constraints
that we obtain from the divergenceless and traceless conditions.
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Guv Off-Shell 4D | 3D On-Shell 4D | 3D

Massless | D(D —1)/2 | 6 3 D(D —3)/2 2 0

Massive | D(D+1)/2 | 10 | 6 | D(D—1)/2—1| 5 | 2

TABLE 3.2
This table gives the counting of degrees of freedom for a tensor field g, that describes a
spin-2 particle.

The next step is to build an action for the massive graviton. We start from
the field equation, the divergenceless equation and the tracelessness equation:

(O—=m*hy =0,  OFhy =0, 7"h, =0, (3.8)

we need to make an ansatz for a possible action from where we can derive (3.8),
that contains the Klein—-Gordon term as the leading term and all quadratic terms
with no more than second-order derivatives

Spp = / AP {10 (O = m*)hy + Sh(aD — bm®)h + Lch 0,0,

+ dh'"0,0,h} ,
(3.9)
where h,, is a symmetric tensor, h = n*"h,,, and a, b, ¢ and d are parameters
to be tuned.
We obtain an equation of motion of rank-2 from 62% =0

(O—=m?)hy + 0 (a0 — bm®) h+ ¢y, 07 hyy) p + d0uOy h+ dny, 0P 07 hpe = 0, (3.10)
From the divergence of (3.10), i.e. 8“(%) =0, we get a rank-1 equation

(O —m?) 0" hy + (aD — bm®)dh + $c00°hy, + 50,010y,
+ddo,h + d0,0°0°h,e =0,
(3.11)
from the double divergence 8”8’*(%) = 0 the rank-0 equation

(O —m?)0"0" hy, + (a0? — bm?0)h + 000" hyy + 200" hyy

+ d0*h + dDo" 0" hy =0,
(3.12)
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and from the traceless equation n““(%) = 0, another rank-0 equation

(@ —m?)h + D(aO — bm?)h + c0"0" b,y + dOh + dDO*0 by, =0, (3.13)
It is possible to tune the parameters
a=-—1, b=-1, c=-2 and d=1, (3.14)

where the choice of d should satisfy —2 + dD # 0 (here we only consider cases
D > 3). Thus the action becomes

1 1
Sep = / AP (S (O = )y — Sh(O = m2)h = 0,0y + 10,0,k

(3.15)
There is another way of understanding the tuning, let us focus on the mass
terms and let us change the coefficients by —3m?(h*h,, + (1 — a)h?), a proper
Lagrangian should be ghost and tachyon free (free fields should have positive
energy and should not propagate faster than the speed of light) but this change
will give an action describing an additional scalar ghost satisfying the equation

<D _ WW)h —0, (3.16)

for o # 0. Taking the limit v — 0 the mass of the scalar ghost goes to infinity so
it becomes non-dynamical. As a last step we rearrange the terms in (3.15) using
the linearized Einstein tensor

G (h) = Ohyy — 20(,0°hy), + 20,00h — 1, Oh, (3.17)
so the action reads

1 .
Srp =3 / AP (B G (h) — m2 (W by, — h2)}. (3.18)

The kinetic term of the Fierz-Pauli action (3.18) comes from the Einstein term
and is invariant under diffeomorphisms éh,, = 9,(, + 9,(, but the mass term
in the Lagrangian breaks the gauge invariance. Stiickelberg’s trick consists in
introducing additional gauge fields to restore the gauge symmetry which had
been broken by the mass term.

Now, it is natural to think that due to the precision of the predictions of
general relativity, massive gravity theories should be deformations of it. How-
ever, when we take the limit of the mass going to zero in the Fierz-Pauli theory
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not all of the experimental outcomes of the theory approach to those of gen-
eral relativity, in particular, the light-bending angle obtained from the massive
theory has a disagreement of 25 percent with respect to the one predicted by
general relativity. Besides, taking the massless limit of the Fierz-Pauli system
coupled to a conserved energy-momentum tensor does not lead to massless grav-
ity, but rather to linearized Einstein gravity plus extra degrees of freedom. This
discontinuity in the physical predictions of general relativity and the massless
limit of Fierz-Pauli theory is known as the van Dam-Veltman-Zakharov (vDVZ)
discontinuity. This vDVZ discontinuity can be verified introducing the Stiick-
elberg fields mentioned above and coupling the massive field h,, to matter via
a conserved energy-momentum tensor 7),,, in the massless limit one observes a
non-vanishing coupling of the trace h to the trace of T},,, therefore, the FP theory
gives linearized general relativity plus a scalar mode that does not decouple.

Consider the FP Lagrangian (3.18) of a massive graviton coupled to the
energy-momentum tensor 7},

1 .
L= Lyp + huTH = 5{Wahn(h) —m? (W — B2} + b T, (3.19)

nyv
now we introduce Stiickelberg fields to preserve the gauge symmetry
hyw = by + 0.V, + 0,V Vi—=Vy+0u0. (3.20)

Inserting (3.20) into (3.19), together with the requirement that the energy-mo-
mentum tensor is conserved ("7}, = 0), considering the scalings V,, — %VM,
¢ — %qﬁ and taking the limit m — 0 we obtain the action

1 : 1
Lyp = 5mwc;}f;(h) = 5 P " = 2(hy, 00" ho?¢) + hw T (3.21)

Here we see that the vector V,, decouples, but we get off-diagonal terms mixing
the scalar ¢ and the tensor h,,. This action, however, can be diagonalized by
shifting Ay, — hy + %nuyqb, to obtain

Lop = %h““G}f,j(h) - %FWF“” _ 2%8@8% T + %ng, | (3.22)
where the gauge transformations are simply dh,, = 9,(, + 0,(, and éV,, = 9,A.
Here we see explicitly the coupling between the scalar and the trace of the energy-
momentum tensor. This is the origin of the vDVZ discontinuity. We will illustrate
how a supersymmetric version of this discontinuity arises in section 3.5.2 (see
also [78] for an earlier discussion).
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Lets do the counting of degrees of freedom, we have D(D — 3)/2 from the
canonical massless graviton, D — 2 from the canonical massless vector, and one
from the canonical massless scalar, giving in total the D(D — 1)/2 — 1 degrees of
freedom from the massive graviton.

After the discovery of the vDVZ discontinuity, Vainshtein realized that the
discontinuity can be cured in a fully nonlinear Fierz-Pauli theory, but shortly
afterwards Boulware and Deser claimed that any nonlinear completion of Fierz-
Pauli theory leads to a ghost [79].

Here is where it becomes important the construction of a three dimensional
theory of massive gravity. For a massless graviton in three dimensions there are
no propagating degrees of freedom (see Table 3.1), so any potentially ghost-like
feature connected to them would be harmless, since it will not constitute any
physical degree of freedom. On the other hand, for a massive graviton in three
dimensions there are two degrees of freedom, therefore, it is possible to write
down an action with "healthy" massive spin-2 mode and a massless spin-2 ghost
mode which is pure gauge, such a theory is called New Massive Gravity (NMG)
and we will briefly discuss about it in the next section.

3.3. New Massive Gravity

It is possible to solve the differential constraint of Fierz Pauli action (the
divergenceless equation, see (3.8)) by increasing the number of derivatives, to do
that we rewrite hy, in terms of a new symmetric spin-two field h;w

huw = GEV (1), (3.23)

so the remaining equation of motion and tracelessness equation (3.8) can be
written as

(O-m*)GEP () =0,  R™(H) =0, (3.24)

where GU™) (1) is the trace of the linearized Einstein tensor which in three di-
mensions is proportional to the linearized Ricci scalar, therefore we can write
together both equations of motion in a single equation of the form

1

. 1 .
lin lin

uv (auau - UHVD)R(hn) =0. (325)

An action that reproduces equation (3.25) at the linear level is

1 1 3
Snmg = ?/d?’x\/—g (R+ m?K) ) K =R, R" — gRQ, (3.26)
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where R, is the Ricci tensor, R its trace and x has mass dimension [k] = —1/2
in fundamental units, £ will be the 3D analog of the square root of Newton’s
constant, while m is a relative mass parameter. Note that the Einstein-Hilbert
term has a "wrong" sign but this term together with the curvature-squared in-
variant constructed from K avoid ghosts in the theory. This is the action of New
Massive Gravity (NMG), the spectrum in three dimensions consists of a prop-
agating massive spin-two mode and a non-propagating massless spin-two mode.
The tuning —% of the second term of K suppress a massive spin-0 mode.

In short, at the linearized level the NMG model decomposes into the sum
of a massless spin-2 Einstein—Hilbert theory and a massive graviton with two
propagating degrees of freedom (spin-2 modes of helicity +2 and -2) [14].

For many purposes, it is convenient to work with a formulation of the model
without higher derivatives, see, e.g. [21]. This can be achieved by introducing
an auxiliary symmetric tensor that couples to (the Einstein tensor of) the 3D
metric tensor and has an explicit mass term [14]. Using auxiliary fields, we can
make manifest the connection of NMG with the FP theory, at the level of the
Lagrangian. Using a symmetric auxiliary field f,, with trace f = g"” f,,, we can
write the action (3.26) as

2
Suwrvic = = [ Pev=gIR+ G = (1~ )], (327

expanding about a Minkowski background at the linearized level, the Lagrangian
will take the form

N 1 . m2 .. N
Elin—aux—NMG = (fp,u - ihuy) Gtg(h) - T(f'uyf/ﬂ/ - f2) ; (328)

where fW denotes the perturbation of f,,, rearranging the terms in last equation
and defining h,, = h,, — fu, we obtain

1- - 1ra . m2 . .
Lrve =~ G + 5 [F G — 5 (P = )] (3:29)

From here we can clearly identify the non-propagating Einstein mode ﬁ,w which
is a ghost, and the decoupled, ghost free, massive spin-2 mode fW given by a FP
Lagrangian.

We can consider now a supersymmetric generalization of New Massive Gravity
(SNMG). There are two ways of doing that. It can be done using the metric and
a higher-derivative action like in [20], or one may consider the auxiliary field
version of NMG, this requires that besides an auxiliary symmetric tensor, we
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introduce further auxiliary fermionic fields that effectively lower the number of
derivatives of the gravitino kinetic terms. In the supersymmetric case we need
a 3D massless and a 3D massive spin-2 supermultiplet. The massless multiplet
is already known [14] and here we will show how to construct the linearized,
massive, off-shell spin-2 supermultiplet.

For the SNMG we only consider the case of simple A/ = 1 supersymme-
try. Having constructed the off-shell massive spin-2 supermultiplet, it is rather
straightforward to construct a linearized version of SNMG without higher deriva-
tives, by appropriately combining a massless and a massive spin-2 multiplet.

We will show the procedure explicitly for the easier spin-1 case in section
3.4. In section 3.5 we will show the results for the Fierz—Pauli case. Along the
construction of the multiplets we will look in detail at the massless limit.

As we saw in chapter 2, three dimensional spin-2 supermultiplets contain
gravitini, so for the sake of completeness we show now the counting of degrees
of freedom for a 3/2 field ,: 9, is a complex spinor with 2[P/21D components
(where 2[P/2) = 2P/2 for D even and 2[P/2 = 2(P=1)/2 for D 0dd) for spacetime
dimension D, since we can use supersymmetry to fix 2°/2 this means that we
have (D —1)2[P/2 independent degrees of freedom. These are the off-shell degrees
of freedom.

Now, the action of a free 3/2 field (also called free Rarita-Schwinger field) is

S—— / APy P O, (3.30)
and the equation of motion obtained from (3.30) reads
Yo, =0, (3.31)

with the gauge condition '
Vi =0, (3.32)

where ¢ stands only for the spatial indices. The spatial components ; satisfy the
Dirac equation

however, there is an additional constraint from contracting this last equation with
0" which give '

0"Y; =0, (3.34)
which led us to find 3 x 2[P/2 independent constraints. These constrains imply

that there are only 2[°/2 (D —3) classical degrees of freedom. The on-shell degrees
of freedom are half this number (see Table 3.3).
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Yy Off-Shell 4D | 3D On-Shell 4D | 3D

Massless | (D —1)2[P/2 | 12 | 4 (D —3)2P/2 | 2 0

1
2

TABLE 3.3
This table gives the counting of degrees of freedom for gravitino field ,, that describes a
spin-3/2 particle.

3.4. Supersymmetric Proca

In this section we show how to obtain the 3D supersymmetric Proca theory
from the KK reduction of an off-shell 4D N = 1 supersymmetric Maxwell theory
and a subsequent truncation to the first massive KK sector. This is a warming-up
exercise for the spin-2 case which will be discussed in the next section.

3.4.1. Kaluza—Klein reduction

Our starting point is the 4D N = 1 supersymmetric Maxwell multiplet which
consists of a vector VA a 4-component Majorana spinor w and a real auxiliary
scalar F. We indicate fields depending on the 4D coordinates and 4D indices
with a hat. We do not indicate spinor indices. The supersymmetry rules, with a
constant 4-component Majorana spinor parameter €, and gauge transformation,
with local parameter A, of these fields are given by

SVy = —elpp + A, 0p= ~TH Fpe iif5ﬁ’e . OF =ielsThau
(3.35)
where Fﬂ,} = 8,117,; — 819‘7/1 .
In the following, we will split the 4D coordinates as z# = (z#, 2), where
denotes the compactified circle coordinate. Since all fields are periodic in z3, we
can write them as a Fourier series. For example:

Vﬂ(a:ﬂ) = Z Vﬂ,n(az“)ei"mms , nez, (3.36)

3

where m # 0 has mass dimensions and corresponds to the inverse circle radius.
The Fourier coefficients V},,(z#) correspond to three-dimensional (un-hatted)
fields. We first consider the bosonic fields. The reality condition on the 4D
vector and scalar implies that only the 3D (n = 0) zero modes are real. All other
modes are complex but only the positive (n > 1) modes are independent, since

Vi = Vi F.,=F, n#0. (3.37)
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In the following we will be mainly interested in the n = 1 modes whose real and
imaginary parts we indicate by

1 . 1

Vu(l) = §(V#,1 +Vi1) Vu(g) = 27-(‘/#,1 —Via)
1 1

¢(1) = 5(‘/3,1 + ‘/.i;l) ) d)(Q) = 271.(‘/371 - ‘/g:l) ) (338)
1 1

F(I)Eﬁ(Fl‘l’Ff) ’ F(2)E2—i(F1—F1*) .

Similarly, the Majorana condition of the 4D spinor 1& implies that the n =0
mode is Majorana but that the independent positive (n > 1) modes are Dirac.

This is equivalent to two (4-component, 3D reducible) Majorana spinors which
we indicate by

1 1
Pt = 5(1/11 + B~ P = 27(% - B7'1) . (3.39)

Here B is the 4 x 4 matrix B = iCT'y, where C' is the 4 x 4 charge conjugation
matrix.

Substituting the harmonic expansion (3.36) of the fields and a similar expan-

sion of the gauge parameter A into the transformation rules (3.35), we find the
following transformation rules for the first (n = 1) KK modes:

5o = —eTp M — MA@ —mep® | 56 = —eT30p@ + mAD + mep™ |
oV = —elyp® + 9,AW —mev® | V@ = —er, 9@ + 9,A® + mev Y
SFW = ers 119, — imelsT39p® — meF®@ |

SF® = jersT#9,9 P + imeDsT3pM + me M) |

1 1 ) m
6V = e Ee 4+ 1 TT30,0Ve + JTsFWe - ZTHT5VPe - mey®

1 1 ) m
oy = T ERDe 4 TT30,0 e + (TsFPe — T3 De + mey)

where we have defined
A= J(AHAD L AP = (A - AT (3.40)

Apart from global supersymmetry transformations with parameter € and gauge
transformations with parameters AV, A the transformations (3.40) also con-
tain a global SO(2) transformation with parameter £, that rotates the real and
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imaginary parts of the 3D fields. This SO(2) transformation corresponds to a
central charge transformation and is a remnant of the translation in the compact
circle direction.’

In order to write the 3D 4-component Majorana spinors in terms of two ir-
reducible 2-component Majorana spinors it is convenient to choose the following
representation of the I'-matrices in terms of 2 x 2 block matrices:

(v 0 01 0
ru_(o _%), FS—(1 D.oms=(0 ). (3.41)

The 3D 2 x 2 matrices v, satisfy the standard relations {v,,v,} = 21, and can
be chosen explicitly in terms of the Pauli matrices by

Yu = (io1,02,03) . (3.42)

In this representation the 4D charge conjugation matrix C' is given by

e 0 . (0 1
C= (O _8>, with &= <_1 O)’ (3.43)

where ¢ is the 3D charge conjugation matrix.
Using the above representation the 4-component Majorana spinors decompose
into two 3D irreducible Majorana spinors as follows:

=(a) =) =(@) ew

In terms of these 2-component spinors the transformation rules (3.40) read
St = —&1x2 + E2x1 — mA®) — mep®
56 = —&1y + Ehy + mAY + meph) |

SV = &y — @vuxe + 9 AW —mev

(3.45)
5‘/#(2) = —51")/“7#1 - Eg’yuwg + auA(Q) + mfvﬂ(l) y
SFW = &8, x2 + '8 x1 — m(Erhr + Eaths) — mEFP |

SF?) = —&1410,1bs + E7"0b1 + m(Erx1 + Eax2) + mEFW |

IThis is a conventional central charge transformation. Three-dimensional supergravity also
allows for non-central charges from extensions by non-central R-symmetry generators [80], re-
cently discussed in [81].
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Svi — i pW e L s ) L ) (2
X1= g7 W61+4(’Y Wt + +mHV, ) ea — méir

1 1
Sx2 = gfy“”Fﬁ)eg — 1('}’”8#415(1) +FM 4 m'y“VM(Q))el —mé&a
(3.46)

1 1
opy = gVWFﬁ)Gl + 1(7"3;@(2) + F® —my V) ey + méx

1 1
On = V" Fer = £ (140,0%) + F® —mn"V(D)er + méxs .

If we take m — 0 in the above multiplet we obtain two decoupled multi-
plets, (61, VY, FO_ yq | x2) and (62, V2, F®) 4y, 4b). Either one of them
constitutes a massless N' = 2 vector multiplet. This massless limit has to be
distinguished from the massless limits discussed in subsections 3.4.3 and 3.5.2,
which refer to limits taken after truncating to N' = 1 supersymmetry.

3.4.2. Truncation

In the process of KK reduction, the number of supercharges stays the same.
The 3D multiplet (3.46) we found in the previous subsection thus exhibits four
supercharges and hence corresponds to an N/ = 2 multiplet, containing two vec-
tors and a central charge transformation. One can, however, truncate it to an
N = 1 multiplet, not subjected to a central charge transformation and containing
only one vector. This truncated multiplet will be the starting point to obtain an
N = 1 supersymmetric version of the Proca theory. The N/ = 1 truncation is
given by:

o@D =V =F® =y, =4 =0, (3.47)

provided that at the same time we truncate the following symmetries:
a=AY=¢=0. (3.48)

Substituting this truncation into the transformation rules (3.46), we find the
following N = 1 massive vector supermultiplet:

3o =ex1 —mA® VP = —&yah + 9,0
1 1
Othy = g’YWF,S?,)GQ ; ox1 = 1(’7“(%(25(1) + FU 4 myr Ve, | (3.49)

SFW) = E910,x1 — meéas .

2Note that the field content given in (3.49) is that of massless /' = 2. In the massive case,
however, the scalar field ¢ will disappear after gauge-fixing the Stiickelberg symmetry.
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Redefining €3 — ¢, A®) — A and

oM =40, VP v, FO o -F, ¢y, x1—x and m—dm,
(3.50)

we obtain

1
Sp = ZEX —mA V= —ey b+ 0, , OF = —ex"0,x + 4mey

1 1
o) = g’y’““’FWe : ox =7"Dype— ZFG ,

(3.51)
where the covariant derivative D, is defined as

D, =0,6+mV, . (3.52)
The transformation rules (3.51) leave the following action invariant:
h= [ @ (=B P = S D6 D6 2090 — LXPx+ mix+ )
(3.53)

The gauge transformation with parameter A is a Stiickelberg symmetry, that can
be fixed by imposing the gauge condition

¢ = const . (3.54)
Taking the resulting compensating gauge transformation
1
A=—¢ 3.55
am &X (3.55)

into account, we obtain the final form of the supersymmetry transformation rules
of the N = 1 supersymmetric Proca theory:

_ 1 _ 1
5VM = —en + %eauX ) 0 = g’YWFWE )
. (3.56)
OF = —ex"0,x + 4mey ox = mteV, — ZFG .

The supersymmetric Proca action is then given by

Iprocs = /d% (—iFW F — mPV, VI =209 — Ly Px + mdx + 3—12F2> .
(3.57)
The supersymmetric Proca theory describes 242 on-shell and 4+4 off-shell de-
grees of freedom.
This finishes our description of how to obtain the 3D off-shell massive N = 1
vector multiplet from a KK reduction and subsequent truncation onto the first
massive KK sector of the 4D off-shell massless N' = 1 vector multiplet.
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3.4.3. Massless limit

We end this section with some comments on the massless limit (m — 0).
Taking the massless limit in (3.51), we see that the Proca multiplet splits into a
massless vector multiplet and a massless scalar multiplet. Note that a massless
vector multiplet can be coupled to a current supermultiplet. This is a feature
that we would like to incorporate, in view of the upcoming spin-2 discussion. We
will do so by coupling the above supersymmetric Proca system to a conjugate
multiplet (J,,, Jy, Jy, Jr), where J,, is a vector, Jy and J, are spinors and Jp is
a scalar. Our starting point is then the action

1= IProca + Iint ) (358)

where the interaction part I, describes the coupling between the Proca multiplet
and the conjugate multiplet:

Ling = VI + 0T + XTIy + FJp . (3.59)

Requiring that I, is separately invariant under supersymmetry, determines the
transformation rules of the conjugate multiplet:

5']“ - - E’Yu,,aij + mg’)/#jx 9 5&7’¢ — _’7#6 J,u - 4m€ JF 9
(3.60)

N N

6Jp = —€Jy , szﬁea‘ﬂﬂ%—v“e@w}p .
Taking the massless limit in the action (3.58) and transformation rules (3.56),
(3.60) is non-trivial, due to the factors of 1/m that appear in the transformation
rules. In order to be able to take the limit in a well-defined fashion, we will work
in the formulation where the Stiickelberg symmetry is not yet fixed. Note that
this formulation can be easily retrieved from the gauge fixed version, by making
the following redefinition in the action (3.57) and transformation rules (3.56):

~ 1
Vi= Vit —0, . (3.61)

Applying this redefinition to (3.57) and (3.56) indeed brings one back to the
action (3.53) and to the transformation rules (3.51), whose massless limit is well-
defined. The massless limit of the interaction part iy (after performing the above
substitution) and of the transformation rules (3.60) of the conjugate multiplet, is
however not well-defined. In order to remedy this, we will impose the constraint
that J, corresponds to a conserved current, i.e. that

M, =0, (3.62)
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In order to preserve supersymmetry, we will also take J, = 0 and Jp = 0.> The
conjugate multiplet then reduces to a spin-1 current supermultiplet.

The massless limit is now everywhere well-defined. The transformation rules
(3.51) reduce to the transformation rules of a massless vector (V,,1) and scalar
(¢, x, F') multiplet, see egs. (3.128) and (3.123), respectively. Performing the
above outlined procedure and taking the limit m — 0 leads to the action

[= [ o (=3B P =2 9+ ViJ, + $J) - § (000 + 1xdx — F2) |,

(3.63)
which is the sum of the supersymmetric massless vector and scalar multiplet
actions, see egs. (3.129) and (3.124), respectively. The vector multiplet action is
coupled to a spin-1 current multiplet. Note that there is no coupling left between
the current multiplet and the scalar multiplet. This will be different in the spin-2
case, as we will see later.

3.5. Supersymmetric Fierz—Pauli

In this section we extend the discussion of the previous section to the spin-2
case, skipping some of the details we explained in the spin-1 case.

3.5.1. Kaluza—Klein reduction and truncation

Our starting point is the off-shell 4D N=1 massless spin-2 multiplet which
consists of a symmetrlc tensor hu,,, a gravitino 1/1,“ an auxiliary vector A and
two auxiliary scalars M and N. This corresponds to the linearized version of the
‘old minimal supergravity’ multiplet. The supersymmetry rules, with constant
spinor parameter €, and gauge transformations of these fields, with local vector
parameter Aﬂ and local spinor parameter ), are given by [82,83]:

6ﬁﬂﬁ:EFwﬂﬁ)+6(ﬂfL), 6]\2:—61“’3;\(%%, 5N:—iEF5FﬁX8ﬁzﬁx,

Shp= —1r1h g, h/\ﬂe LTA(M +iTsN) e + Yi Agse — LiTaPAsTse + 0,

w

§A, = Si€ls rﬂf’ b, — i €75 TRTPX 9
(3.64)

3Strictly speaking, preservation of the constraint 6" J,, = 0 under supersymmetry leads to the
constraint @7, = 0 and preservation of this new constraint leads to the constraint OJr = 0. We
are however interested in the massless limit, in which the conserved currents (J,, Jy) and the
fields (Jy, Jr) form two separate multiplets, that couple to a massless vector and scalar multiplet
respectively. Since we are mostly interested in the coupling of the supercurrent multiplet (J,, Jy)
to the vector multiplet, we will simply set the fields (Jy, Jr) equal to zero.
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Like in the spin-1 case we first perform a harmonic expansion of all fields and local
parameters and substitute these into the transformation rules (3.64). Projecting
onto the lowest KK massive sector we then obtain all the transformation rules of
the real and imaginary parts of the n = 1 modes, like in eq. (3.40) for the spin-1
case. We indicate the real and imaginary parts of the bosonic modes by:

*
pv,l ) o

h,(}y) =5 (hW,1 + h;,jjl) ) h/(w) = — (hw,l

1
1 1
V(l) = 5 ( n3,1 + hu?, 1) ) VM(Q) = 5 (h:“?’:l - h:;S?l) ’
1 1 X
oM = 3 (h33 1+ his 1) ; o® = 2 <h33’1 - h3371> ’ (3.65)
1 1 x '
PO = 3 (A3 1+ A ) , P? = % (A3,1 - AS,I) )
1 1
MU =2 (My+ M) M® = (My = M) |
1 1
N = 2 (N + NY) N® = (N1 = Np)
while the fermionic modes decompose into two Majorana modes:
1 B 1 _
=5 (Gt BWL) 0 = o (- BT
2 2 (3.66)

:())1) - % (1/,371 + B‘1¢§’1) , wéf) = % (¢3,1 - B_1¢§,1) .

We next use the representation (3.41) of the I'-matrices and decompose the
4-component spinors into two 2-component spinors as follows:

D) =) =) =),

(1)
0 = ( <1>)7

(3.67)
Furthermore, we perform the following consistent truncation of the fields *
o? = V;El) — hgu) — Mm@ = O = p2) = A( =Xo =11 = V1 = Xu2 =0
(3.68)

41f we take the massless limit before the mentioned truncation we find two copies of a N = 2
massless spin-2 multiplet plus two copies of a N/ = 2 massless spin-1 multiplet, see also text
after (3.46).
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and of the parameters Af?) = Agl) =€ = 779) = 7752) =£=0.

For simplicity, from now on we drop all numerical upper indices, e.g. qﬁm = ¢,
and all numerical lower indices, e.g. ¥,1 = 1, of the remaining non-zero fields
(but not of the parameters). We find that the transformation rules of these
fields under supersymmetry, with constant 2-component spinor parameter €, and
Stiickelberg symmetries, with local scalar and vector parameters A3, A, , and
2-component spinor parameters 1, and 1), are given by °

O = €uiby) + 9y

_ 1_ 1_ 1 1
0p = —€x —mAs oV, = 567#7,& — 56)(# + iauAg + §mAM ,

1 1 1
iy, = —Z’yp)‘aph,\ue + EWMG + E%Pe +dun2

1, 1 1
0 = —Zy” 0,Vre — ENE - E’ypApe +mn2 ,

1 1 1 1 1
OXp = —ny’apvue + Zm’yphp“e — ﬁ'yﬂNe + ZA#G - E’y“’ypApe +0um ,

SM = —&vPd,x + ey dphy — mey’x,
ON = —&yPd,0p — ey, + mey*y,
P = ey?0,x + %Efymam + mey’x,
3. s 1 _ 1 _
0Au = SEn 0pxn — 8y Dpxa + S8 Dt — E0utp — eV +mE,

(3.69)
The action invariant under the transformations (3.69) is given by

Ly, = / & { WG (R) = m? (W by — h?)
2R 0,8,y — 2hD* D) — FH Fyy + 4§y, V) — 4mhonV,
— 4 VPO, — AN PO X p + BUYH D + By Dy X + 8mabu M Xy

—3M? - IN?42P2 4 24,400
(3.70)

®The 4D analogue of this multiplet, in superfield language, can be found in [84].
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where h = n*”h,,, and Gb‘l}(h) is the linearized Einstein tensor. We observe that
the action is non-diagonal in the bosonic fields (A ,V,,¢) and the fermionic

fields (% ) X) and (X,u 7w)
Finally, we fix all Stiickelberg symmetries by imposing the gauge conditions

¢ = const , Vu=0, =0, x=0. (3.71)

Taking into account the compensating gauge transformations

1
AgZO, Au:*EXM,
m
1 1 (3.72)
= —— — _ P
m 12m (M 2P) €, T2 12m (N + Y Ap) €,

we obtain the final form of the supersymmetry rules of the 3D N = 1 off-shell
massive spin-2 multiplet:

) 1
Oy = €Yutby) + —€0uXu)

1 1
0y = —77 %) bhaue + — 12 Yu(M + P)e + %8M(N +PAp)e
1 1
Ixp = Y Phou€ + Aue 57 Yu(N +~PA,)e — %(%(M —2P)e
M = eyPd,h\ — mevPx, (3.73)
SN = —&y"2d,x\ +mey*y,
1_ _
0P = ieyﬂAapr +mey’x, ,
Ay, = e3P 0,00 — e3P Opxs — SmEn P, + me
0A, = 56’7/1 p XA — €YY OpXX — §m67,u Yy + me,, .
These transformation rules leave the following action invariant:
im0 = / d*x { WG (h) = m? (W by, — B)
- 4@!3“7“”pﬁywp — 4" POL X + Sm&uy“”xl, (3.74)

2 2 2 2
—SM?-ZIN?4+ P2+ 2A,A0 .
3 3 +3 +3 " }
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This action describes 2+2 on-shell and 12+12 off-shell degrees of freedom. The
first line is the standard Fierz—Pauli action. The fermionic off-diagonal mass term
can easily be diagonalized by going to a basis in terms of the sum and difference
of the two vector-spinors.®

The above action shows that the three scalars M, N, P and the vector A,
are auxiliary fields which are set to zero by their equations of motion. We thus
obtain the on-shell massive spin-2 multiplet with the following supersymmetry
transformations:

Ohuy = Ev(uwy) + %EG(NXV) . 0P, = —i’y”gﬁphwe . OxXu = %'y”hwe .

(3.75)

It is instructive to consider the closure of the supersymmetry algebra for

the above supersymmetry rules given the fact that, unlike in the massless case,

the symmetric tensor h,, does not transform under the gauge transformations

Ohuy = Oy, + O,A, and the only symmetries left to close the algebra are the

global translations. We find that the commutator of two supersymmetries on h,,,
indeed gives a translation,

[517 52]huy = gpaphuu ) (376)
with parameter .
¢ = gente . (3.77)

To close the commutator on the two gravitini requires the use of the equa-
tions of motion for these fields. From the action (3.74) we obtain the following
equations:

PO, xp = mA" Yy (3.78)

and a similar equation for 1,,. These equations of motion imply the standard
spin-3/2 Fierz—Pauli equations

RO =Pxu+m, =0, 9y, =0, 'x.=0, (3.79)

and similar equations for v,. A useful alternative way of writing the equations
of motion (3.78) is

R;(?y) = a[,uXV] + m’Y[,uwu] =0. (380)

Using these two ways of writing the equations of motion as well as the FP con-
ditions that follow from them we find that the commutator on the two gravitini

®The +3/2 and —3/2 helicity states are described by the sum and difference of the two
vector-spinors. See also appendix 3.C.
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gives the same translations (3.77) up to equations of motion. More specifically,
we find the following commutators

1 1
[61, d2] Yy = 5”@% - %faauRg}) - 87m§a’7aau(7pgap>(a)

1 o g 1 (0% g
+ %5 auaa(’y XO') - §§ 'Yu'Ya('Yp 8/)1/}0) )

3.81)
1 1 (
[01,02] xp = £ 0uxu + 551’7?’91/) - gép'VPRELI)
1 » m ”
- ggp'Ypau('V Xv) + gfpr'Yu('Y V)

Hence, the algebra closes on-shell.

3.5.2. Massless limit

Finally, we discuss the massless limit m — 0 of the supersymmetric FP theory.
This is particularly interesting in view of the fact that the massless limit of the
ordinary spin-2 FP system, coupled to a conserved energy-momentum tensor does
not lead to linearized Einstein gravity. Instead, it leads to linearized Einstein
gravity plus an extra force, mediated by a scalar that couples to the trace of
the energy-momentum tensor with gravitational strength. This phenomenon is
known as the van Dam—Veltman—Zakharov discontinuity. In the following, we
will pay particular attention to this discontinuity in the supersymmetric case.

In order to discuss the massless limit, it turns out to be advantageous to trade
the scalar fields M and P for scalars S and F', defined by

_4

5= 3

(M+P), F=-(M-2P). (3.82)

=

This field redefinition will make the multiplet structure of the resulting massless
theory more manifest. In order to discuss the vDVZ discontinuity, we will include
a coupling to a conjugate multiplet (7}, jf, T TS,TN,TF,T;‘), as we did in
the Proca case. Here T}, is a symmetric two-tensor, jf, J)¢ are vector-spinors,
T l‘f is a vector and T, Ty, Tn are scalars. We will thus start from the action

I = Ipp + Iint , (3.83)

where Ipp is the supersymmetric FP action (3.74) and the interaction part Iy
is given by

Ling = hy T + 9Tl + X T+ STs + FTp+ NTy + A, T . (3.84)
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Requiring that I, is separately invariant under supersymmetry determines the
transformation rules of the conjugate multiplet:

1
0T} = 6704(/!8*7 + 67(/!*71/)’

1 m
5jf =y%eTou + [ Tnat 0“Ts + mry,eTy + 5 Tna€ T4 —me T:‘ ,

1 3
OTX = g 0Ta — Vua€ 0T — 4myue Tr — ~VuaBe 8“T£ + YuaVs€ BQTE ,

2
1_
0Ts = Sen"Ty
TN = L Mjw _ iefy#jx
12m 12 ro
0T =
F 16 )
_ _ 1
(ST;L4 = _16‘7‘3{ + EE VYT — 1om ewapﬂ

(3.85)
As in the Proca case, one should go back to a formulation that is still invariant
under the Stiickelberg symmetries, in order to take the massless limit in a well-
defined way. This may be achieved by making the following field redefinitions in
the final transformation rules (3.73) and action (3.74) thereby re-introducing the
fields (V,,,¢", X', %) that were eliminated by the gauge-fixing conditions (3.71):

- 1 1
s = P = 2OV, + 0V, + 50,0,

_ 1 )
@Z)u:ﬂ)u_aa;ﬂﬁa Xp = Xp T

1

—a,X .

4m " X

Applying this field redefinition in (3.73) then leads to transformation rules’,
whose massless limit is well-defined. In order to make the massless limit of
the interaction part iy, and of the transformation rules (3.85) well-defined, we
impose that 7}, and j;f are conserved

FTw=0, TV =0, (3.86)

and we put J)¥, Tr, Ty and T, ;14 to zero in order to preserve supersymmetry and
to obtain an irreducible multiplet in the massless limit. The conjugate multiplet

"These resulting transformation rules are given by the transformation rules (3.69), provided
one makes the following substitution: h,, — huw, ¥ = ¥u, Xu = Xp, @ = —¢" and x — x'/4.
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(3.85) then reduces to a spin-2 supercurrent multiplet (7}, J, f , Ts) that contains
the energy-momentum tensor 7}, and supersymmetry current Jl}p .

As in the Proca case, the massless limit is now well-defined. Performing
the above outlined steps on the action (3.83) and taking the massless limit leads,
however, to an action that is in off-diagonal form. This action can be diagonalized
by making the following field redefinitions:

- ~ 1 1 -

b = M+ 0w d’ s =t X S =S = o F L X=X
(3.87)

The resulting action is given by

I= / dz { G () — AP O, — 8 + B, T + GRTY + ST

2 2 o _
— F"E,, — §N2 + §A“Au - 4X;[y“ ”&,X/p — 8y o

1_ 1
+2[— 9ot — Zx’v’@ux' + EF2]

+ ¢ Ty — %)’(' VTV — éFTs} .

(3.88)
This is an action for three massless multiplets : a spin two multiplet (h,,,, v, S’),
a mixed gravitino-vector multiplet® (V,, Xj» ¥, N, Ay) and a scalar multiplet (¢,
X', F). These multiplets and their transformation rules are collected in appendix
3.B.Y The spin-2 multiplet couples to the supercurrent multiplet in the usual
fashion. Unlike the Proca case however, the supercurrent multiplet does not only
couple to the spin-2 multiplet, but there is also a coupling to the scalar multiplet,
given in the last line of (3.88). Indeed, defining

1 1
Ty=n"Tw, JT=-777", Tr=-35Ts, (3.89)

one finds that the fields (T, J,TF) form a conjugate scalar multiplet with trans-
formation rules

(5T¢ = —E’y“auj , o = —iETd) +7#68MTF , 0Tp = %Ej , (3.90)

8 An on-shell version of this multiplet was introduced in [85].

9The transformation rules of the different multiplets can also be found by starting from the
transformation rules of the massive FP multiplet and carefully following all redefinitions as
outlined in the main text, provided one performs compensating gauge transformations.
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such that the last line of (3.88) is invariant under supersymmetry.

We have thus obtained a 3D supersymmetric version of the 4D vDVZ disconti-
nuity. The above discussion shows that the massless limit of the supersymmetric
FP theory coupled to a supercurrent multiplet, leads to linearized N' = 1 super-
gravity, plus an extra scalar multiplet that couples to a multiplet that includes the
trace of the energy-momentum tensor and the gamma-trace of the supercurrent.

3.6. Linearized SNMG without Higher Derivatives

Using the results of the previous section we will now construct linearized New
Massive Supergravity without higher derivatives but with auxiliary fields. Fur-
thermore, we will show how, by eliminating the different “non-trivial” bosonic
and fermionic auxiliary fields, one re-obtains the higher-derivative kinetic terms
for both the bosonic and fermionic fields. We remind that by a “non-trivial” aux-
iliary field we mean an auxiliary field whose elimination leads to higher-derivative
terms in the action.

Consider first the bosonic case. The linearized version of lower-derivative
(“lower”) NMG is described by the following action [14]:

Wi llower) = [ @ { WG (H) + 20 Gl () — m2(¢ g — )} (391

where h,,, and g, are two symmetric tensors and g = n*"¢q,,,. The above action
can be diagonalized by making the redefinitions

h;w = A;w + B/u/ ) qQuv = Buu ) (392)
after which we obtain

Wi 14, B) = [ d% { ~ A"l (4) + B Gl (B) - m? (BB, - B*) }
(3.93)
Using this diagonal basis it is clear that we can supersymmetrize the action in
terms of a massless multiplet (A, \,, S) and a massive multiplet (B, ¥, Xy,
M,N, P, A,). Transforming this result back in terms of h,, and g,, and making
the redefinition

N = D — (3.94)
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we find the following linearized lower-derivative supersymmetric NMG action
i lower) = [ d¥a { = WG (R) + 20 Gl () = m®(¢" gy — ¢7) + 85

2 2 2 2

— SM? - ZN?4 P24 ZA AP

3 3ty T3

491" D — B D — A" D X + B X }
(3.95)

This action describes 2+2 on-shell and 16416 off-shell degrees of freedom. It is
invariant under the following transformation rules

- 1_ v 1_ v
Shyuw = EY(uPy) 0S8 = Ze*y“ Puv — 167“ Yuw

(3.96)

1 1 1

Spu = == (Ophyo) € + = Svue + —=vu(M + P)e

4 2 12

where 1 1
Puv = 5((9;“% = Oupy) Yy = Q(aﬂ)v = 0y) (3.97)

plus the transformation rules for the massive multiplet (qu,,%u,xu, M, N, P,
A,) which can be found in eq. (3.73), with h,, replaced by g,,. We have deleted
1/m terms in the transformation of h,, and p, since they take the form of a
gauge transformation. Note also that the auxiliary field S transforms to the
gamma trace of the equation of motion for p,,.

The action (3.95) contains the trivial auxiliary fields (S, M, N, P, A,) and the
non-trivial auxiliary fields (g, , ¥, , xu). The elimination of the trivial auxiliary
fields does not lead to anything new. These fields can simply be set equal to zero
and disappear from the action. Instead, as we will show now, the elimination of
the non-trivial auxiliary fields leads to higher-derivative terms in the action. To
start with, the equation of motion for g, can be used to solve for g, as follows:

1 in 1 in
G = —5 G (h) = 5w G (h) (3.98)

where GIiM(h) = n“”GE,I}(h). One of the vector-spinors, v, occurs as a Lagrange
multiplier. Its equation of motion enables one to solve for x,:

Xu = —5 ="V Ppo - (3.99)

The equation of motion of the other vector-spinor, x,, can be used to solve for

1, in terms of x,:
1

Yy = —%WW Xpo (3.100)
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and hence, via eq. (3.99), in terms of p,. One can show that the solution of 1,
in terms of (two derivatives of) p, is such that it solves the constraint

Y, =0 . (3.101)

We now substitute the solutions (3.98) for ¢, and (3.99) for x, back into the
action and make use of the identity

o 8 2
= "0 = 0 PP = 3 P DV oy (3.102)

where we ignore a total derivative term. One thus obtains the following linearized
higher-derivative (“higher”) supersymmetric action of NMG [20]:

i (higher) = [ d*x { = B GIL(R) + 475,070,y + 857

+ %(RMVRMV - 2R2>hn + %ﬁabﬁpab - %ﬁabfyabﬁ7Cdpcd} .
(3.103)
The action (3.103) is invariant under the supersymmetry rules
) 1, 1 1
5h,u,z/ = Y(uPv) > 5P,u = _Zf)/p 8ph,ucr6 + 55'7#6 s 08 = Zeﬂyu Puv »
(3.104)

where we made use of the constraint (3.101) to simplify the transformation rule of
S. Under supersymmetry the auxiliary field .S transforms to the gamma-trace of
the equation of motion for p,, since the higher-derivative terms in this equation
of motion are gamma-traceless and therefore drop out.

Alternatively, the higher-derivative kinetic terms for p, can be obtained by
boosting up the derivatives in the massive spin-3/2 FP equations in the same way
as that has been done for the spin-2 FP equations in the construction of New
Massive Gravity [14], except for one subtlety, see appendix 3.C.

This finishes our construction of linearized SNMG. In the next section we will
discuss to which extent this result can be extended to the non-linear case.

3.7. The non-linear case

Supersymmetric NMG without “non-trivial” auxiliary fields, i.e. with higher
derivatives, has already been constructed some time ago [20]. This action only
contains the auxiliary field S of the massless multiplet. A characteristic feature is
that there is no kinetic term for .S and in the bosonic terms S occurs as a torsion
contribution to the spin-connection. However, due to its coupling to the fermions
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it cannot be eliminated from the action. Thus, in the non-linear case we cannot
anymore identify S as a “trivial” auxiliary field.

We recall that, apart from the auxiliary field S, in the linearized analysis of
section 3.5 and 3.6 we distinguish between the trivial auxiliary fields (M, N, P,
A,,) and the non-trivial ones (gu ,%,,xu). Only the elimination of the latter
ones leads to higher derivatives in the Lagrangian. In the formulation of [20] only
the auxiliary field S occurs. One could now search either for a formulation in
which all other auxiliary fields occur or for an alternative formulation in which
only the non-trivial auxiliary fields (g, %, ,x,) are present. In this work we
will not consider the inclusion of all auxiliary fields any further. It is not clear
to us whether such a formulation exists. This is based on the fact that our
construction of the linearized massive multiplet makes use of the existence of a
consistent truncation to the first massive KK level. Such a truncation can only
be made consistently at the linearized level.

Before discussing the inclusion of the non-trivial auxiliary fields (qu. , ¥u , Xpu)
it is instructive to first consider the linearized case and see how, starting from
the (linearized) formulation of [20] these three non-trivial auxiliary fields can be
included and a formulation with lower derivatives can be obtained. Our starting
point is the higher-derivative action (3.103) and corresponding transformation
rules (3.104). We first consider the bosonic part of the action (3.103), i.e

in v ~lin 4 v 3 lin
I (higher) = / PPz { — WG (h) +85% + W(R“ R, — §R2) } . (3.105)

We already know from the construction of the bosonic theory that the derivatives
can be lowered by introducing a symmetric auxiliary field ¢,, and writing the
equivalent bosonic action

,ljcr)‘s lower) /d3 h’“’GEﬁ (h) 4852 + 2q’“’Ghn( ) —m? (q’“’qm, — q2) } )
(3.106)
The field equation of gy, is given by eq. (3.98) and substituting this solution back
into the lower-derivative bosonic action (3.106) we re-obtain the higher-derivative
bosonic action (3.105).
We next consider the fermionic part of the higher-derivative action (3.103),

8 2 _
It (higher) = / &z {4p,7""0,py+ 2pabﬁpab—mpaw“bﬁvc‘%d}. (3.107)

To lower the number of derivatives we first replace the terms that are quadratic
in p,, by the kinetic term of an auxiliary field x,, while adding another term
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with a Lagrange multiplier ¢, to fix the relation between p,, and x,:

I%é?m(lowef) = /d3x {4ﬁu’yuupaupp — "0y xp — 81/_% (VP pup — My x0) } .

(3.108)
The equation of motion for 1), enables us to express x, in terms of p,,. The
result is given in eq. (3.99). Substituting this solution for x, back into the
action, the terms linear in the Lagrange multiplier 1), drop out and we re-obtain
the higher-derivative fermionic action given in eq. (3.107).

Adding up the lower-derivative bosonic action (3.106) and the lower-deriva-
tive fermionic action (3.108) we obtain the lower-derivative supersymmetric ac-
tion (3.95), albeit without the bosonic auxiliary fields (M, N, P, A,). We only
consider a formulation in which these auxiliary fields are absent.

Having introduced the new auxiliary fields (qu ,%,,xu) we should derive
their supersymmetry rules. They can be derived by starting from the solutions
(3.98), (3.99) and (3.100) of these auxiliary fields in terms of h,, and p, and
applying the supersymmetry rules of hy,, and p, given in eq. (3.104). This leads
to supersymmetry rules that do not contain the auxiliary fields. These can be
introduced by adding to the supersymmetry rules a number of (field-dependent)
equation of motion symmetries. We thus find the intermediate result:

_ 1 1 1
Ohpu, = EY(uPv) dpu = —Zrypaﬁphwe + fS’yue , 0y, = —77"”8qu06 ,

OGuy = €Y(u¥u) + %E%Xy) , 05 = iev Puvs  OXp = 1 2y Y Qe+ 5 68 S
(3.109)
These transformation rules are not yet quite the same as the ones given in
eq. (3.96). In particular, the transformation rules of S and x, are different.
The difference is yet another “on-shell symmetry” of the action eq. (3.95), with
spinor parameter 7, given by
1_ v 1
0SS = —am Yuv OXp = —%nf),,S . (3.110)
The transformation rules in egs. (3.96) and (3.109) are therefore equivalent up to
an on-shell symmetry with parameter n = e:

dsusy (€. (3.96)) = dsusy(eq. (3.109)) + don-shelt(n = €) . (3.111)

We now wish to discuss in which sense the previous analysis can be extended
to the non-linear case. For simplicity, we take the approximation in which one
considers only the terms in the action that are independent of the fermions and
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the terms that are bilinear in the fermions. Furthermore, we ignore in the su-
persymmetry variation of the action terms that depend on the auxiliary scalar
S. Since terms linear in S only occur in terms bilinear in fermions this effec-
tively implies that we may set S = 0 in the action. In this approximation the
higher-derivative action of SNMG is given by [20)]

1

1
TN nlin 3 N vab [ ~ N
15583 (bigher) = [ % e { — AR(@) + — R @) Ry @) = 5.

R* (&)

— v, A 8 _ ~ A ab [~ 2 v o A
+4puy"" D, (w)ﬂp+ﬁpab(wm(w)pb(w —5 P (@Y D(@)V7 ppo (&)

2 v 2 A — v A
- mQR;wab( )p ’YM 7 :0 ( ) WR (w) pufy Puv (W)

+ higher-order fermions and S-dependent terms} .

(3.112)
Note that we have replaced the symmetric tensor h,, by a Dreibein field e,*.
Keeping the same approximation discussed above the action (3.112) is invariant
under the supersymmetry rules

1
de,* = iéfy“pu . Opp=Dy(@)e. (3.113)

We first consider the lowering of the number of derivatives in the bosonic part of
the action. Since the Ricci tensor now depends on a torsion-full spin connection
we need a non-symmetric auxiliary tensor g, ,. The action (3.112) can then be
converted into the following equivalent action:

158 (igher) = [ do e { ~4R (@) = m? (¢ g0 = ¢%) + 20" G (2)

F45D, () py + 3P () D (@) 5 (0) = 3@ PN (@)

2 N 2 R
- WRWab(w)pﬂ’“‘”vppab(w) = 5 R(@)7"Y s (¥)

+ higher-order fermions and S-dependent terms} .

The equivalence with the previous action can be seen by solving the equation of

motion for g, ,: , )
Quy = WG“’V (W) — TWQWG“ (@) (3.114)
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and substituting this solution back into the action. Note that the solution for
qu,v is not super-covariant.

We next consider the lowering of the number of derivatives in the fermionic
terms in the action. Following the linearized case we define an auxiliary vector-

spinor x, as
1
Xu = =5 VuPpo (@) (3.115)

or equivalently

Puv (©) = —=MYXy) - (3.116)
The first equation is the non-linear generalization of eq. (3.99). Using this defi-
nition one can show the following identity

%eﬁab(ﬁ)lﬂ(@)pab(ﬁ) ,zemw( W P@) (v ppo(@)] =

o e 1 ) .
= —4exuy" Du(@)Xp — — eRpwap(@)pp™” YY" Xo (3.117)

+ higher-order fermions and total derivative terms ,

which is the non-linear generalization of the identity (3.102). This identity can
be used to replace the higher-derivative kinetic terms of the fermions by lower-
derivative ones. At the same time we may use eq. (3.116) to replace pu, by x,.
This can be done by introducing a Lagrange multiplier ¢, whose equation of
motion allows us to use eq. (3.115). This leads to the following action:

1R (lower) = [ %0 e { AR (@) + 20 Gy @) 0* (¢ — ¢°)

+ 4ﬁu7HVpDu ((f)) Pp — 4>_CM'Y'MVPDV (d)) Xp — 8&u7wjppup (@) + 8m7;,u'7lWXV

1 2 o
- ERuyab ( ) pp,)/,uup,yab,yaxa + ERuuab (w) Pp’YW’Yp’YaXb

1 2
= —R(®) " xw — —R(@) P X

+ higher-order fermions and S-dependent terms} .

Our next task is to derive the supersymmetry rules of the auxiliary fields
Qu,v » ¥, and x,. Using the solutions of the auxiliary fields in terms of e,,* and p,
we derived these supersymmetry rules. In this way one obtains supersymmetry
rules that do not contain any of the auxiliary fields and, consequently, do not
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reduce to the supersymmetry rules (3.96) upon linearization. To achieve this,
we must add to these transformation rules a number of field-dependent equation
of motion symmetries, like we did in the linearized case. Since the results we
obtained are not illuminating we refrain from giving the explicit expressions here.

A disadvantage of the present approach is that, although in principle possible
in the approximation we considered, one cannot maintain the interpretation of
S as a torsion contribution to the spin-connection. This makes the result rather
cumbersome. Without further insight the lower-derivative formulation of SNMG,
if it exists at all at the full non-linear level, does not take the same elegant form
as the higher-derivative formulation presented in [20].

3.8. Discussion

In this work we considered the A/ = 1 supersymmetrization of New Massive
Gravity in the presence of auxiliary fields. All auxiliary fields are needed to close
the supersymmetry algebra off-shell. At the linearized level, we distinguished
between two types of auxiliary fields: the “non-trivial” ones whose elimination
leads to higher derivatives in the Lagrangian (these are the fields .., ¥, and x,)
and the “trivial” ones whose elimination (if possible at all at the full non-linear
level) does not lead to higher derivatives (these are the fields S, M, N, P and
A,). We found that at the linearized level all auxiliary fields could be included
leading to a linearized SNMG theory without higher derivatives. At the non-
linear level we gave a partial answer for the case that only the trivial auxiliary
S and the non-trivial auxiliaries g,,,%, and x, were included. To obtain the
full non-linear answer one should perhaps make use of superspace techniques.
The answer without the non-trivial auxiliaries and with higher derivatives can be
found in [20].

We discussed a 3D supersymmetric analog of the 4D vDVZ discontinuity by
taking the massless limit of the supersymmetric FP model coupled to a super-
current multiplet. We showed that in the massless limit there is a non-trivial
coupling of a scalar multiplet (containing the scalar mode ¢ of the metric) to a
current multiplet (containing the trace of the energy-momentum tensor). This is
the natural supersymmetric extension of what happens in the bosonic case and
supports the analysis of [78].

As a by-product we found a way to “boost up” the derivatives in the spin-3/2
FP equation, see appendix 3.C. The trick is based upon the observation that,
before boosting up the derivatives like in the construction of the NMG model,
one should first combine the equations of motion describing the helicity +3/2 and
—3/2 states into a single parity-even equation with one additional derivative.
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3.A. General Multiplets and Degrees of Freedom

In any realization of a supersymmetry algebra of the form {Q,Q} ~ P the
number of bosonic degrees of freedom should match the number of fermionic de-
grees of freedom. On-shell, this always holds, but off-shell bosonic and fermionic
degrees of freedom coincide when the theory has auxiliary fields which “close the
algebra off-shell”.

Field Off-Shell 4D | 3D On-Shell 4D | 3D
é Massless 1 1 1 1 1 1
Massive

1 | Massless 2[P/2] 4 2 %Q[D/Q] 2 1

A Massless D-1 3 2 D -2 2 1
"

Massive D 4 3 D -1 3 2

Y, | Massless | (D —1)2lP/2 | 12 | 4 | J(D-3)2P/2 | 2 | 0

g Massless | D(D—1)/2 | 6 3 D(D -3)/2 0
nz

Massive | D(D+1)/2 10 6 | D(D-1)/2-11] 5 2

TABLE 3.4
This table contains the results for the degrees of freedom for a scalar field ¢, a Majorana
fermion 1, a gauge field A,, a Majorana gravitino 1,, and a graviton field g,..

To illustrate the off-shell and on-shell degrees of freedom, consider for ex-
ample the 3D massless “mixed gravitino-vector” multiplet with field content
{Viu, Ay Ny xp, ¢}, where A, and N are auxiliary fields. The off-shell count-
ing of degrees of freedom is established in the following way: the gauge field V,
describes two off-shell degrees of freedom, while the auxiliary field A, describes
three, since there is no gauge invariance for this field, and the auxiliary field
N describes one degree of freedom (a propagating and an auxiliary scalar fields
always have one degree of freedom). In addition, the gravitino x, contains four
degrees of freedom, while the spinor ¢ describes two. Therefore, the off-shell
counting of bosonic and fermionic degrees of freedom match 6 + 6 giving a total
of twelve. On the other hand, the on-shell degrees of freedom will be: one for the
gauge field V,,, zero for the auxiliary fields and for the gravitino, and one for the
spinor ¥. Once more the number of bosonic and fermionic degrees of freedom
match 1+ 1 leading to a total of two degrees of freedom.
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3.B. Off-shell N =1 Massless Multiplets

In this section we collect the off-shell formulations of the different 3D massless
multiplets with A" = 1 supersymmetry. A useful reference where more properties
about 3D supersymmetry can be found is [86]. The field content of the different
multiplets can be found in Table 3.5.

multiplet fields off-shell | on-shell
s =2 P s, S 4+4 0+0
s=1 Vi, N AL X ¥ 646 1+1
s=0 o, x,F 242 1+1
gravitino multiplet XusAu, D 4+4 0+0
vector multiplet Vi, o 2+2 1+1
TABLE 3.5

This Table indicates the field content and off-shell/on-shell degrees of freedom of the different
massless multiplets. Only the massless multiplets above the double horizontal line occur in the
massless limit of the FP model.

s=2 The off-shell version of the 3D massless spin-2 multiplet is well-known.
The multiplet is extended with an auxiliary real scalar field S. The off-shell
supersymmetry rules are given by

1 1 1
Ohw = &uthu) 0= =77 Ophyoe + S Sue 08 = &V,
(3.118)
where
1

Yy = 5(8“1/1” — Oy) - (3.119)

These transformation rules leave the following action invariant:
Iy = / &z {R G (h) — 4Dy, — 857} (3.120)

s=1 The off-shell “mixed gravitino-vector” multiplet consists of a propagating
vector V), an auxiliary vector A, an auxiliary scalar N, a vector spinor x, and a
spinor . An on-shell version of this multiplet, called “vector-spinor” multiplet,
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has been considered in [85]. The off-shell supersymmetry rules are given by
oV = ey — %EXH ’
o = —%VPAFP,\G — %NE — %yo‘Aae ,
SXp = — 37 Fape — 297" Fore — 2vuNe+ LA, — 37,0 Ace,  (3.121)
SN = &y 0ath — v PBaxs ,
5Au = 367, 0axs — €7 Oaxs + €7, 0at) + €O .

Note that this multiplet is irreducible. It cannot be written as the sum of a
gravitino and vector multiplet. These multiplets are given below. The supersym-
metric action for this multiplet is given by

Tn = [ @ { = PP Fuy = 3N 4 34" — 43,0770, — 8070, }
(3.122)
with F, = 9,V — 0,V,,.

s=0 The off-shell scalar multiplet consists of a scalar ¢, a spinor y and an
auxiliary scalar F. The off-shell supersymmetry rules are given by

8¢ =qex,  Ox=7"c(9up) — jFe, OF = —&y"9ux . (3.123)

The supersymmetric action for a scalar multiplet is given by
Toio— / d | — 0" 40,0 — Lxr"Oux + 5 F?) | (3.124)

Besides the massless multiplets discussed so-far there is a separate gravitino
and vector multiplet. The vector multiplet arises in section 3.4 in the massless
limit of the Proca theory. For completeness we give these two multiplets below.

gravitino multiplet The off-shell gravitino multiplet consists of a gravitino x,
an auxiliary vector A, and an auxiliary scalar D. The off-shell supersymmetry
rules are given by

1 1 1 1.
SXp = Z’Y/\’YMA/\ +5meD s S =S X s 0D = 2o
(3.125)
where

1
Xuv = 5(8;&(11 - 8uX,LL) . (3'126)
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These transformation rules leave the following action invariant:

1
Ts3)p = /d%{ = POy — A AL 2D2} . (3.127)

vector multiplet The off-shell vector multiplet consists of a vector V,, and a
spinor 1. The off-shell supersymmetry rules are given by

1
V= -y, o = g’y‘“’e Fu , (3.128)

with F,, = 0,V, — 8,V,,. The supersymmetric action for a vector multiplet is
given by

Iy = / da{ - %FWFW — 2y 0} . (3.129)

This finishes our discussion of the massless multiplets in three dimensions.

3.C. Boosting up the Derivatives in Spin-3/2 FP

In this appendix we show how the higher-derivative kinetic terms for the
gravitino p, can be obtained by boosting up the derivatives in the massive spin-
3/2 FP equations in the same way as that has been done for the spin-2 FP
equations in the construction of New Massive Gravity [14] except for one subtlety.

Our starting point is the following fermionic action with two massive gravitini,
Y, and x,, each of which carries only one physical degree of freedom in 3D,

I, x] = / dx { = 400, — A DX + S X f - (3.130)
The equations of motion following from this action are given by
VPO, P, —myx, =0, VPO, xp — my*ap, =0 . (3.131)

Note that each one of the equations (3.131) can be used to solve for one grav-
itino in terms of the other one. However, this solution does not solve the other
equation. Therefore, one cannot substitute only one solution back into (3.130)
because one would lose information about the differential constraint encoded in
the other equation. After diagonalization

C}L = I/Ju + Xu s C;ZL = ¢u - Xu - (3'132)
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we obtain the massive FP equations for a helicity +3/2 and -3/2 state:
(@+m)¢=0,7"¢t=0, "¢, =0, (3.133)
(@=m) G =0, =0, " =0. (3.134)

To boost up the derivatives in these equations we may proceed in two ways.
One option is to boost up the derivatives in each equation separately by solv-
ing the corresponding differential constraint. In a second step one should then
combine the two higher-derivative equations by a single equation in terms of p,
by a so-called “soldering” technique which has also been applied to construct
New Massive Gravity out of two different Topologically Massive Gravities [87].
Alternatively, it is more convenient to first combine the two equations into the
following equivalent second-order equation which is manifestly parity-invariant:

(D—m2>CM: @Fm)(@+m)¢, =0, V=0, 8¢, =0. (3.135)

Note that the action corresponding to these equations of motion cannot be used
in a supersymmetric action since the fermionic kinetic term would have the same
number of derivatives as the standard bosonic kinetic term describing a spin-2
state.

We are now ready to perform the procedure of “boosting up the derivatives”
in the same way as in the bosonic theory where it leads to the higher-derivative
NMG theory. To be specific, we solve the divergenceless condition 0#(,, = 0 in
terms of a new vector-spinor p,, as follows:

C,u = Ru (P) = Euypaupp . (3136)

Substituting this solution back into the other two equations in (3.135) leads to
the higher-derivative equations

(0=m?)Ryu(p) =0, YR, (p) =0 . (3.137)
These equations of motion are invariant under the gauge symmetry
dpu = 0un . (3.138)
Furthermore, they can be integrated to the following action:

I'pl = / d’x {ﬁ“RM (p) — ﬁﬁ“@ (IR, (p) + €,°" 05 Ry (p)] } . (3.139)

One can show that the equations of motion following from this action implies the
algebraic constraint given in (3.137). The action (3.139) is precisely the fermionic
part of the action (3.103) of linearized SNMG.



Symmetry Analysis for Anisotropic
Field Theories

4.1. Introduction

The second modification from general relativity that we will consider implies
to give up on diffeomorphism invariance. Since at the quantum level, general
relativity is non-renormalizable, it should be viewed as an effective theory that
breaks down at some scale. Lorentz symmetry breaking in Horava-Lifshitz Grav-
ity theory [22-24] can lead to a modification of the graviton propagator in the
UV, thus rendering the theory power-counting renormalizable.

Abandoning Lorentz invariance by introducing higher order spatial derivatives
and forbidding the introduction of any higher order time derivatives, improves
the UV behaviour of the propagator and at the same time, guarantees the absence
of ghosts [88,89].

It is important to point out that there is nothing wrong with using Lorentz
violations as there is no reason why a theory should necessarily exhibit Lorentz
symmetry in the far UV. Our theory will be consistent as long as it allows Lorentz
invariance to be restored as an emergent symmetry in the IR.

Systems without Lorentz invariance are quite common, for example, multifrac-
tal spacetimes [90], modified gravities described in [91,92], aethereal gravity [93],
they all deal with Lorentz violations. Furthermore, a Lifshitz scalar field theory
has been studied in the context of condensed matter physics as a description of
tricritical phenomena involving spatially modulated phases [94,95] and low en-
ergy Lorentz breaking can be originated by high energy physics such as string
theory [39,96].

On the other hand, theories that are invariant under scale and conformal

79
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transformations have been studied for over a hundred years. Current under-
standing, at least on the classical level, of several nonlinear physical systems and
critical phenomena is based on the invariance under global scaling transforma-
tions x,, — bz, (e.g. [97,98]).

Horava’s papers devoted to gravity models are characterized by an specific
anisotropic scaling between space and time:

t—>bt, ¥—=bT; b>0, z€Re. (4.1)

Note that spatial isotropy is still assumed to be kept; the degree of anisotropy
between space and time is measured by z, which plays the role of a dynamical
critical exponent.

Noether’s theorem [99] states that every differentiable symmetry of the action
of a physical system has a corresponding conservation law, it associates to a
Lagrangian symmetry the conserved current whose total differential vanishes on-
shell. In this chapter, we use Noether’s theorem for general classical fields and for
general symmetry transformations in actions that depend on higher order spatial
derivatives to find the correspondent current densities that lead to a conservation
law.

Then, we analyze several important applications: the scalar field, an electro-
dynamics compatible with the transformations (4.1) for z = 2 as in [100, 101],
and higher derivative Chern-Simons extensions (see [102]). For these cases we ob-
tain the canonical energy-momentum tensor and the conserved current associated
with scale invariance. Conclusions are presented in the last section.

4.2. Noether’s Theorem

Let us consider the action S[®], for a collection of arbitrary fields ® = {¢,},
in D dimensions, where a represents space-time or internal indices:

S[@] = /deE (®, 0,0, 0y, ,®, 0y, ,®, ..., 0y D) | (4.2)
where % = 0;,, 9. Throughout this paper n = 0,1,2,... indicates the

derivative order, ¢, = 1,2,..., D — 1 stand for spatial indices, while 4 =0, 1, 2,
.., D — 1 denotes space-time indices.
Under arbitrary infinitesimal stationary variations d®, the equations of mo-
tion are

oc oc oc . oc
ﬁ_aﬂm+ail,2m_".+(_l) &MWM_O? (4.3)
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note that they contain the usual first two terms, plus higher order spatial deriva-
tives.
Now, the addition of a fourth divergence

GMA“ = 8H @M((I)) + Oy 2™ ((I), 81'1(137 81'1 i2‘I>, ce 8“_%71(1)) (44)

to the Lagrangian, does not modify the Euler-Lagrange equations.
For convenience we introduce the notation

Dt =6 (DY -+ D), W = (W W), (45)

where
(n—1)
npt = gk k(" oL
R { > 0 () (2 5w) 5@}}7
(n—1)
” i1 _ i _1\k n oL v
6i1 W’ﬂ - 6(1’1 { kz:% ( 1) <k>anlk) |:<ak) 8(8741,”@)) 8IJ® ox :|} ’

here the lower index on D?! and W/! indicates the order of the term, the upper

index i; should be contracted with the derivative index and on the right side
of the expression all the indices should be contracted. The parenthesis on the
subindexes as usual, denotes that these should be symmetric.

On the other hand, if the action integral (4.2) remains invariant up to a
fourth divergence 6S = [ dPz 9,60" [103] when the coordinates are subject to
an infinitesimal transformation of the kind ), = @, +dz,,, ®'(2') = ®(z)+5®(z),
then the conserved Noether currents (9,J* = 0) are given by

oL , or 0
)8V<I>> 03" + — o= 50 — 00 — 35 (W' = D", (4.6)

/N v
J ((M (0, 9(0,,®)

and the corresponding conserved charge Q is

oL oL
_ 3, 70 _ 3 0p _ v _ 500
Q= th zJ —/thx [(6V£ 8(60@)8”(1)) ox +8(60<I>)5q) 6 ](, |
4.7

Expresion (4.7) is exactly the same conserved charge as in the case of a Lagrangian
depending only on the first space-time derivative

L(z) = L(D,0,P) . (4.8)
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If the theory is invariant under translations (6" = a*), the canonical energy-
momentum tensor is given by

oL oL oL

B (A — Y Lo | —=— 5
TH, =6 L a(aﬂ)ay@ s om0 + 00, (a(aiajq>)>a@+
(4.9)

4.3. Examples

4.3.1. Scalar Field

For a massless scalar field ¢ in D dimensions, we will consider the time-related
term:

Si[6] = / dPz (3002°3) . (4.10)

We want to find the conditions in order to make 4.10 invariant under a scale
transformation of the form

¢ =bt, al=bx;, ¢ =b"¢, (4.11)

where b > 0, z, A€ Reand i=1,...,D — 1. We find that

SQW — prtD-1 /dDiL‘ b—2(z+A) (80¢80¢> 7 (4.12)
is scale invariant if D1
A= %—Z ' (4.13)

We can also add an interaction term ¢" invariant under the scaling symmetry
4.11 when

(4.14)

D—1+z_2<D—1+z)
A - D—-1-z

If we wish to include a term with second derivatives of the field (9;0°¢)™, invari-

ance under the scale rules leads to
D—-1+z2

=—. 4.15

T RA (4.15)

Let us consider the four dimensional case (see Table 4.1). The usual isotropic

scaling is given when z = 1. In the case when the dynamical critical exponent

z = 2 the only interaction term that will preserve the scaling symmetry will be
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' and a quadratic term if we add second order spatial derivatives. When z = 3
we cannot add an interaction term since in this case n — oo, but we can add to
the action a cubic term of second order derivatives that remains invariant under
the scaling.

2 A n m
3D 4D 3D 4D 3D 4D

1 6 4
1 5 1 6 4 £ 3
2 0 3 - 10 2 2

1 10
3 —35 0 -10 - 3 3
TABLE 4.1

Anisotropic scaling terms for a three-dimensional and four-dimensional scalar field with
different dynamical critical exponents z.

Now we will find the conserved Noether currents and charges in the four
dimensional case with z = 2

L=080¢+08,,60"¢, i,j=123 = -8 ¢+08,0°¢=0. (4.16)

The scalar field theory obtained when ¢ = j gives an action that is a sum of a
kinetic term involving time derivatives, and a potential term which is of a special
form: It can be derived from a variational principle

)

where W = % [dP~1x (8;¢00;¢). This resulting action is a prototype of a class of
models introduced and studied in the context of tri-critical phenomena in con-
densed matter physics by Lifshitz [94] in 1941, and is consequently referred to
in the literature as the “Lifshitz scalar” field theory [95,104]. In the context
originally studied by Lifshitz, ¢t is Wick rotated to become one of the spatial di-
mensions, and the Lifshitz scalar then describes the tricritical point connecting
the phases with a zero, homogeneous or spatially modulated condensate of ¢.
In [105] Hofava introduced a new class of nonrelativistic gravity models, charac-
terized by anisotropic scaling between space and time with a nontrivial value of
the dynamical critical exponent z = 2. This anisotropy leads to a change of the
critical dimension of the system to 2 + 1, and makes the theory suitable for the

(o) = ( (4.17)

=
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worldvolume of a membrane where it can be coupled to quantum critical matter
with z = 2, described in the simplest case by Lifshitz scalars with dynamical
critical exponent z = 2.

Using Noether’s theorem as shown before, we obtain the conserved currents
and charges of these kind of field theories. The canonical energy-momentum
tensor (4.9) is (using V2 = 9,0%)

TV, =0hL —2540°6 0,0+ 20", |-0"60, 0,6+ (0'V?6) 00| . (4.18)
This Lagrangian is also invariant under scale transformations

1
5t=2bt, F=bF, Jp=-bp, b>0, (4.19)

and its corresponding current can be written as [1006]
TH =220 TH0 4+ 2, TH 4 0\ 0™, (4.20)
where

1 ‘ . ,
O_OA — —590)\902, O_z)\ _ gz)\ (2(,0V§0 . V902> +gmg)‘n¢amn80' (421)

Defining a new tensor

1]1 .
O =TH + 3 {2 (guoguo Oxp X’\poo +g"'g"% 0y, XApi())

4 (gm’guj a/\p kaij + g,uoguj 8)\,; X/\poj)} , (4.22)

1
X/\p,ul/ _ g)\p ot — g)\,u oPY — g)\v ok _|_g;u/ o_)xp + g (g)\,ugpu _ g)\pguu) 0_0(;7
which has the following properties
1
9,0 =0, 20%+0m =274 +T™" + 5 X (4.23)

the conserved currents take a simpler form

TH =200 4 2,0M, (4.24)
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4.3.2. Electrodynamics

Let us consider the four dimensional electrodynamics Lagrangian with z = 2 [101]:

. g O F% =
— 01 . k prij .t iy
L OCFOzF + B (aszJ) (8 F )v = OzaoFoz _ 2BV28jF“ =0

where F,, = 0,A, —0,A,; o,f € Re; 4,5,k =1,2,3;and p,v = 0,1,2,3, is
invariant under translations (da* = a*, §A, = 0). The canonical tensor is:

70, =080L —2a FO"9,A,,, T* =68C—-2aF"9,40—-WE,  (4.25)
where WF =47 (8ka” OmvAn — 0, A, 87]%Fm")
For the transformation of the fields
Ab=p712 4, A =b73% Ay, (4.26)

the Lagrangian remains invariant and the corresponding conserved currents are

T =220T% +2° 7% —a F¥ 4, (4.27)
TP =22 T+ 2* TP, ~ 3a F™ Ay~ 28], (3 A LG, Ay — 8,0 Al) .
(4.28)

4.3.3. Higher Derivative Chern-Simons Extensions

In this example we will consider three dimensions and an arbitrary dynamical
critical exponent z. The action [102] will take the form

S0 = (2m)71 / B PV VA, 9A,, = EPIVIF, =0,  (4.29)

ECS

where Fjg, = 0g A —0,Ag. The theory is invariant under scaling transformations
when

0=Db""Ay, Aj=A;. (4.30)

Moreover, it is also gauge invariant (dz¥ = 0, dA, = 0,A), up to a 4th diver-
gence

T* =(2m) " [—e V2 A,0,A + 6" (93 A0 90N — DDAy D,N)] — 5QH

where 6Q# = (2m)~1 e# A, V29,A .
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4.4. Discussion

The principal goal of this chapter was to study an anisotropic theory which can
be applied to several systems where the Lorentz symmetry is broken. Noether’s
theorem for actions with an anisotropic dependence on time and space was ap-
plied. The general form of the conserved currents and charges for arbitrary sym-
metry transformations was obtained. In particular, for the case of translations,
the canonical energy-momentum tensor was presented.

An interesting result was that the usual Noether’s charge (when the action
depends only on the first space-time derivatives) is not modified even if the La-
grangian depends on additional higher order spatial derivatives.

We made the symmetry analysis for three anisotropic systems, for the free
scalar field and electrodynamics we studied translation and scaling invariance
and for the Chern-Simons theory scaling and gauge transformations. With the
method presented here, it is possible to give the explicit form of the conserved
currents.



Path Integrals and Polymer
Quantum Mechanics

5.1. Introduction

Loop quantum gravity is a theory that attempts to merge quantum mechanics
and general relativity. The theory is based on quantum geometry, the essential
discreteness of which permeates all constructions and results. The fundamental
excitations are 1-dimensional and polymer-like.

Polymer quantum mechanics is an alternative formalism of quantum mechan-
ics that supports the idea of the existence of a minimal length scale y, known as
the polymer length, which enters into the Hamiltonian of the system to deform
its functional form into a new one called the polymer Hamiltonian. Since no
discreteness of space has been detected, this fundamental length must be much
smaller than the natural length parameters associated to a mechanical system.
In contrast to the standard Schrédinger picture, this representation gives an ul-
traviolet cutoff due to the existence of the polymer length as a possible minimum
length scale for the system under consideration. [26,107-110]

Polymer quantization was re-introduced by Ashtekar, et. al. [26] in the
context of Loop quantum cosmology to construct a scheme not equivalent to
Schrodinger’s representation. This formalism has been successfully applied to
the quantization of several cosmologies, avoiding the big bang singularity, but
also for quantum theories of one degree of freedom like the free particle, a parti-
cle in a box [111], the harmonic oscillator [112], as well as some other potentials.
For such quantization the first step is to build a representation of the Weyl al-
gebra on a polymer Hilbert space. The next step is to implement a Hamiltonian
constraint on this space which can not be done directly because of the discreet-

87
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ness of space, so the procedure introduces a length scale (apart from Planck’s
constant) into the quantum theory.

It is interesting to study the polymer version of different simple toy systems
in order to learn about some of the properties of the loop quantization such as
the quantum constraints, the structure of the physical Hilbert space, the path
integral, the quantum solutions, the effective action and properties of the observ-
ables.

This chapter is organized as follows. In section 5.2 we summarily review the
polymer Quantum Mechanics scheme introducing the Weyl-Heisenberg algebra.

Section 5.3 contains the construction of the path integral for the polymer
quantization. This quantization procedure has the advantage of being quite easy
generalized to the polymer case and furthermore this scheme provides us with an
effective action that we can use to understand more deeply the non-perturbative
aspects of a dynamical system at classical and quantum levels. Besides, it is pos-
sible to analyze carefully the measure of the integral, and we found the interesting
result that the measure for the spatial momenta is modified with a final bounded
integral.

We study the polymer version of several systems: the non-relativistic free
particle, the relativistic particle, the harmonic oscillator and cosmology. We
found some interesting properties in the phase space of this systems such as non
trivial restrictions over the energy and the phase space variables.

5.2. Polymer Quantum Mechanics

In this section we are going to describe the Weyl-Heisenberg algebra which we
are going to use to construct a new representation known as polymer representa-
tion (which is not unitarily equivalent to Schodinger’s representation) [26,111].

In Schrédinger’s representation the Hilbert space Hgen is the space of the
quadratically integrable functions (Hg., = L?*(Re, dz)) and the action of this
operators is given by

Oaie) = Ap(e)  and V) =l +p), (5.1)

for all ¥ € Mgen. The unitary groups Uy and \A/M (which depend only in one
parameter) are weakly continuous in A and p. This property assures that the
autoadjoint operators & and p exist in Hg., such that

A .

Uy = e?? and V, = P (5.2)

Now, the Stone—von Neumann theorem stablished that any irreducible represen-
tation with commutation relations Uy V), = et V,, Uy is unitarily equivalent to
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Schrodinger’s representation (5.1), so all the measures dx that can be obtain from
the action of the operators U and V are equivalent [113].

The polymer representation of the Weyl-Heisenberg algebra is not equivalent
to Schrodinger’s representation because it violates one of the assumptions of the
Stone—von Neumann theorem, in the new representation, the operator Vu is not
weakly continuos in p due to the discrete structure of the space, therefore the
autoadjoint operator p which satisfies Vu := ek does not exist (in other words,
the operator Vu is not related with an Hermitian operator as an infinitesimal
generator). This is what we expected from the absence of an spatial continuous,
because if the Riemannian geometry is discrete we do not expect that the operator
p= —ih% exists in a fundamental level.

The central difference between Schrodinger and polymer quantization is the
choice of a non-separable Hilbert space H py,. A Hilbert space with an uncount-
able orthonormal basis characterized by kets |z;) labelled by real numbers z;.
In this representation {|z;)} is an orthonormal base, and it’s internal product is
defined as

wh
//J w 4 i \Li—Lj5)
(wilzj;) = 271'71/_”:& dp; en? ( i) = Oz s (5.3)

note that in the right side we have a Kronecker delta instead of a Dirac delta.
The action of the basic operators U and V is given by

Uyl|zj) = e?%lz;)  and  V,|z;) = |z — ), (5.4)

in this case U \ is weakly continuous in A and therefore the autoadjoint operator
T exists in H pory with Uy = ¢*®. This action can be written as &|z;) = z;|z;).

However there is an important difference with respect with Schrédinger’s rep-
resentation, now the eigenkets of & are normalizable and also the elements of the
Hilbert space. In this sense the eigenvalues are 'discrete’'.

On the other hand, although the family V# has an unitary group Hpoy, the
operator is not weakly continuous in u. This is because no matter how small is
@, |z;) and Vu |zj) are always orthonormal

lim <:EjHA/u lz;) =0. (5.5)

w—0

The commutation relation between these operators is

A

(2, V] = —uV. (5.6)
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To define the analogue of the Schrédinger momentum operator we expand
e~ "HP (since & p is small)

heh”p—e FhP ,UQ 9

so we define the operator momentum in a similar way choosing © small and as a
fix scale and we define the operator in Hp., as

p Y ————— 5.8
PR (5.8)
Therefore, the square of the momentum operator will be simply
R (0208 0 - V) (59)
Pz ™ 42 \Vn w V) o :

and since the action of the operator V# over a spatial state |z,) produces a shift
on it as shown in eq. (5.4), the action of p2 will be

2

. h
pgzc ‘xn> = m (2‘$n> - ’xn - 2,U> - ’xn + 2M>) . (5.10)

5.3. Path Integrals for Polymer Quantization

In this section we will imitate Feynman’s formalism using the evolution op-
erator e#9 and integrating over A in the context of the polymer quantization in
order to find the matrix elements of the evolution operator.

Let us remember that in the polymer construction the solutions of the con-
straint equation are decomposed in sectors in which the wave functions are only
defined in grids of the spatial variable x (in other words x has only discrete
values), so we need to impose that x = nu where n is an integer over the grid.

Note that in the usual systems the variables = and p are symmetric (because
both of them are quadratic) so one can think alternatively on z or p as the
configuration variable. Here, we will consider = as the momentum variable of the
particle over a circle, while p is in the interval (0, 71'%))

As in section 2.5, we decompose the evolution in N intervals of length e = 1/N

eFNG — H RN (5.11)
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but this time, the complete base contains a discrete part due to the spatial variable
x

00 o0
1:/ dty S [T tn) (@bl (5.12)
-0 T =—00

and the Kernel will have the form

N-1 00 N
G(zsits; wists) / dA H [/ dtn] 11 [ > ] TT (st le 29 1, ).

n=1 Lx,=—00] n=1
(5.13)
In the next sections we will study the polymer cases of the non-relativistic and
relativistic particle, the harmonic oscillator and some cosmologies.

5.3.1. Polymer non-relativistic free particle

The action for a non-relativistic free particle of mass m is

1

S:/dT [pti—l—pxa}—)\(pt—i—pgﬂ y (514)
2m

with the constraint 1
5_ & .9
= — 5.15
It is possible to treat independently the spatial and the temporal coordinates.
For the momentum p; the propagator will be

(tnle™ EE)‘pf|t —1) / dpy, exp [—he)\ptn ptn(tn —tn_l)} ) (5.16)

h

To compute the spatial propagator we need the definition of the delta function
(5.3) and to apply the action of the square of the spatial momentum operator
over a spatial state (5.10). Using these results we obtain

rn . . 2
T LA o (o — ) — LEAR o P,
(Tple” 72 |Tn_1) 57 | o dp,., exp [hpzn(xn Xp—1) T 9 2 sin” —==1
m
(5.17)
therefore the complete propagator will be
N xh N— oo
m
(g, trle # g, 1) = 5 (A — (tw — 1)) [ [2 / ] 11 l > 1
n=1 n=1 Lrxp=—00
. N71
i
€xp [h $n(pxn - pxn-&-l) + H
n=1

(5.18)
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Since the temporal part is the same as in the usual case, we obtained a Dirac
delta directly from it of the form 6 (A — (tx — tp)). Besides, we defined

H=1

AP N 5 P
h

$Opzl +$prN - 2m 2 Z h . (519)

Applying Poisson’s summation formula, we can transform the coordinate sum to a
proper path integral adding an infinite sum with guarantees the cyclic invariance
on the momentum (see [114])

(o] .
Z €%$n(pxn _pwn+1) = / dxne%[$n(pxn—pxn+1)+277$nln] ) (520)

Ipn=—00 lp=—00

so the propagator becomes

) R N nh
(xf, tf‘e_ﬁg/\g’aﬁi, ti> 25()\ tN—tO H [%/ " dpz,
n=1
—1

N-1 00 00 .
[ > dﬂﬁn] %P{ 2 (e, - P:vn+1>+2”"l"]+ﬂ}'

(5.21)
In the last expression the sums over [,, can be absorbed into the variables p,, by
extending their range of integration from (—nh/u,wh/u) to (—oo,00). Only in

xh
the last integral 527 [ %, dps, this is impossible and we arrive at

E po poo[
(g, trleF My, t) = 6 (A= (ty — t0)) —h/“ Pex H o [ v

IO

St

Z xn(pwn _pxn+1) +H} .

(5.22)
We can simplify the last expression by obtaining N — 1 Dirac deltas on the
momentum to obtain

(wp, trle RNy, 1) = 6 (A= (i — o))

i |eNAR? 20 g,
5 h/ﬁudprexp{ | dmpr (1—cosh )—pr(xN—xo)l},
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and by making the following definitions

eNMh? 20Dy
T2 ¢ L TN o0 o (5.24)
we obtain the integral form of a Bessel function Ja(2)

Le G 1 . 2m .
T, t 67ﬁ6)\g Ti, i) =0 (AN—(ty — t efzz/ d ez(zcos(+A§)
(T, tyl \ ) (A= (tn — o)) 5 A ¢ (5.25)

=0\ —(tny —t0))i®JTa(2)e .

To obtain the Kernel of the non-relativistic free particle in the polymer case, we
just have to integrate over A

1

3 (TN = h? _n?
G(xfa tf7 xi, tl) = i2u($N IO)JL(:EN_Q:O) <4/rnlu2(tN _ tO)) e 4mH2 (tn to) :
(5.26)

2p

where we used eN = 1.
This is the result obtained by the method of images on [115]. It is necessary to
stress that the residual bounded integral in the measure for the spatial momenta

in (5.23) is needed in order to obtain the right result.

Equations of motion

The last step in the construction of the path integral consists in taking the
limit N — oo. Generally in this limit we have to make the following substitutions
eXN o= [dr, (tn —ta_1) /e — dt/dr and (x, — 2n_1) /e — dz/dT to obtain
a continuos action (over 7). Therefore, the Kernel for the free particle in the
polymer case is

Glay, ty; @y, t;) := /d)\ (zy, tffe_%e/\gm, ti)

. (5.27)
= [ dx [ D) D) Ppr(7)] (7)) ¢S
where S represents the effective polymer action, in this case is given by
1 h2
_ ; . .2 M Dg
S = /0 dr |pst +pz & — A (pt + D2 sin N ) (5.28)
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The equations of motion of the polymer action for the free particle given in (5.28)
are

pt = 07 px = 0; (529&)

. h 2mux
- = — i ) 2
t=\, P o arcsin ( 7 ) (5.29Db)

Now we can use this equations of motion to rewrite the effective action (using
the redefinition 2/ = &/\)

t2 h C(2mpu h? 4m?2p?
S = . dt [%x’ arcsin (hx/> = g2 (1 — /1= = 2 [, (5.30)

and the Hamiltonian

oL h? 4m?2p? h? P,
H=_—2 - L= 1—4/1- 2 = in? f”) 31
e L pr— ( PR ) o2 sin ( w ) (5.31)

in the last step we used that p = % = % arcsin(mT“x' ). Since the energy H is

constant, we write the velocity 2’ in terms of it

2H 2mp?
a? == (1 - ngf H) . (5.32)
x{H)

4+ 2my

H==# {4y’

H

— e ~h/2my

FIGURE 5.1

Velocity graph. Note that both the velocity and the energy are bounded.
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In order that the velocity stay well defined, lets note that the values of the
energy are restricted by

h2
0<H<——= 5.33
<H<g 3 (5.33)
in other words, the velocity of the free particle has a limit
h , h
——<a(H) < —, 5.34
omp < ° (H) <5 . (5.34)

when the energy takes the values H =0 or H = 22—22 the velocity of the particle
is zero; on the other hand when the energy is equal to half of it’s maximum value

H= % the velocity is maximum as we can see in the fig. 5.1.

We can integrate the velocity eq. (5.32) to obtain the solutions for the system

1
tpoly () = £ T+t

2
VEL(L - 22 )

(5.35)

poly ?

where 19, is a constant.

In the continuous limit, when p — 0, the energy has to be positive H > 0
and the velocity is unbounded, in other words we recover the case of the classical
non-relativistic free particle. Furthermore, in this limit, the polymer trajectories

tpoly, would be the classical solutions t.qs(x) = £/ 57 = + to.

5.3.2. Polymer relativistic particle

The constraint in the case of the relativistic particle is
5 1/1
Gg= 2 (ﬁuﬁu + m26> ) (5.36)
c

let us assume that only the spatial variables are discrete, while the temporal
variable remains continuous, we are only going to consider a space-time in D =
(1,1) dimensions with metric (—,4). Then, we can compute the propagator

i

<a:1f, xof\e_h”\é\xli, 2%) (where the first index denote the space-time component
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and the second index the evolution partition) as follows

<$1 $O |6—%6)\QA’$1. m01> —
N-1 N-1 00 N
-1 [/ de ] 11 [ 2 ]H<xn Cle” hO\gn‘xn 125 1)
n=1 n=1 [zl =—oo]| n=1
N-1 | oo N @ N[
Il e ol T (I o)
;N 1/1 h? 1
exp {;n;l [_GAQ (Cpo,npon + ﬁ sin? M];n + mQC)
+Do.n (xon — xon,l) + Pin (xln — xln%) ] } .
(5.37)

We will use here all the tricks that we learned from the previous example. For
the temporal coordinate it is possible to perform all the integrals except for the
last one over the momentum pON. For the spatial coordinate first we convert all
the summations into integrals over x!, using Poisson’s summation formula given
on eq. (5.20) which will add an extra infinite sum. We will use these additional
sums to extend the range of integration on the spatial momentum variables p?,.
We can do this except for plN so this integral will remain bounded. Therefore

the Kernel will have the form

1 0. 1
G(xfaxfam / d)\M<2 h)/ de/ﬂde

©w

1
) 2
N 0 h® s 2 HP 2.2 0 0 1 1
-4 l:e2c (pO,NpN'Hﬂsm hN +m?2c )—poyN(x N—T0)—P1, N (T —2)

e .
(5.38)
Now we can integrate over A to obtain a Dirac delta
1 4dmhe I
G('y, 2%l 2%) = p (%h) ( ) / dp’ / ; dp'y
N
2 .
5 ( h 2 MpN 2 2) e%[pO,N(fBON*"EOO)JFPLN("L"IN*?L"IO)] .
h

(5.39)
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Finally, we integrate over p’y and take eN = 1 to obtain

dpe [, ehnahodh
mh J_=h PN
m

G( f?xf7x1 xo)

1
2
2 % sin? uth + m2¢c?

Equations of motion

Taking the hm1t N — oo and substituting € >3 — [dr, (29, — 20) /e —
d2®/dr and (z} 4 — z) /e = dz'/dT we get

G(:J:f, xf, xy, ) /d)\ (g, trle” ﬁe}‘g|xl, )

v (5.41)
= / A / D2°(7)| [P (7)] [DP°(7)] [ Do (7)] 7%,
where the effective action is given by
A1 h?
S= /dTlo(L’ +prat —2< ~pop" —|— sm2’u§+mc>]. (5.42)

The equations of motion corresponding to the effective action of the relativistic
particle (5.42) would be

po =0, p1=0, (5.43a)
oeiid
Po = f\xo p1 = ;L arcsin ( ilg) , (5.43b)

substituting the equations of motion (5.43a) in the action (5.42), using the metric
(—,+) and choosing the coordinates (zg,z1) = (ct,x), this action has the form

h 2
S = /dT [—CtQ ﬂx arcsin (/\Cfl;:v)

\h2 4c?p? 1.,
—@ (1— 1—)\27:L2x2)—2)\mc y
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now we are going to eliminate the Lagrange multiplier A with it’s equation of

motion
2 3 . hZ 4 2,2
S L——— (1— 1ok ‘2>:o, (5.45)

2 2227 dep? et

this is a fourth order equation in A so there are four solutions for the Lagrange
multiplier, fixing { = 7 we get

2

¢4 2 o g Jot —9c232 4t AR 5o (5.46)
A=+ 2(m? + cPmp?/h?) ’

once more the velocity values are bounded, we can find that the velocity must
satisfy that

2 <+

2c4m?2 12 61172 ,2 8114 4
crmeu _2\/cmu +cmu (5.47)

h? h? I

now we can get p in terms of the maximum velocity &4, = v (remember that p
is the length of the grid and it has to be positive p > 0)

A(c? — v?)

2c2mu

= (5.48)

For a proton accelerated in the LHC at 7 TeV and substituting the values of its
mass, the speed of light and Planck’s constant

¢ =299 792 458 m/s
hi=1.054 571 726 x 10734 J - s, (5.49)
m=1.672 621 777 x 10727 kg,

we obtain for the length of the grid
p=1.889 x 107 m, (5.50)

this is 10!' Ip where Ip is Plank’s length (Ip = 1.616 199 x 1073 m).

5.3.3. Polymer Harmonic Oscillator

We will now show how to quantize the polymer harmonic oscillator using the
path integral, the action for the parameterized system is

) 1 k
SZ/dT {ptt—l—pxa’:—)\<pt+pg+x2>} , (5.51)
2m 2
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with the constraint given by
L 5 Kk o
= —x°~0. 5.52
Gg=p+ 5 Pe T 5% (5.52)

In the polymer bra-ket space we can evaluate the harmonic potential, we thus
get

k
<xn‘§$2)xn—1> = §xn$n—15xn,mn,1

k i zh , (5.53)
M i _

T ptntnmlo /"f dpa,, et Pon (Trn1)
in consequence for the spatial part of the constraint we obtain

<xn|67%‘6)\(271ﬂp%+%1‘2) |x?’L—1> =

é n? pps  k
— 1—— )\ 2 2 3
ol (2””‘2 W fe) (5.54)

. . 2
i i R ;.2 M Pz k
gPzn(avn—mnfl)—ﬁe)\(mnu2 sin® =54 Sy xn,1>

wh
_n W
~ 27h /"f @Pa, €

Therefore, using the expressions (5.54) and (5.16) we get for the path integral

i

(zy, tffe_’ie’\gm, ti) =

N-1 ') N-1 o0 aps N B tr—ty,_ N1 .
= H [/ dtn:| H |:217T/ dptn] el Zn:1( APty + Pty - 1) 1[ Z ‘|

> n=1 o n= =—00

mh i N Tn—Tp_1 N
- 4 n _ 1 s 02 HPxy kA
H K 7€ anl (P:cn P 22 S = 5 TnTn—1
dpz, | € .

(5.55)
Taking the limit N — oo and using ¢ YN — [dr, (tn —tn_1) /e — dt/dr,
(x, — p—1) /€ = ,dx/dr. Then, we conclude

G(ay, ty; @i, t;) = /d)\@f, 75f|€_%.6/\g|55i, ti)

(5.56)
= [ dx [ [Da(r)] D) [Dpu(r)] Do) 7S

St

where

; ; h’ . 2 MWDz k 2
pit +pa & — A (pt + 2 sin” ==+ 5z . (5.57)

1
S:/dT
0
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In this form, we get the Kernel of the polymer harmonic oscillator. To deduce the
corresponding Schrédinger equation, we use the relations sin? 6 = %(1 — cos 26),
k = mw? and taking into account that the system is quadratic in the potential
we use the p, representation. Furthermore, we assume that from the effective
action (5.57), we can read the effective constraint, then the time independent
Schrédinger equation is

E¢=

h2 2 - 2h2 2
<1—cos ’”’) _ MY (5.58)

dmpy? h 2 op2

Note that if we would want to define de quantum amplitude we should take into
account in 5.56 that the momenta are fixed, while the coordinates are not, as it
was done in [116]. Next, let us define

_ 2ukE 1

- (5.59)

gwh?  2¢%°

h

Then, the eq. (5.58) is transformed in Mathieu’s differential equation. This
equation has been studied in several works, see for example [30,117], and reference
therein. In this work, they obtained periodic solutions for special values of «

Von(u) = 71'_1/2(36”(1/492, u), a= An(g),
Poni1(u) = 7 2se,41(1/46%, u), a = By(g).

We denote by ce, and se, (n = 0,1,...) the cosine and sine elliptic functions
respectively. For a pendulum with a single potential well m=1 [117]. Note that
only even order ce and se, functions occur. A, and B, correspond to Mathieu
characteristic value functions. for n even ce, and se, are m-periodic, but for n
odd are 2m-antiperiodic. Explicitly, the eigenvalues corresponding to the periodic
eigenfunctions (5.60) are:

Eon  2¢9%An(g) +1 B 2¢°Bnii(g) +1

il

w 4g w 4g

u

+7/2, g=mwp, «

(5.60)

(5.61)

Dynamical analysis

In this subsection we want to study the full dynamics of the system in order
to try to find non- pertubative solutions to the action (5.57). The equations of
motion are

Pt =0, Pz =—Akx, (5.62a)
. h . (2mux
t= A, Dy = ﬂ arcsin ( )\;; ) . (5.62b)
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Using the eq. (5.62a) and (5.57) and defining the new time 2/ = &/\ to de-
parametrize the action we get

h _(2mpux’ h? 4m?2p? k o
S:/dt lzux’arcsm( Y ) " 2 (1 —1/1- Tm& -5

(5.63)
From this expression we derive the effective Hamiltonian
oL h? 4m?2pu? k
H=_—2-L= 1—y/1— 2| — Za?. .64
EAd L g2 ( a2 ) 5% (5.64)

It is clear that the values of the velocity x’are bounded by the same limit as in
the free particle case

h
- << —. (5.65)
2mu 2mpu
Now, as H is a constant of motion, we can solve for z’
1 2mp’ Amp? muk?
2 _ 4

x _mFH(l_ 72 H)—i—k( 2 H-1|- e (5.66)

in consequence we obtain the complete evolution of the system

L QmuZH
t=+4 * EllipticF |arcsin |/ ==z | , 2’;27 +tp. (5.67)

k(1 — 22U H) 2H S

To simplify the dynamical analysis we write the system in the phase space. In

terms of the momentum p = % = % arcsin(QmT”x’ ) the Hamiltonian will be

H sin® — +

- 2mu? h

k
2 HP 57 (5.68)

solving for p from (5.68) results

h 2mpu? k
p= i; arcsin\/ TZ;L (H — 23;2) . (5.69)

Now, using as conﬁguga‘cion variable the momentum p, the system evolves under
a potential V(p) = h;ﬂ sin? 2. Solving eq. (5.69) for the “momentum variable'

2m
T we get
1 h2
x = i\/kzm (ZmH — 2 sin? p:) . (5.70)
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FIGURE 5.2
Graphic in the phase space. The dashed line corresponds to the separatrix of the movement

given by H = %5

So we see that the potential is periodic in p (with period %h) Furthermore, it
is always positive and corresponds to a pendulum. Then, the motion in p, and
the separatrix divide the phase space in two regions with phase space curves of
different characteristics, in one region we get libration and in the other rotation
(Figure 5.2). In the case of libration the system approaches to a standard har-
monic oscillator this limit corresponds to g = 0, i.e. p = 0, in this limit the
quantum states are equally spaced. The case g > 0 ~ p > 0 corresponds to a
rigid rotor limit and here we have quadratically spaced energy levels.

On the other hand, the fixed points are found in p = n4 arcsin(1), where
n € Z; for n even correspond to minima and n odd correspond the maxima of
the potential. In the region of libration, x is found between x? < %, whereas p
is bounded between p? < Z—z arcsin? 2”];52 :
2H 2H
=

In the rotation region, if n is even, x = +,/5* or v = —

2 2
get that x = + %_m’i;ﬂ orr=— %—m’;uz.
Using the Hamiltonian equation, with Hamiltonian (5.68) we get

2
p= %—H :k:n:j:\/k (2mH—hsin2 ’;f) (5.71)

x m 12

In the case of libration, with initial conditions given by

2mu?
72

tpoty, | Po = ip arcsin H|=0, (5.72)
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we obtain

ho[ 1 TR TR
tooty, = —1] —— { +EllipticF |22,
poly, = QkH{ 1pHe {h’ 2 Hmy?
5.73
+(4n = D)EllipticF |arcsin | 27 i e o
C arcs .
n + 1pt1 I'CSINn hZ 72m,uJ2H

In the case of rotations, for the initial condition

tpotyr (P =0) =10, (5.74)
results )
ho | 1 oo |pp R
t = —4/— EllipticF |—, ——— to. - 5.75
poly AT { iptic [ o 2Hm,u2] } +to, ( )
FIGURE 5.3

Solutions for the p variable. The upstairs left plot corresponds to the solutions inside the
libration region, the upstairs right plot corresponds to the rotation region and the downstairs
plot correspond to the separatrix solution

From figure 5.3 we observe that in the case of libration the movement in p
is bounded and oscillatory. Whereas, in the case of rotation the movement is
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not bounded but is still periodic (5.3.3). The case H = 22722 corresponds to
the separatrix, in the quantum case this solution corresponds to the quantum
tunneling and we observe from the (5.3.2) that this solution has the form of a
kink, but we must remember that this solution corresponds to the p variable
and the must be interpreted carefully It will be quite interesting to see if for the
polymer quantum mechanics this kind of solutions can be interpreted as a map
between a coherent state from the oscillatory side to a squeezed pendular state
in the rotor side. This is the case in the quantum pendulum [117]. Furthermore
it will be interesting to analyze the consequence of this kind of solutions in the

case of quantum cosmology.

5.3.4. Polymer Cosmology

Loop quantum cosmology is the application of loop quantum gravity to cos-
mological models. In loop quantum cosmology the geometric observables display
a fundamental discreteness causing that the big bang is replaced by a quantum
bounce (the quantum Hamiltonian constraint of the theory does not break down
when the scale factor vanishes and the classical singularity occurs replacing the
big bang by a quantum bounce).

Almost all phenomenological work in cosmology is based on the flat, homo-
geneous and isotropic Friedmann Robertson Walker (FRW) space-times and per-
turbations thereof. To construct a Hamiltonian formulation of the FRW models
is necessary to introduce a finite elementary cell V [118] in the space with topol-
ogy Re® and restrict all integrations to it. It is easiest to fix a fiducial flat metric
Gupdrtda® = dx? +dx3 +dr3 (where 7 are Cartesian coordinates), that is related
with the physical 3-metric by qq = a?(,;, and a is the scale factor. The volume of
the cell V with respect to the metric ¢, will be denoted by Vy and the physical
volume will be just V = a3Vj.

The standard canonical pairs are (a, p,) for geometry and (¢, p) for the scalar
field. To compare with LQC results [69] it is convenient to replace the scalar
factor a by a variable v which is proportional to the volume of the cell V and the
conjugate momentum p, by a new variable b defined as

3
y— GV oy AmGpa (5.76)
21 3V a?
With this replacement v has the dimension of length and it ranges over (—o0, o)
and b has dimensions of inverse length. Their Poisson bracket is then given by
{v,b} = —2 while for the matter phase space {¢,p} = 1.

We will discuss in some detail the simplest cosmological space-time, the spa-

tially flat FLRW model with cosmological constant zero (k = 0, A = 0). The
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effective action for this model obtained after applying the path integral formu-
lation that we studied in the previous sections, is given in [119] and it takes the

form )
1 .1 h b
S:/ dripo — =bv — A pZ—SWG V2 gin? 2
0 2 w2 h

} , (5.77)

where v is the Barbero-Immirzi parameter of LQC, X is a Lagrange multiplier
and p is the length of the grid as in the previous examples. By making the
redefinition 1 = 37 G, the effective action will take the form

} . (5.78)

1 .1 nh? b
S_/OdT{p¢_2bD_Al —?V2SH12%

In here, we will study the dynamics of the system by analyzing the phase space,
so first we find that the equations of motion will be

4\ vnh? sin2 P b

p:O, b:_ P} T
h
' " H o (5.79)
¢ =2\p, b:arcsin( >
2u 2\nh 12

Now we substitute these equations in the action (5.78), we make the identification
A = ¢ and use that v/ = /X to obtain

1 wv' 5 nh w2 v'?
S= /d¢{—arcsn(2nh1/2>+u Z—MQ 1-— 1—74772?}2]/4 .

5.80
Writing the Hamiltonian in terms of the momentum b = gf, =— % arcsin (2 #rl; ;2)
2
gives H = —1/2% sin? g‘%—b. If we consider that the energy is constant from (5.3.4)
we get
—-H
M2 sin T

From here we see that there are different restrictions over the energy H and the
values of v are bounded.

When the universe is flat, there are two types of classical trajectories: one
in which the universe begins with a big bang and expands (eternally expanding
universe) and another one when it contracts into a big crunch (eternally contract-
ing universe). However, for the LQC evolution the quantum solution follows the
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classical one at low densities and curvatures (LQC has good infrared behavior)
but instead of falling into the singularity undergoes a quantum bounce and joins
on to the classical trajectory that was expanding to the future.

The expansion volume will be given then by

From here we can see the periodicity of the velocity of expansion b and that the
values of H and v are restricted by H < 0, and v ¢ [—\/—’7‘727{2{, \/—’:IZTIQ{] . In the

classical this result will be
/ H
Velas = T4/ ——5—, (5.83)
o n bglas

therefore if we go back in time when the expansion velocity increases, then the
volume of the universe goes to zero into the singularity. However, in the polymer

case, when the expansion velocity increases, the volume bounce intend of going
2H

into the singularity and reaches the minimal value /—£

nh?

FIGURE 5.4
Phase space diagram in the case k = 0.
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5.4. Discussion

In the frame of the polymer representation, we obtained the propagators of the
non-relativistic and relativistic particle, the harmonic oscillator and Friedmann
Robertson Walker cosmologies in the cases of flat and positive curvatures.

One of the most important characteristics of the group averaging procedure
that is not commonly address in the literature and that we stress in this work,
is that it gives us the correct measure of the path integral, as we saw there
is always a remaining integration over the momentum even without taking into
account the polymer representation. This result is not relevant when one analyzes
the effective actions of the systems, but is crucial to take it into account in order
to compute the exact propagator.

Since in quantum field theory the effective action is an important tool for the
investigation of properties of the theories such as non-perturbative effects it was
interesting to take it as our starting point in the analysis of the dynamics of our
systems. The first interesting feature that we found, is that the velocity of the
particle in the systems is bounded. Furthermore, in the relativistic case we found
that this velocity is always smaller than the speed of light.



Non Relativistic Limit

6.1. Introduction

Non-relativistic theories have been interesting tools in theoretical physics in
recent years. The main motivation is to widen the applications of the conjectured
anti-de Sitter/conformal field theory (AdS/CFT) correspondence and to test if it
also holds away from its original relativistic setting. AdS/CFT correspondence
can be used to understand strongly interacting field theories by mapping them
to classical gravity. In the study of collective phenomena in condensed matter
physics it is quite common to observe this strong-weak coupling duality since a
strongly coupled system reorganizes itself in such a way that new weakly coupled
degrees of freedom emerge dynamically and the system can be better described
in terms of fields representing the emergent excitations. There are reasons to
expect that non-relativistic holography has applications in effective descriptions
of strongly correlated condensed matter systems [39,120-123]; for a review, see
e.g. [124]. Usually, one only considers a non-relativistic setting at the boundary
but one might also consider non-relativistic models both in the bulk and at the
boundary [40]. Originally, non-relativistic superstring theories and superbranes
were studied as special points in the parameter space of M-theory with non-
relativistic symmetries [125, 126]. Non-relativistic strings were also thought as a
possible soluble sector within string theory or M-theory [127,128]. This latter
expectation was based on a similar experience with the pp-wave/BMN limit [129].

Furthermore, a formulation of non-relativistic gravity that is invariant un-
der diffeomorphisms was introduced by Cartan [130], see also [131-135]. This
so-called Newton-Cartan gravity can be reformulated as a gauge theory of the
Bargmann algebra [45,136]. The interest in Galilean-invariant theories with dif-

109
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feomorphism invariance has increased recently due to their relation with con-
densed matter systems [38, 137, 138], see also [139, 140] and references therein.
Galilean-invariant theories have also appeared recently in studies of Lifshitz
holography [141,142].

In this chapter we make a first step in improving our knowledge on non-
relativistic gravity and particle/string/brane theories that underlie a holography
with a non-relativistic setting at both the boundary and the bulk. In this work
we will consider supersymmetric theories and we will restrict to particles, or more
precisely superparticles [143,144], only.

Non-relativistic N/ = 2 massive superparticles in ten dimensions in a flat
background have already been studied in [127]. In this chapter we wish to extend
this analysis and consider superparticles in a curved non-relativistic supergrav-
ity background. It should be stressed that, independent of the relation with
non-relativistic holography, there is not much literature on non-relativistic su-
persymmetry; however, see e.g. [145—-151]. This in itself provides ample reason to
investigate this topic.

Part of this chapter consists of a review of known results on non-relativistic
superparticles in a flat background, we will use the non linear realizations method
to study the dynamics and the symmetries of these particles. To the best of our
knowledge all non-relativistic superparticle actions with background fields are
new.

In the construction of massive (super-)particle actions an important role is
played by symmetries, both global and local ones. In particular, it is well-known
that relativistic massive superparticles have an infinitely-reducible gauge sym-
metry, called k-symmetry [152,153], that eliminates half of the fermions. In the
non-relativistic setting this x-symmetry corresponds to a fermionic gauge shift
symmetry, i.e. a Stiickelberg symmetry [127].

When discussing the symmetries of (super-)particles in a curved background
it is important to distinguish between ‘proper’ and ‘sigma model’ symmetries
[154,155]. In the case of proper symmetries the background (super)gravity fields
only transform through their dependence on the embedding coordinates of the
(super)particle. On the other hand, in the case of sigma model symmetries
the background fields have their own transformation rules. We will clarify how
these sigma model transformations are related to the transformations of the (su-
per)gravity fields when viewed as the components of a (super)gravity multiplet
defined in the target space.

To explain our construction of non-relativistic superparticles in a curved back-
ground, we will first consider the bosonic case and take as our starting point a
single massive non-relativistic particle in a flat background. The action of such
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a particle is invariant under the (global) Galilei symmetries, hence the name
‘Galilean’ particle. We next partially gauge the spatial target space translations
of the Galilean particle such that the constant parameter of a spatial translation
is promoted to an arbitrary function of time. The resulting extended symmetries
are sometimes called the ‘acceleration-extended’ Galilean symmetries. In order
to achieve this partial gauging the particle must move in a curved Galilean back-
ground that is characterized by the Newton potential ® [156].! We will call this
particle a ‘Curved Galilean’ particle. Finally, we perform a full gauging of the
Galilean symmetries such that the parameter of spatial translations becomes an
arbitrary function of the spacetime coordinates and the full symmetries of the
particle action are the general coordinate transformations. Actually, to perform
this gauging it is necessary to extend the Galilei symmetries with an additional
central charge transformation? [45,136,159]. The background is now promoted to
a Newton—Cartan gravity background that is characterized by a spacelike Viel-
bein e,?, a timelike Vielbein 7, and a central charge gauge field m,. We will
call the corresponding particle a ‘Newton—Cartan’ (NC) particle. Figure 6.1 in-
dicates the different backgrounds that we will consider and outlines the how to
move between backgrounds, either by a gauging of symmetries or by gauge fixing
some of the symmetries.

F F

Galilean Curved Newton
alriea Galilean Cartan
G
FIGURE 6.1

This figure displays the different backgrounds used in this chapter. For each background,
section 6.4 discusses the bosonic case while section 6.5 treats the supersymmetric case. The
upper arrows marked with an F' indicate the direction of gauge-fixing, while the lower arrows
marked with a G indicate the gauging direction.

Next, we will consider the superparticle. This requires a supersymmetric
extension of the gravity backgrounds in the first place. Since non-relativistic su-

!There is also a different way of gauging the spatial translations where the background is
given by a vector field rather than a scalar potential [136,157].

2In section 6.3, where we discuss supersymmetric particle actions, we will restrict ourselves
to d = 3. In that case, it is known that the Bargmann algebra admits a second central charge,
see e.g. [158]. We will however not consider it in this thesis.
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pergravity multiplets to our knowledge have only been explicitly constructed in
three dimensions, we will only consider superparticles in a three-dimensional (3D)
background. A supersymmetric version of the 3D Galilean and NC backgrounds
was recently constructed by gauging the Galilei, or better Bargmann, superalge-
bra [48]. We will make full use of the construction of [48] which, in particular,
explains how to switch between different backgrounds, with different symmetries,
by partial gauging or partial gauge-fixing. Our aim will be to investigate the
action of a 3D superparticle first in a flat background and, next, in a Galilean
and NC supergravity background with and without a cosmological constant. To
indicate the different cases we will use the same nomenclature as in the bosonic
case but with the word particle replaced by superparticle.

This work is organized as follows. In section 6.2 we go through the known
descriptions of the bosonic Newton-Hooke particle to introduce our notation and
the non linear realizations method to find particle actions. Moreover, we use
the Lagrangian formalism to find the Killing equations of this system to study
the symmetries that is contains. We end this section with comments on the flat
limit. In section 6.4 we discuss the different gaugings and gauge-fixings in a
simple setting. Sections 6.3 and 6.5 are devoted to the supersymmetrization of
the theory discussed in section 6.2.

6.2. The Free Newton-Hooke Particle

This section will serve as a useful warm-up exercise to show the bosonic results
before discussing the superparticle case. We consider a negative cosmological
constant A < 0 with the AdS radius given by R? = —1/A *. In global coordinates
the metric of an AdS spacetime is given by

b
f(r)

By taking the non-relativistic limit of a relativistic particle in such an AdS back-
ground we arrive at the action

s_/d72lfR2], (6.2)

once a total derivative term is eliminated. Physically, this system is equivalent
to the non-relativistic harmonic oscillator.

ds® = —f(r)dt* + dr? +r?dy? flr)=1-Ar2. (6.1)

3In the following we will express everything in terms of the radius R.
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The NH algebra with a central charge extension can be derived as a contrac-
tion of the AdS algebra (2.39) extended to the direct sum of the AdS algebra and a
commutative subalgebra spanned by Z. To make the non-relativistic contraction
we rescale the generators with a parameter w as follows (a =1,...,D — 1):

1 -
Posz+2—H, My =wK,, R=wR. (6.3)
w

Taking the limit w — oo and dropping the tilde on the R we get the following
Newton-Hooke algebra:

[Map, Mea] = 204 cMgy — 20 Maja s [Jab, (P/K)e] = —20.a(P/K)y)

1 (6.4)
ﬁKav [PayKb}:(sabZ-

[H,K,] = P, [H,P,] = —
The generators {H , Ju, P, , K,} generate time translations, spatial rotations,
space translations and boost transformations, respectively. The central extension
Z that leads to the Bargmann version of the NH algebra occurs only in the last
commutator. Physically, the occurrence of the central charge transformations
is related to the fact that at the non-relativistic level the mass of a particle is
conserved.

6.2.1. Non-linear Realizations

In this section we obtain the action and transformation rules for the Newton—
Hooke particles by using the method of non-linear realizations. We will derive the
action and transformation rules of the NH superparticle and afterwards we will
take the flat limit to obtain the results for the Galilean particle, see e.g. [68,160].

The starting point is the AdS algebra with a central extension given in section
2.3. We derive the transformation rules for the coordinates (¢, 2%, s, v’) using the
coset NH/SO(D — 1) with the coset element g = goU, where gg = eflteli®'e?s
is the coset representing the ‘empty’ NH space with a central charge extension
and U = X" is a general NH boost. This leads to the Maurer-Cartan form €
associated to the NH space

Qo = g5 'dgo = He® + Pie’ + Ze, + Kw™ + M;;w" | (6.5)

where (e, ¢, e,) and (w°,w") are the space, time and central charge components
of the Vielbein and spin-connection 1-forms corresponding to the NH space are
given by

e’ =dt, e’ =dx*, eZ:ds+ﬁdt, w :—ﬁxz, (6.6)
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where 22 = z'z’. By inserting a particle in the empty NH space we obtain the

Maurer-Cartan form of the combined system
Q=g ldg=U"'QU+U U = H Ly + P;Lp+ZLz +K; L'+ M;; L7 , (6.7)

where the explicit 1-forms are given by

LH:eO, %:ei—i—vieo, LZ:eZ%—viei—i—%ero, Li{:wio—i—dvi.
(6.8)
Note that we can obtain the Maurer—Cartan forms of the NH space by a matrix
representation of the NH boost.

2

‘ 4 1o %
( LH> Lpza LZ ) = ( 607 ela €z ) 01 Ui . (69)
0 0 1

The action of the NH particle is given by the pull-back of all L’s that are invariant
under rotations, hence

S:a/(LH)*+b/(LZ)*:a/(eo)*-l-b/(ez—l-viei—i-;UQeO)*

22 2 (6.10)
=b [dr | t{+0v'i' +—t+3
2R? 2
Note that neglecting total derivative terms, by choosing b = —m and using the

equation of motion of v* = —%, we recover the action given in eq. (6.2).
Using the Maurer—Cartan form one can derive the transformation rules of the
Goldstone fields that realize the NH algebra (6.4):

ot =—¢, P )\ikxk —a cos% + A’Rsin% ,

o A1
vt = )\ v’l‘t—a—lsin——)\icosi 6s—a1$lsini+)\ixicos— (o1
Tk R R R’ " R R R

6.2.2. The Killing Equations of the Newton-Hooke Particle

In this section we find the Killing symmetries of the NH particle using the
Lagrangian formalism. We start from the action (6.10) and consider that the
coordinates transform as:

or' =& (t,a),  St=E(tx), &' =((twv), ds=qnltz).  (6.12)
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After imposing the invariance of the variation of the action (65 = 0) under the
symmetry transformations, we find that the Killing equations are given by

a? v? 0 ifn ¢h o i L i
(572 + 5)0€ +0' (@i + ) + zga’€ +0m =0,
) (6.13)

(555 + Uz)a-go + 0060+ ¢ B =0
2R2 2/ ’ ‘ ‘

It is easy to prove that the solutions of the Killing equations (6.13) correspond
to the symmetry transformations that we found in (6.11).

6.2.3. The Flat Limit

Taking the flat limit R — oo of the Newton-Hooke algebra (6.4) we obtain
the Galilean algebra

[Maba Mcd] = 277a[ch]b - 277b[ch}a ) [Jalh (P/K)C] = _25c[a(P/K)b} )

6.14
[HaKa]:Pa7 [PaaKb]:5abZ- ( )

In this case, the time, space and central charge components of the Vielbein sim-
plify to ' '
e =dt, e =di', e,=ds, (6.15)

and since we are studying the flat case, all the components of the spin-connection
vanish and the action of the Galilean particle is just

Szb/(ez+vlel+20260> :%/det.:C , (6.16)

where we already substituted the equation of motion for v*. This action is invari-
ant under the transformation rules

§t=—(, éz'= Nk — ot + o', st = NpoP — o . ds =z, (6.17)

6.3. The Newton—Hooke Superalgebra

In the same way that the non-relativistic bosonic particle is based upon the
Galilei algebra, or its centrally extended version, the Bargmann algebra, the
action and transformation rules of the non-relativistic 3D N = 2 superparticle
are based upon the supersymmetric extension of the Galilei or Bargmann algebra.
It turns out that we need two supersymmetries since one of the supersymmetries
is, like the time translations in the bosonic case, a Stiickelberg symmetry.
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The NH superalgebra can be derived as a contraction of the AdS superal-
gebra. In the case of two supersymmetries there are two independent versions
of the latter one, the so-called N' = (1,1) and N' = (2,0) algebras. As we ex-
plained in Section 2, in the presence of a cosmological constant the relativistic
AdS superalgebra in three dimensions is not unique. Instead, in the case of N/
supersymmetries, one always finds A different versions, often referred to as (p, q)
AdS superalgebras [58]. In Section 2.3 we give both the (1,1) and (2,0) N = 2
AdS superalgebras. As explained in Section 2.3, the Newton—Hooke superalgebra
that we will use below is obtained by contracting the N' = (2,0) AdS superalge-
bra.

We proceed by discussing the contraction of the 3D N = (2,0) AdS algebra.
The basic commutators are given by (A =0, 1, 2)

. 1 .
[Mag, Mcp) = 2najcMpip — 2npjcMp)a , (Map, Q'] = —5748Q",
[Mag, Pc] = —2nc(aPp) ; [Pa, Q"] = 274Q"

[Pa, Pp] = 42° Mg, [R,Q"] =229,

{QL, Q%) = 2(vACapPa 67 + 22[y*BC™ Y 0pMap 67 + 2C 5 e R .
(6.18)
Here Pa, Map,R and Q! are the generators of spacetime translations, Lorentz
rotations, SO(2) R-symmetry transformations and supersymmetry transforma-
tions, respectively. The bosonic generators P4, Map and R are anti-hermitian
while the fermionic generators Q°, are hermitian. The parameter z is a contrac-
tion parameter. Note that the generator of the SO(2) R-symmetry becomes the
central element of the Poincaré algebra in the flat limit  — 0.
To make the non-relativistic contraction first we define new supersymmetry
charges by

Qs = % Q4 £7Q7), (6.19)

and rescale the generators with a parameter w as follows:

1 1
Ph=wZ+—H, R=—-wlZ+—H, My =wK,,
2w 2w
1 . ~ (6.20)
Qt=—Q", QT =VwQ .

We also set z = 1/(2wR). Taking the limit w — oo and dropping the tildes on
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the QT we get the following 3D NV = (2,0) Newton-Hooke superalgebra:

[Jabv (P/K)C] = _25c[a(P/K)b} ) [H7 Ka] =P,

(7] = = Ko, [H,Q7] = 5 70Q"
1 1
[Jab7 Qi] = _5 PYabQ:t ) [Hv Q+] = _ﬁ 70Q+ )
K@= —370@ ,  [Pe@= 2@ (6:21)
{Qz, QE} = [’70071]046 H + 2R [7abcil]aﬁ<]abv
{Q:@ QE} = ['Yac_l]aﬂ Pa + % h/aoc_l]aBKa 5
[P, K] = 0ay Z , {Qa,Q5} =21"C Nap Z.

The central extension Z that leads to the Bargmann version of the NH superal-
gebra occurs in the last two (anti-)commutation relations.

6.3.1. Non-linear Realizations

In this section we obtain the action and transformation rules for the flat
Galilean and Newton—-Hooke superparticles by using the method of non-linear re-
alizations [61,62].* We will derive in the first subsection the x-symmetric action
and transformation rules of the Galilean superparticle, see e.g. [68,160]. In the
second subsection we will do the same for the NH superparticle. The normaliza-
tions of the (to-be) embedding coordinates that occur in this section differ from
those in the main text.

The starting point is the A/ = 2 Bargmann superalgebra given in section 6.18.
We derive the transformation rules for the coordinates (¢,x?,s, 0, G‘j‘r,vi) using
the coset G/H = N = 2 super Newton-Hooke/SO(D — 1). The coset element is
given by g = goU, where gy = et ePir' oZs Qab QA0 ig the coset representing
the ‘empty’ ' = 2 NH superspace with a central charge extension and U = e
is a general NH boost representing the insertion of the particle.

The Maurer—Cartan form associated to the super NH space is given by

Qo =gy 'dgo = HE° + PE' + ZEz + Kjw" + M;jw” — Q" E_ —QVE,, (6.22)

4For an early application of this method in a different situation than the one considered
in this work, namely to the construction of worldline actions of conformal and superconformal
particles, see [63,64].
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where (E°, EY, Ez, E__, E1_) and (w?, w¥) are the time and space superviel-
bein and spin-connection components of the NH superspace given explicitly by

EO =dt ( 4R 9+0+) 9_+"}/0d0+ 5
i i dt 0i aFepi 5 hoi
E'=dx ( +E9+9+)+ﬁ(30 +7Y 0_ — o°R 9+9+)—0+"}/ dG_,
dt  zixt ~
By = — ) —6_~%b_
7z =ds+ 2R( R ) 0_~"db_,
; dt zt zt 3 dzFe
0_ (- 6.6 G0 )~ kig g _Lg iogy
R( R AR2 +++2R +7'0-) — A2 0 T RO ;
i dt €4 a
W = = 0,0, — E‘g” bdg,
dt xt dx’
E,: _ _ o ZO 1
do— (1 — 2R9+9+) 3R (3700 QR'YOH 0,0, 77 04) — 2R79+,
dt
By =dbi + 5 5T Y00+ -

(6.23)
In terms of the supervielbein and the spin-connection the Maurer—Cartan form

of the N/ = (2,0) NH superparticle is given by with the L’s given by

10

Ly =E", b=B 4+ E,  Ly=E; 0Bt B,

e =w =207 W'+ vt LY =w, (6.24)
o

L-=E-—< %ok Ly=E,.

Note that we can writhe the space-time super-translations in matrix form in terms
of the vielbein of NH superspace as

1 0 0 1’2—2
01 0 0
(Lu,Lp® Loy, Lyo, Ly )= (E°E% E_,,E+,,Ez)|0 0 1 0 0
00 Y2 1 0
00 0 01

(6.25)
allowing to obtain the Maurer—Cartan forms of the NH superspace by a matrix
representation of the NH boost.
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Using the Maurer—Cartan form one can derive the transformation rules of
the Goldstone fields that realize the NH superalgebra (6.21). We find that the
bosonic transformation rules are given by

6t:_€7

o = Nyt —ateos -+ T g Ly o, iR ini+”k€’“’ La,0
=Nz a'cosR 4RS p0+0+ + v Rsin 1 o8 00+,
ik T gt i eos L (1

Ok' = Nk 7 Sl g (1- iR 9+9+) v*cos (1- iR 0+9+)

i i 4 - Vi -
7 smﬁjtﬁﬁ EG 0, 4 vixt COSR—I——CO EQ o,

1
004 = Z)‘ab'}/abeJr?

0s =

1
00_ )\ab’yabﬁ + — sin — 40, —|— g, .

2R R " R i
(6.26)

The transformation rules under the e_-supersymmetry transformations are given

by

00_ =e€_(t) = exp(;]t% ) 6s = e_(t)y%0_, (6.27)

while all others fields are invariant. For the e, -transformations we find the fol-
lowing rules

1 -
—— 040
R++)7

6t = — &, ()70, szt =€ (t)y'0- (1
Kk xt

i _ Lo
Ok = o5 01 yrier(t) + Y2 ()70 — 07 Oer(t) (1~ 9+9+)

4R

% )

x i0 rx 0 L 0p o
s = _ﬁ 6+( ) 0_ ( 4R0+0+> 4R2 6+(t>7 9+ — ﬁ 6+(t>’)/ 9+ 0_0_,
60+ =es(t) (1 - o3 9+9+)
xt 1 3 0

ey vie+ () (1 + @9+9+) SR il (t)y'0- + 1r of- er(t)770+,

(6.28)
with
—t

e+ (t) = exp( 5570 ) e - (6.29)
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6.3.2.

Non Relativistic Limit

The Killing Equations of the Newton-Hooke Superparticle

The action of the NV = (2,0) NH superparticle is given by the pull-back of all
the L’s that are invariant under rotations:

S:a/(LH)*+b/LZ*

= (l/dT 9+0+) = éJr’}/OéJr)
x g 70

2R R _) —6_~"db_

+vi(dx"( 6.60,) + 2L (35,0 _ g )~ 047'do-)
4R +b4 2R +70- or U+0+ +
2
v . — 0/

+ E(t (-1 L g.0,) - ew 0,)].

(6.30)
We will consider that the coordinates transform in the following way:
ot =&t x,01), ot=¢&%tx,04), 0L = t,x,04),

§'(t z,0+) §(t,z,0+) + = x=(t,7,0<) (6.31)

51}i:<i(t7$7v,0i)7 (SS:n(t,fL"e:t)

Since a and b are independent, the invariance of the variation of the action 4S5 = 0
lead to the following sets of Killing equations

0=0"(1— E 0.0,)— 2R9+X+ - *9+7 OX+
0= 8;’50(1 - 4R 9+9+) - *94—’)’ OX+ 5
(6.32)
0=20 (1~ @ 0.6,) — 79+’y do_ X+ ,
1 _
0=208,,8 (1~ @ 0:04) + 5x+7" = §9+7 Do, X+

and for the second part of the action

7 kl 7
fatfo( +30_6_ +30,.7%9_ — R 0,0,) + 00 (1+ E 0.40.)
1
+u'¢H(1 - iR ‘9+9+) 1 S0’ ei0,0, + Om + — RQ a'¢
1 g A0 aFepi 3~ = 0
+ 7(1 (39+'7 0 — 5R 9+9+) EH,X, —0_~ 0 x—
v’ 3
+ 79+7 N x= = 00y Oix - — v 0y — v R ef g

2R 2R 2R?
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:C €ki

R 9+9+) + Uja 5] (1 + 7R 0+0+)

= 73 50( +30_0_ +30,%0_ —

+¢ (1 + —R 040+) +0im —0-~"0;x— — v 0,47 0;x— + ivlﬁjq“ ,
0=0p go( +30_0_ +30,4%_ — ~ ;“ 0,0, ) +v'0y €(1+ @ 0.,0.)
— (0 +89 n—xX-7" = 0-7°9y_x— +v'9p_x- —v'x47,
0= 89+§0( +30_0_ + 30,7 — ;“ 0:0,) +v'0p, 6 (1+— 7 L g.0.)

— iv‘Clé’wo + 99, — 0705, x— — v'0,7"0p, x— -
(6.33)
The transformations rules given in egs. (6.26)-(6.28) are solutions of these sets
of Killing equations.

6.3.3. The Kappa-symmetric Newton Hooke Superparticle

We are now ready to derive the action and k-transformation rules. To derive
an action that is invariant under x-transformations we need to find a fermionic
gauge-transformation that leaves Ly and/or Lz invariant.

It is convenient to define the line-elements

1 - )
m =11+ @ 0.01)+ 1 200, (6.34)
— .. — : — . :Bk =
= (" + 50,70 +30-70,) (1— g 0401) — 15 (307070 — Z2510,6,).
(6.35)

which are related to the Maurer—Cartan form via the pull-backs
(Lp)* =7,  (Lp)*=='+k'7". (6.36)
Now, the variation of Ly and Lz under gauge-transformations is given by

6Ly = d[ozy]) — Ly~ [62],

5Ly = d[6z7] — 212 [62—] — by (L% [525] — L& [525]) . (6.37)

®The case of the SU(1,1|2) superconformal particle is discussed in [161].
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For k-transformations we find, using the explicit expressions for L4 and L_,

(OL)* = [624](v°6, + —9+)

2R
. _ t 3 b
* __ > 0 - v _ 40
(OLz)" = 21071 (0-(1 + 5 R 0404) = 5 R (3700 — 5 700-040 — 5 70.)
it K t
~op” 0r — 5 vio (04 + ﬁ’m&r)
(6.38)
It follows that to obtain a x-symmetric action we need to take the pull-back of
either Ly or Lz, with [dz4] = 0 or [dz_] = 0, respectively. We focus here on the
second case, i.e. we choose a = 0 and we take
s=[@a.  Bml=s,  z]=0. (6.39)

with  an arbitrary (local) parameter. To compare to the action and transfor-
mations rules given in [162] one needs to make the following redefinitions

. A ‘ .
t— —t, ' — -+ 5 0,.~'6_, 70— —70, = —x',  (6.40)

rescale all spinors by 1/1/2, together with R — — R this leads to the x-symmetric
Newton-Hooke superparticle action:

SZ/dT%[

_f%‘kgfz‘? 0 +QR29+'79 ﬁ&;&r@_&},

(6.41)
The s-transformations read as follows:
1._ 1 i
ot = 1 70, o' = 15 RY'0- — 3,0 KYj7i00+ 5 |
60 =k (1— 135 0404), 60-=—"5 S Yiok — o 700-047 K + % VKO0, .
(6.42)

The x-symmetry can be gauge-fixed by imposing the gauge condition 6y = 0.
We find that the action of the NH superparticle takes the form

m | ziEt - . t izt 3i
-+ — 4
S — /dT [ P9 - 00 (6.43)

A realization of the Newton—Hooke superalgebra, whose explicit form is given
in eq. (6.21), on the embedding coordinates is given by the following bosonic
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transformation rules
. . , 1
ot=—(, o' =N —&'(1), 60 = Zkab’mbé’— ; (6.44)

supplemented with the following fermionic transformations:

i = i z
0t =0, ox :—§e+(t)fy 0_, 00— :e_(t)—2—iyo¢e+(t)+ﬁ%e+(t).
(6.45)
Here, the time-dependence of the parameters £¢(¢) and e (t) is given by
. ot

&'(t) = v'Rsin ¥ + a' cos R’
(6.46)

e_(t) = exp(ﬁ ’yo) € er(t) = exp( _t 'yo) [

2R ’ 2R

6.3.4. The Flat Limit

Since the NH superalgebra is a deformation of the Galilei algebra, by taking
the flat limit R — oo, the 3D A = 2 Galilei superalgebra is given by the bosonic
commutation relations

[Jab; PC] = _266[0‘Pb] ) [Kau H:I = _Pa )
[Jaba Kc] = -2 5c[aKb} , [Jab, ch] = 45[a[ct]d}b} ,
[Pa, Kb] = a2, (6.47)

plus the additional relations [150, 151]

[Java:t} = _%VabQ:ta [Ka7Q+] = _%7110 Q_7
{QF.Qf} =20°C 7 ap H, Q1. Q5  =1"C apPa,  (648)

{Qy, Q51 =21"C ap Z.

In the flat case the spin-connection vanishes and the time and spatial components
of the supervielbein simplify to

1 - ) o _
E° =dt — 3 0.7°d0,, E'=ds'—0.~4do_, Ez=ds—0_~"do_,
E_:de_, E+:d9+.

(6.49)
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and the Maurer—Cartan 1-forms are given by

Ly =E°, b=E+v' E, Ly=E;+v E + 22 E°,
2 6.50
. . y i (6.50)

io=dvt LY =0, L,:E,—%%OE+ L.=E,.

The action of the Galilean superparticle is given by the pull-back of all L’s that
are invariant under rotations, hence

4%

S = a/(LH)* + /(LZ)* - /dT l—;9+709+ —04% - 5| (651)
where the line-elements are

=t %0;709; . m=it—0,4%_, (6.52)

Here we replaced the Goldstone field v* by its equation of motion v¢ = —7? /7Y,

This procedure is know as inverse Higgs mechanism [163], see also [164]. The
bosonic transformations of the embedding coordinates are

k

ot =-¢, ozt = Npa? — a' + o't + Y Zki 0,6, ,
. 1 v (6.53)
005 = X"t 00— = X" yapf— + "0,
and the supersymmetry transformations are
L o i = i
ot = 5 €+ 0+ y o' = €LY 0_ y 59:|: = €+ . (654)

These transformations leave the action (6.51) and all L’s, in particular the line-
elements (6.52), invariant. The k-transformations of the coordinates are

1 B . ﬂ'] — . ﬂ-l
ot = —5 /{709+ , ox' = _ﬁ 0+’YZ’}/]‘0/€, (504_ =K, 00_ = _ﬁ Yiok
(6.55)

and the corresponding k-symmetric action is given by

m = oA mimt
s=[ar [—20_7 -5

] . (6.56)
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6.4. Gauging Procedure: Bosonic Case

6.4.1. The Galilean Particle

In this section we will briefly review the gauging procedure for the particle
case as it was done in [165]. The action describing a particle of mass m moving in
a D-dimensional Minkowski spacetime parametrized by the evolution parameter

T is
S:fm/dﬂ/fnm,x'/‘jc”, nw=0,1,...D—1, (6.57)

This Lagrangian is invariant under worldline reparametrizations and under Poin-
caré transformations

oxt = M ¥ + ¢#, (6.58)

where M, and (* are the parameters for Lorentz transformations and transla-
tions respectively. Taking the non-relativistic limit by rescaling the longitudinal
coordinate ° =t and the mass m with a parameter w

t— wt, m — wm, (6.59)

and taking the limit w — oo, this rescaling is such that the kinetic term remains
finite. In this limit, action (6.57) can be written as

m [ I

.'IIZ‘i
S = 5/ . (6.60)

This non-relativistic action is invariant under worldline reparametrizations and
under the Galilei symmetries

ot = p(7)t, 4533 = p'(T)xl, . (6.61)
ot = —(, dr' = Nja! =o't —a',
where (,a’, \'j,v%) parametrize a constant time and space translations, spatial
rotation and a boost transformation and p(7) is the diffeomorphisms parameter.
However, this Lagrangian is invariant under boosts only up to a total 7-derivative,
leading to a modified Noether charge giving rise to a centrally extended Galilei
algebra containing an extra central charge generator Z. This centrally extended
Galilei algebra is called the Bargmann algebra.
This results apply to free falling frames without any gravitational interactions.
These frames are connected to each other through the Galilei symmetries. We
now wish to extend these results to include frames that are accelerated with
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respect to the free falling frames. There are two procedures to achieve this: the
first one valid in frames with time-dependent acceleration, consists on gauging
the spatial translations and it is described in section 6.4.2. In the second one,
described in section 6.4.3, one gauges all the symmetries of the Bargmann algebra.

6.4.2. The Curved Galilean Particle

The Curved Galilean Particle is valid in frames with constant acceleration.
The procedure to obtain it goes as follows: gauge the spatial translations by
allowing arbitrary time-dependent boosts, with parameters ¢(¢t). The complete
bosonic and fermionic transformation rules now read. By doing so we obtain a
gauged action containing the gravitational potential ®(x)

L= % (‘thxz - 2i<I>(a:)> . (6.62)

Now the Lagrangian is invariant under worldline reparametrizations and the ac-
celeration extended symmetries

6t = —C + p(7)t, ox' = Nzl — € (t) + p(7)d", (6.63)

The acceleration-extended symmetries are not a proper symmetry of the action
(6.62). Instead, the Newton potential should be viewed as a background field
and the acceleration-extended symmetries as sigma model symmetries. In par-
ticular, the transformation rule of the background field, that we will denote by
the symbol dy,, lacks the transport terms that are present in the transformation
rule associated to a proper symmetry, denoted in this chapter by p,:°

Sog = Opr + 021D, . (6.64)

Using this we find that the action (6.62) is invariant under the acceleration-
extended symmetries (6.63) provided the Newton potential ® transforms as fol-
lows:

5% — %% (i) 4 p(r)b + o (t). (6.65)

The last term represents gives a boundary term in the action.

6 Assuming that z* — /" + dz" a transport term is given by —d2*9, so that the second
term in (6.64) cancels the transport term present in the proper transformation rule represented
by the first term.
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6.4.3. The Newton-Cartan Particle

We now wish to extend the Curved Galilean particle to a NC particle, i.e. a
particle moving in a NC gravity background and invariant under general coordi-
nate transformations, see [45] for the detailed procedure. The first step to obtain
the corresponding action is to gauge all the symmetries of the Bargmann algebra:
time and space translations, spatial rotations, boosts and central charge trans-
formations. Associate a gauge field to each of the symmetries and promote the
constant parameters describing the transformations to arbitrary functions of the
spacetime coordinates x*.

Besides these transformations all gauge fields transform under general coor-
dinate transformations with parameters £#(z#). Therefore, for each generator we
have associated gauge fields, gauge parameters and curvatures.

The next step in the gauging procedure is to impose a set of constraints
on the curvatures of the gauge fields. With these constraints the time and space
translations become equivalent to general coordinate transformations modulo the
other symmetries of the algebra. This enables one to solve for the gauge fields
of boosts and spatial rotations w,* and w““b in terms of the other ones, so the
independent gauge fields will be (7,,e,% m,). The gauge fields 7, and e,* of
time and spatial translations are identified as the temporal and spatial vielbeins.

The dynamics of the Newton-Cartan point particle is described by the follow-
ing Lagrangian

R
P <HT;:; ~ Qmu¢u> R S (6.66)

The theory is invariant under general coordinate transformations plus boosts,
spatial rotations and central charge transformations, all with parameters that
are arbitrary functions of the spacetime coordinates.

The embedding coordinates transform under these general coordinate trans-
formations, with parameters {#(x), in the standard way:

dat = —¢H(z"). (6.67)

The transformation rules of the background fields 7,,, e,* and m, follow from the
known proper transformation rules by omitting the transport term, see eq. (6.64):

Obg Ty = 0" 7,
Sbgen® = 0P e, + A% el + 27, (6.68)

dbgMy = 0P my + 0o + Aaep” .
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Here, A%, , A\* and o are the parameters of a local spatial rotation, boost trans-
formation and central charge transformation, respectively.

The proper transformation rules of the background fields 7, ,e,* and m, can
be obtained by gauging the Bargmann algebra, see e.g. [45]. Since the NC back-
ground is the most general background one must be able to obtain the transforma-
tions of the Curved Galilean and flat backgrounds discussed in the two previous
subsections by gauge-fixing some of the general coordinate transformations. This
is discussed in detail in [48].

For the convenience of the reader, we list in table 6.1 the gauge-fixing condi-
tions that need to be imposed on the NC background fields, and the compensat-
ing gauge transformations that come along with it, that bring us to the Curved
Galilean background in terms of the Newton potential ®.

gauge condition compensating transformations
Tu(z”) = 5#(0 gﬂ(ml/) =¢
WMab =0 /\ab(mu) — )\ab
e = 0;" §iar) = & (t) — Ny
7i(x¥) + my(x¥) = dym(z?)
m(z¥) =0 o(x’) = o(t) + 0,£(t)
n() =0 N(a¥) = ~0€1(1)
my(@”) = 3(@) o= 0,907
TABLE 6.1

This table indicates the gauge-fixing conditions, chronologically ordered from top to bottom,
and the corresponding compensating transformations, that lead from the NC particle, to the
Curved Galilean particle. Note that 7;(z") = e;°(z"). The restriction
73 (") + ms(x¥) = dym(x”) follows from the gauge conditions made at that point.

6.5. Gauging Procedure: Supersymmetric Case

6.5.1. The Galilean Superparticle

The Galilean superparticle was already discussed in [127]. In terms of the
bosonic and fermionic embedding coordinates {¢,x",0_} the action is given by

S:/dT% liﬁr —9‘_700'_1 . (6.69)
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This action is invariant under the following Galilei symmetries:
4 o 4 . 1
0t = —(, o' = Njal —v't—a'. 00 = T2 Yarf—. (6.70)

The same action is invariant under two supersymmetries with constant parame-
ters e and e€_:
: 1 i
ot=0, ox' = ——ery'0_, 00_ =e_ — —pi€s . (6.71)
2 2t
One may verify that the above set of transformation rules (6.70) and (6.71) closes
off-shell. Note that the transformation with parameter e, is realized linearly.
Instead, the one with parameter e_ is realized non-linearly, i.e. it is a broken
symmetry. This implies that the superparticle corresponds to a 1/2 BPS state.

6.5.2. The Curved Galilean Superparticle

We will now extend the Galilean superparticle to a Curved Galilean super-
particle thereby replacing the flat background by a Galilean supergravity back-
ground. This corresponds to extending the bosonic particle in a Galilean gravity
background, discussed in section 6.4.2, to the supersymmetric case.

Our starting point is the superparticle action in a flat background, see eq.
(6.69). We will now partially gauge the transformations (6.70) and (6.71) to
allow for arbitrary time-dependent boosts, with parameters £'(t), and arbitrary
supersymmetry transformations, with parameters e_(¢). The complete bosonic
and fermionic transformation rules now read

, o . 1
6t = —C, oxt = Nyl — €4(t), 5&:1M%Mﬂ (6.72)
and
. 1 i’
0t =0, ox' = ——ev'o_, 00_ =e_(t) — =0i€+ , (6.73)
2 2t
respectively.

The Galilean supergravity multiplet, that we will use to perform the partial
gauging of the transformations (6.70) and (6.71), was introduced in [48]. Along-
side the Newton potential ®(x), it also contains a fermionic background field
U(z). The equations of motion for these two background fields are:

90,0 =0, oW = 0. (6.74)
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There is a slight subtlety regarding this Galilean supergravity multiplet, stem-
ming from the fact that W(x) is the superpartner of the Newton force ®; = 9;,®(z)
and not of the Newton potential itself. The transformation rules of the Newton
force are, however, compatible with the integrability condition d;®;) = 0, so that
they can be integrated to transformation rules of the Newton potential ®(x).
This is done via the introduction of a fermionic prepotential x(x), that will be
called the ‘Newtino potential’, defined via

8i X = ’YZ\II (,L - ]-a 2) ) ’7181)( = 7282Xa (675)

where the second equation represents a constraint obeyed by x(z), as a conse-
quence of its definition. This constraint can be interpreted (upon choosing a
specific basis for the y-matrices) as the Cauchy—Riemann equations, expressing
holomorphicity of x1 +1ix2, where x1 2 are the components of . Since the New-
ton potential ® obeys the Laplace equation in two spatial dimensions, it can also
be seen as the real part of a holomorphic function ® +i=. The imaginary part
Z(z) of this function was called the ‘dual Newton potential” in [48] and is related
to ®(z) via the Cauchy-Riemann equations for ¢ +1i=:

(%‘I) = 5ij8jE, 815 = —Eijaj(I) . (6.76)

The dual Newton potential was introduced in [48] in order to write down the
supersymmetry transformation rule for y. Since this is a transformation rule for
both real and imaginary parts of x1 +1xz2, it is natural to expect that it involves
also both real and imaginary parts of ® 4+ iZ and this is indeed the case.

We find that the action of the Curved Galilean superparticle in terms of the
Galilean supergravity background fields ® and W is given by

S = /dT m [x g — 2 ® + 210700 . (6.77)
One may verify that the action (6.77) is invariant under the transformations

(6.72) and (6.73) provided that the background fields transform under the bosonic
symmetries as

(2
1
g ® = td <£ ) ito(t), gV = Zxab%bxp, (6.78)
and under the fermionic symmetries as
1 1 -
Opg® = €7 + 3 € O — 3 e O_ 0, (6.79)

1 1 1 ;
(Sbg‘lj == E € — 5 81-<I>%06+ - 5 E+’yl€, 61\11 . (680)
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The only invariance that is non-trivial to show is the one under the linear
e4-transformations. Varying the action (6.77) under e-transformations one is
left with the following terms:

. . t .
(5+S = /dT % |: - €+ t@tx — E+ i’l 8ZX - 5 E+'yk0_ 9_70’8i8kx} . (681)

The first two terms combine into a total 7-derivative, since x is a function of
and t and therefore

d .
X = ({0 + & ). (6.82)

The second term vanishes upon using the equation of motion for the background
field .

To calculate the commutator algebra it is important to keep in mind that the
background fields do not transform as fundamental fields but, instead, according
to background fields, see eq. (6.64). This explains the ‘wrong’ sign transport
term in the e -transformation and the absence of transport terms for all other
symmetries. It also has the consequence that partial derivatives do not commute
with background variations:

[Obg; 0] = —(9,62"), . (6.83)

Another subtlety when calculating the commutator algebra is related to the fact
that the parameters &' and e_ are functions of the time ¢ but that ¢ itself is a
scalar function ¢(7) of the world-line parameter 7. This implies that when we
calculate commutators we have to vary the ¢ inside the parameters. Keeping the
above subtleties in mind we find that the commutation relations close off-shell
on the embedding coordinates and the background fields.

Imposing the gauge-fixing conditions

d=1, x=0, (6.84)

we recover the Galilean superparticle with the flat spacetime transformation rules
(6.70) and (6.71). Imposing the additional gauge-fixing condition

t=r (6.85)

we find agreement with the algebra obtained in [48].
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6.5.3. The Newton—Cartan Superparticle

We wish to extend the result of the previous subsection to arbitrary frames
corresponding to a superparticle in a Newton—Cartan supergravity background.
Due to the complexity of the calculations we only give the result up to quartic
fermions in the action. We find that using this approximation the action is given
by

S, @5V B _
s= [t [W oG A0Ded 420,

TPy
(6.86)
x“eua o
0 Y ¢V+$ )
TPT,
where the Lorentz-covariant derivative D, is defined as
. 1
D=6 - 1w, Oyl . (6.87)

To lowest order in the fermions the action (6.86) is invariant under the following
bosonic and fermionic symmetries of the embedding coordinates:

Sah = —€M(z) 30_ =~ A“b( “)vab 0- , (6.88)
and
Sl — _1 c (xa),yag et 00 = ¢ (xa) _ :ijﬂe“a You € (gja) (6 89)
5 & - T 2i0r, T TN

In the following we refrain from explicitly denoting the local z*-dependence of
the parameters.

The transformation rules of the background fields follow from the supergravity
result given in [48] and application of the identity (6.64). We find that the bosonic
transformation rules are given by

OpeTy =0, dprMmy = 0uo + Age,”,
1
5pr€ua =% e,ub + A Tu s 6pr7/}u+ = Z)‘ab'}’abwu—k )
1 1
5prwuab = aﬂAab, 5pr¢u— = ZAab’Y(zbwu— - 5)‘&7(101/};1-&- )

Sprwp® = DA — Xy, ™ 4+ A%w,yp .
(6.90)
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To keep the formulas simple we have given here as well as below only the proper
transformation rules. The background transformations are obtained by supple-
menting each of these rules with an additional transformation under general co-
ordinate transformations, see eq. (6.64). For the fermionic transformations we
find the following expressions:

1_ _
5pr7'u = ) €+’YO%+ ) 5prmu = € 707/%— )
1_ 1_
5pr€,u = 5 €+’7a¢)uf + 5 677a¢u+ ; 6pr1/},u+ = D,u6+ )
1
5prwuab =0, 5pr¢}uf =Dye_ + ) wua7a0€+ .

(6.91)

The variation of w,ﬂb is only zero on-shell, i.e. upon using the equations of motion
of the background fields. The explicit form of these equations of motion are given
in [48]. In the same manner we can write the variation of w,* as

_ A 1 - 1 _ A 1_ -
e+ 3T " + 7 e e o + 1 e Do, (692)

N

a_
Oprwy” =

where @uy, is the covariant curvature of 1,,_, see [48]. One may check that, to
lowest order in fermions, the action (6.86) is invariant under the transformations
(6.89), (6.91) and (6.92), upon use of the equations of motion of the background
fields.

As a consistency check we have verified that by imposing the gauge-fixing
conditions of [48] the action and transformation rules of the NC superparticle
reduce to those of the Curved Galilean superparticle.

6.6. Discussion

In this chapter we have constructed with the non-linear realizations method,
the free Newton-Hooke (super)particle actions and we analyzed the dynamics
and the symmetries of a particle moving in such spaces. We also studied the
superparticle actions describing the dynamics of a supersymmetric particle in
a 3D Curved Galilean and Newton—Cartan supergravity background. It is also
possible to construct the actions for a superparticle moving in the cosmological
extension of these backgrounds by including a cosmological constant, see [162].
Due to the computational complexity we gave the action in the Newton—Cartan
case only up to terms quartic in the fermions. The Newton—Cartan background
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is characterized by more fields and corresponds to more symmetries than the
Galilean background. One can switch between the two backgrounds either by a
partial gauging of symmetries (from Galilean to Newton—Cartan) or by gauge-
fixing some of the symmetries (from Newton—Cartan to Galilean). An important
role in the construction is played by symmetries. At several occasions we stressed
that, as far as the background fields are concerned, one should use the background
transformations and not the proper transformations. The latter are used in the
definition of the supergravity multiplet. The relation between the two kind of
transformations is given in eq. (6.64).

A noteworthy feature is that the proof of invariance of the superparticle ac-
tion requires that the background fields satisfy their equations of motion. This
is reminiscent to what happens with the fermionic k-symmetry in the relativistic
case. We showed that the non-relativistic superparticle also allows a x-symmetric
formulation but that in the non-relativistic case the k-symmetry is of a simple
Stiickelberg type [127]. Although being rather trivial, we expect that the for-
mulation with k-symmetry is indispensable for a reformulation of our results in
terms of a non-relativistic superspace and superfields, see e.g. [166]. Such a su-
perspace formulation would be useful to construct the superparticle actions in
the Newton—Cartan background to all orders in the fermions.



“Well, in our country,” said Alice, still panting a little,
“you’d generally get to somewhere else if you run very
fast for a long time, as we’ve been doing.”

“A slow sort of country!” said the Queen. “Now, here,
you see, it takes all the running you can do, to keep
in the same place. If you want to get somewhere else,
you must run at least twice as fast as that!”

Lewis Carroll

Carroll Limit

7.1. Introduction

The Carroll limit is defined as the limit when the velocity of light goes to
zero ¢ — 0. This can be interpreted as the shrinking of the light cones till they
collapse into the time axis, in this sense, it is the opposite of the non-relativistic
limit and therefore it is also called ultra-relativistic limit. In this limit, there are
no interactions between spatially separated events and the equations of motion
are trivial, therefore no true motion occurs, except for tachyonic motion.

As we mention in section 2.3, applying the Carroll limit over the Poincaré
group leads to the Carroll group. An interesting feature of this group is that in
the contracted Lie algebra, the generator of time translations H, appears as a
central charge. In other words if P, generate the spatial translations and K, the
boosts, the only non-vanishing commutator among these generators is'

[P, Ky = H. (7.1)

Recently, the Carroll group has attracted attention because it appears as the
symmetry group of different systems. For example, some studies have shown that
the Carroll group might have an essential role in the phenomenon of tachyon

'The remaining non-vanishing commutators are those involving spatial rotations, see eq.
(2.12).
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condensates in string theory [42]. Sen [167] had a remarkable insight into the
nature of the open bosonic string tachyon, he observed that it should be thought
of as ending on a space-filling D-brane. He pointed out that this D-brane is
unstable in the bosonic theory, as it does not carry any conserved charge, and
he suggested that the open bosonic string tachyon should be interpreted as the
instability mode of the D-brane. This led him to conjecture that the open string
field theory could be used to precisely determine a new vacuum for the open
string, namely one in which the D-brane is annihilated through condensation of
the tachyonic unstable mode [168]. The open string excitations are subject to a
time-like half line collapsed lightcone which corresponds to the Carroll limit [169].

It has also been pointed out, that there is a duality between the Galilean
and the Carroll limits. In [33] it is shown that the Carroll group can be viewed
as a subgroup of the Poincaré group in (D + 1,1) dimensions and they study
non-Einsteinian electrodynamics in the Carroll limit. They also give an example
where both Galilean and Carrollian symmetries coexist in a Chaplygin gas, a
non-relativistic system in D dimensions that carries a Carroll symmetry.

Additionally, Carroll symmetries allow to build a fully covariant formalism for
warped conformal field theories (WCFTs) [43] (the simplest field theories without
Lorentz invariance that can be described holographically) in curved spaces. In [43]
a procedure to gauge the Carroll algebra is provided, which eventually can lead
to the construction of a Carroll gravity.

Finally, in [170] it is shown that the Bondi-Metzner-Sachs (BMS) group is
the conformal extension of the Carroll group and it is gaining interest with its
applications to conformal field theory.

The aim of this chapter is to study the general structure of the Carroll sym-
metries along the same lines as this has been done for the Galilean symmetries.
This will be done in two stages. As a first step we will study the geometry of
the empty Carroll space considering the coset G/H = AC/Hom AC, where Hom
AC is the homogeneous part of the AC algebra. In a second step we will put a
particle in this Carroll space and construct an action describing its dynamics.

More specifically, in the first part of this chapter we consider the bosonic AC
algebra. In particular, we will construct the action of a particle invariant under
the symmetries corresponding to this algebra using the method of non-linear
realizations [61,62]. This so-called AC particle reduces, in the limit that the AdS
radius goes to infinity, to the Carroll particle that we studied in [41].

A characteristic feature of the free Carroll particle is that it does not move
[33,41,171]>. As we will see the AC particle does not move, but unlike the

2If we consider two particles or a particle interacting with Carroll gauge fields the dynamics is
non-trivial. The same phenomenon occurs in tachyon condensation when the tachyon interacts
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Carroll particle the momenta are not a constant of motion as a consequence of
the AdS-Carroll symmetry. Another difference with the Carroll particle is that
the mass-shell constraint depends on the coordinates of the AC space, therefore
the AC particle ‘sees’ the geometry. This is different from the Carroll case where
the energy of the particle is equal to plus or minus the mass [33,41]. We find
that only in the massless limit the mass-shell constraint coincides with the flat
Carroll case. Using the AC particle action we will construct the Killing equations
for the AC space. We find that the solution of the Killing equations produces
an infinite-dimensional algebra that contains the symmetries of the AC algebra.
The Lifshitz dilatations are not included in these symmetries. Only in the flat
case the dilatations with z = 0 are part of the infinite dimensional algebra.

In the second part of this chapter we consider the supersymmetric extension
of the Carroll algebras®. We first construct the /' = 1 AC superalgebra in any
dimension (see Tables 2.5 and 7.1, where @ stands for the generator of super-
symmetry). The AC superalgebra in the flat limit contains the supersymmetric
extension of the ‘Lifshitz boost extended Carroll algebra’ introduced in appendix
B of [172]. We construct the AC superparticle action both as the non-relativistic
limit of the relativistic massive superparticle [143, 144] as well as by applying
the non-linear realization technique. As we will see the A/ = 1 AC superparticle
like in the Relativistic and Galilean case is non-BPS, i.e. the supersymmetries
are non-linearly realized. We will study the super-Killing equations and we find
in general an infinite-dimensional algebra of symmetries thereby extending the
finite /' = 1 super AC transformations.

N=1 | [Mw,Q] | [PaQ)] {Qu. Qs}
AdS-Carroll | —37aQ | 557%Q | [V°C7 agH + F*°C apKa

TABLE 7.1
In this table we give the (anti-)commutators of the N'= 1 Newton-Hooke and AdS-Carroll
superalgebras that involve the generators () of supersymmetry. Note that here is no duality
between the two algebras.

Inspired by the relativistic and Galilei case we will investigate whether the
N = 2 Carroll superparticle is BPS or not. For simplicity we restrict to the
three-dimensional case. We first construct the A" = 2 Carroll superalgebra as a
contraction of the AN/ = 2 Poincaré superalgebra. This leads to the result given

with a gauge field [42].
3A first attempt in this direction was done in the unpublished notes [171].
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in Table 7.2. We see that, unlike in the bosonic case, there is no duality in
the supersymmetric case. Next, we construct the action for the N/ = 2 Carroll
superparticle. This action has two terms, one of them is a Wess-Zumino (WZ)
term. If we properly choose the coefficients of the two terms we find a so-called
kappa gauge symmetry [152, 153] that kills half of the fermions. This gauge
symmetry has the form of a Stiickelberg symmetry, similar to what we found in
the Galilean case [127,162]. We find that after fixing the kappa-symmetry the
super-Carroll action reduces to the action we found in the A/ = 1 case. The
linearly realized supersymmetry acts trivially on all the fields and therefore the
N = 2 Carroll superparticle reduces to the A/ = 1 Carroll superparticle and
hence is not BPS. This is rather different from the N' = 2 super-Galilei case were
BPS particles do exist. The main difference between the super-Carroll and super-
Galilei cases comes from the kappa symmetry transformations, in the former case
it eliminates the linearized supersymmetry and it the last case it does not.

N=2| [K.Q"] (Q1,Q5) (Q1,Q5) (Q,Q5)
Galilei —%%OQ_ WO asH [v*C~ o Py 2y°CY,52
Carroll 0 1°Cap(H +27) 0 1OCap(H —27)
TABLE 7.2
In this table we give the (anti-)commutators of the N = 2 Galilei and Carroll supersymmetry
algebras. Both algebras contain also the commutator [Mgy, Qi] = f%%bQi. Note that there

is no duality between these two algebras.

In a separate Appendix we extend our investigations to the AV = 2 curved case
and consider the Carroll contraction of the so-called (p, ¢) AdS superalgebras [58]
for the particular cases of (p,q) = (2,0) and (p,q) = (1,1). We find that the
associated particle actions are rather different. While in the (2,0) case we have
kappa-symmetry, we find that this is not the case in the (1,1) case. The two
models have different degrees of freedom.

This chapter is organized as follows. In section 2 we discuss the bosonic
free AC particle thereby extending our previous analysis [41] to the curved case.
In particular, we construct the action and investigate the Killing equations. In
section 3 we consider the N’ = 1 AC superparticle. At the end of this section we
discuss the flat limit. Finally, in section 4 we investigate the N’ = 2 Super Carroll
particle. Our conclusions are presented in section 5. Some technical details and
the extension of the N' = 2 Super Carroll particle to the curved case, for three
dimensions only, are given in the Appendix.
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7.2. The Free AdS Carroll Particle

Before discussing the supersymmetric case we will first study in this section
different aspects of the free AdS Carroll (AC) particle.

7.2.1. The AdS Carroll Algebra

In order to write the commutators corresponding to the AC algebra, we will
start with the contraction of the D-dimensional AdS algebra. The basic commu-
tators are given by (A=0,1,...,D —1)

[Mag, Mcp] = 2n41cMp)s — 2n5jcMpja, (7.2)

1
[Mag, Pc] = 2ncpPa, [Pa, Pp] = 73 Mas, (7.3)
where R is the AdS radius. Here P4 and M 4p are the (anti-hermitian) generators
of space-time translations and Lorentz rotations, respectively.
To make the Carroll contraction we rescale the generators with a parameter

w as follows [31,32]:
Py = gH My = wK, . (7.4)

Taking the limit w — oo we find that the commutators corresponding to the
D-dimensional AC algebra are given by (a =1,...,D —1):

[Maln Mcd] = 25a[ch}b - 25b[ch}a ) [Mabu Kc] = 25c[bK(z] ) (75)
1

[Mabypc] = 25c[bpa} ) [Pme] = §5abH7 (7'6)
1 2

[Py, Py) = ﬁMab, [P, H] = ﬁK‘l' (7.7)

Notice that the commutation relations of space-time translation coincide with
the same commutation relations of the AdS algebra. The difference between the
AdS and AC algebra is in the different commutation relations that involve the
boost generators. Note that this is not the case for the Newton-Hook algebras.

The AC algebra can be expressed in terms of the left invariant Maurer-Cartan
1-forms L%, which satisfy the Maurer-Cartan equations dL¢ — % fC€AgLPLA =0.
Explicitly, these equations read

1
Ly + 5Lp Li =0, dLg —2LE L =0, (7.8)

2 1
dLI%—ZL}}Lﬂf:?LHLp“, dLﬁb—2LA7Lf}:2—R2LPbLPG. (7.9)
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7.2.2. Non-Linear Realizations

In this subsection we apply the method of non-linear realizations [61,62] and
use the algebra (7.5) to construct the action of the AC particle.

We consider the coset G/H = AC/SO(D-1) and the coset element g = go U,
where gg = eftefa®® is the coset representing the AC space and U = e&«" ig
a general Carroll boost. The z%(a = 1,...D — 1) are the Goldstone bosons of
broken translations, t is the Goldstone boson of the unbroken time translation®
and U is parametrized by the Goldstone bosons of the broken Carroll boost
transformations.

The reason to consider the coset element in terms of gg and U is because in
this way we have that for a general symmetric space-time gq is the coset element
representing the ‘empty’ space-time, while U represents the broken symmetries
that are due to the presence of a dynamical object, in our case a particle, in the
‘empty’ space-time. For the case of a particle U is given by the general rotation
that mixes the ‘longitudinal’ time direction with the ‘transverse’ space directions,
i.e. the Carroll boosts. If we would like to consider as a dynamical object a p-
brane, we should consider as U the general rotations that mix the longitudinal
and transverse directions [68].

Returning to the AC particle, it is interesting to write out the Maurer-Cartan
form €y associated to the AC space

Qo = gy 'dgo = He" + Pae® + Kow™ + Maw®, (7.10)
where (€% e?) and (w,w?®) are the space and time components of the Vielbein
and spin connection 1-forms of the AdS space, respectively. If we parametrize the

AdS space as efftefs®  the Vielbein and spin-connection 1-forms corresponding
to the AC space are given by

0 x
= dt cosh —
e cos R

o R .. 1y R  x
e _de sth—l—ﬁx $dl’b(1—ESIDhE>,

7.11)
9 (
(.Uao = —Edtxa Sinh% s
1 x
ab __ by.a __ ,ag.b -
w ——2x2(x dx xdm)(coshR 1).

4The unbroken translation P generates via a right action [67] [68] a transformation which is
equivalent to the world-line diffeomorphisms.
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These 1-forms satisfy the structure equations

deo—l—%e“waoz(), de®—2ebw® =0, (7.12)
2 1
de® — 2w o = ﬁeoea , dw @ — 20 (P TRere (7.13)

We see that the Vielbein satisfies the torsionless condition and that the AC space,
like the ancestor AdS space, has constant negative curvature.

We now insert a particle in the empty AC space and consider the Maurer-
Cartan form of the combined system:

Q=g ldg=U"'QU +U'aU . (7.14)

In order to derive an expression for {2 we need to know how the space-time
translation generators and the boost generators transform under a general Carroll
boost:
1
U'HU=H, U 'P,U=P,+ =v,H,
¢ c 2 (7.15)
U'K,U=K,, UMy U= My + 0K, — 0K .

We have also U~ 'dU = dv®K,. Using these formulae we find that the Maurer-
Cartan form (2 is given by

1
Ly =€’ + Zvge?, Lp® =e",
n 2 r (7.16)
Lg% = w0 + dv® + 2y wab’ LMab = w®,

We note that that the Maurer-Cartan forms of space-time translations can be
written in matrix-form as follows:
( Ly, Lp® )=(¢€"% e*) (11 0) : (7.17)
5Va 1
The matrix appearing at the right-hand-side is the most general Carroll boost in
the vector representation.

We now proceed with the construction of an action of the AC particle. An
action with the lowest number of derivatives is obtained by taking the pull-back
of all the L’s that are invariant under rotations, see for example [68]. In this way
we obtain the following action:

S:M/(LH)*:M/ eo—i—}vae“)*

R x 1 R
M/dT (tcosh 7 + 5 — %% sinh — R 55T UpTad (1 - ;smh R>> )
(7.18)
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This action is invariant under the following transformation rules with constant
parameters ((,a’, ", /\;) corresponding to time translations, spatial translations,
boosts and spatial rotations, respectively:

R
=—(+ —)\kfck tanh + —a Tk tanh —

R Rz R’
. 1 . . .
dx' = ~ (x aFay, — %coth R(xzakxk - alx2)> —2\E 2P
) . 1 ) 2t .
St = =\ — ﬁ)\kxk:plsech% (1 — cosh 2) — 2)\’ vl — ﬁaz
2t 2 .
— Wﬂakx;@ sech% <1 — cosh ;) + %vba[’xb]csch% (1 — cosh ;L) .
(7.19)
The equations of motion for ¢, x® and v* read
0= ESE T4 sinh — 7
1
0= —Edva sinh = — —_x%,i° (1 _R sinh E) ,
2x R 222 T R
(7.20)
0 b0 sinh L tppsioh £ 4 b'(lR'h$)
= —U,sinh = — —tz,sinh — + — — —sinh —
5, Uasinh o — —tza sinh — + o5 w2 0y — sinh
-.b
& x
+ @(vax — xavb)<cosh B 1) .
These equations imply that
=0,
, (7.21)

. L .x R. .. =z 1 R
Etxa sinh R %va sinh = + 5 55 %al vb(l - sinh R)
Notice that the evolution of v® is non-trivial. If we take the limit R — oo we
recover the flat bosonic equations of motion &, = ¥, = 0 and therefore a trivial
dynamics for both z%, v® [41].

The energy and spatial momenta of the free AC particle are given by

E:—a—ﬁ. :—Mcoshz,
ot R (7.22)
1 .
Do = gfa M vaa smh 7 + xaxbvb<1 — gsmh R)} .
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They satisfy the constraint
E% — M2 cosh? % =0. (7.23)
The canonical action of the AC particle is given by °

S = / dr {—Et' + Pad® — g <E2 — M?cosh? 2)} . (7.24)
Note that if we calculate p, and impose both equations of motion (7.21) we obtain

M . M?
Py = Etxa sinh % = e}tﬁxa cosh % sinh % . (7.25)

In the last step we have used that { = —eE = eM cosh %, see eq. (7.27). This is
the same result one finds using the Hamiltonian form given in eq. (7.42).
7.2.3. The Killing Equations of the AdS Carroll Particle

In order to find the Killing symmetries of the AC space, it is convenient
to consider the symmetries of the canonical action (7.24). The basic Poisson
brackets of the canonical variables occurring in the action (7.24) are given by

{E,t} = 1, {e,we} = 1, {.TUi,pj} = (51] (7.26)
This leads to the following equations of motion:

. . . ) M? . 2
i=—eE, di=0, E=0, pl:‘;R xzsmh%,
v (7.27)

1
7%6:—2(E2—M2cosh2]x%), é=A.

Here A = A(7) is an arbitrary function and . is constrained by 7. = 0.
We take as the generator of canonical transformations

G = —E&t, Z,e) + p; E(t, T, e) + (L, T, e) e, (7.28)

where 0 = €0(t, %, e), £ = £(t,Z,e) and v = (¢, %, ¢e). The condition that this
generator generates a Noether symmetry is that it is a constant of motion and it

® Alternatively, we can obtain this action by taking the Carroll limit of the canonical action
of a massive particle in AdS, see appendix A.
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leads to the following restrictions:

G =0=—E(t0° + ¢0:8%) + pi€® + pi(i0,6° + 0.6 + 7,

eM? 2x

= eE20," — NEO" + i€ sinh (7.29)

— eEp; Ot + Ap;i0eEt — % (E2 — M? cosh? ;;) )

From this equation we deduce the following equations describing the symmetries
of the AC space:

8650:07 8@51':0’ 8t§i:07

v = 2ed,£°, émiﬁi sinh% + %7 cosh% =0. (7.30)
The last two equations can be combined into the single condition
060 = — X 46 tanh L (7.31)
TR R
The generator G is given by
G = —E&(t,7) +pi & (Z) +(t, T, e)me . (7.32)

From the variation of the momenta we can obtain the transformation rules for v;
as follows. First, we use that

6p’b = {plu G} = {plu _Ego(t7 f) + Di gl(f) + 268t§0(t7 J_':)ﬂ-e}
= F9;¢° — proie® — 20,0, . (7.33)

Next, using eq. (7.22) and 7. = 0 we obtain

o 2ol By ginn Lo L _R-fﬂ].k
o0p; = —M cosh R@g M 2$vlsmhR+2x2xe vb<1 xsmh R) 0;¢" . (7.34)

Finally, using the expression for p; given in eq. (7.22), we obtain the following
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transformations of the variables v;:

2 1
Sv; = — 2 9,6% coth = — v19;€, — 7Ub$bxk6i§k(1 B E)
Rz x

R R R
2 T R 00 1 /R T b
+ o coth ) (1 - sinh R)xlxaa &+ T ( - coth R)lebf
1 /R R = y 1 ae
- ﬂ(; 2 sinh §> (:L‘lxbg — ﬁxixaa &v )

1 R R?
+ ﬁcsch%< - sinh % =) sinh? % + 14 cosh %)xixbé’bxkvk

1 R R?
+ Ecseh%( — 25 sinh % ) sinh? % + 1+ cosh %)xixbfl’xkvk

+ écsch% (% sinh % — l)fixbvb .

(7.35)
We see that the free Carroll particle in an AdS background has an infinite-
dimensional symmetry. A possible solution to these equations is given by eq.
(7.19) which are the symmetry transformations of the Carroll group. We do not
find any Lifshitz dilatations in this case i.e., a transformation with parameters

€ =at €0 = 2t

The Massles Limit

Using the canonical action
; ca_ & (2 2 2
S = /dT {—Et—i—pax —5 (E — M?# cosh R)} , (7.36)
it is straightforward to take the massless limit M — 0 and obtain the action

S = /dT <-Et‘ + pai® — ;E2> . (7.37)

We see that in the massless limit the R-dependence of the AC particle has dis-
appeared. This means that the massive Carroll particles are affected by the
geometry but the massless Carroll particles are not. Consequently, in the mass-
less limit there is no difference between particles in an AdS or flat background.
Furthermore, the isometries should be given by the most general conformal Car-
roll group as it was analyzed in [41]. In this case dilatations are included i.e.,
with parameters ¢ = 2%, €0 = zt.
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7.2.4. The Carroll action as a Limit of the AdS action

In this section we show how to obtain the action of the D-dimensional free
AdS Carroll particle starting from the massive particle moving in a D-dimensional
AdS spacetime and to take the Carroll limit. The canonical form of the action
before taking the limit is given by

é
5= [arlp i, = Glawrs” +m?). (7.38)
where 7 is the evolution parameter, g, is the metric of an AdS space and € is

a Lagrange multiplier. We use that the signature of the metric is (—,+,+,...)
and that the AdS line element is given by

2 2
ds* = — cosh? %(dl‘o)Q + % sinh? %(daca)2 - (fz sinh? % — 1) (dz)?, (7.39)

where x = /z,x%. To take the Carroll limit we first consider a re-scaling of the
variables

t
==, pP=wE, m=wM, é:—%, (7.40)
w w
and next take the limit w — oo to obtain
P an €2 2 2
S — /dT[—Et—I—p a — S(E® = M cosh? D). (7.41)
The equations of motion are given by
i=—eE, E=0,
M2
=0, Pt = eRx z% cosh % sinh% , (7.42)
e= A s :—E(EQ—M2cosh2£)
b e 2 R .

Note that although the dynamics of x is trivial, i.e. * = 0 (the particle is not

changing its position), the momentum is changing over 7 because p® # 0. In the

flat limit (the limit when R — oo) the particle is at rest and does not move.
Finally, the mass-shell constraint reads

X
E? — M?cosh? =0 (7.43)
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7.3. The N =1 AdS Carroll Superalgebra

We start by taking the contraction of the D-dimensional N = 1 AdS algebra.
The basic commutators are given by (4 =0,1,...,D —1)

[Mag, Mcp] = 2n41cMp)s — 2nBjcMpja ,

[Mag, Pc] = 2ncipPa) [Pa, Pg| = 42°Map
1 1
[Map, Q] = —5748Q, [Pa, Q] = 51574Q,

1
WABC s Map,

{Qa, Qp} = 2[v*C g Pa + =

(7.44)
where R is the AdS radius and P4, Map and @, are the generators of space-
time translations, Lorentz rotations, and supersymmetry transformations, re-
spectively. The bosonic generators P4 and Map are anti-hermitian while the
fermionic generator @) is hermitian.

To make the Carroll contraction we rescale the generators with a parameter
w as follows:

POZ%Hv MaOZWKCH Q:\/JQ7 a:172""7D_1

(7.45)
Taking the limit w — oo and dropping the tildes on the @) we get the following
N =1 AdS Carroll superalgebra:

[Maba Pc] = 250[bPa] ) [Maba KC] = 26c[bKa] ’
1 1 2
[PCL?Pb] - ﬁMabu [-Pa7Kb] - §6abH7 [Pa7H] - ﬁKaa (7 46)
1 1 .
[Pa7 Q] — ﬁfyaQ7 [Mab7 Q] — _ifyabQ )

{Qa @3} = O gl + 210 ap Ko

1

The Maurer-Cartan equation dL¢ — 5 fC AgLPLA = 0 in components reads

dLy =—3LALE — Loy Lo, dLg=2L8Lgb,
dLp =2LY Lt + & LuLp® — Loy Lq, dLgP = 2L L+ k= Lp"Lp®,

dLg =3YabLq L} — 3%vaLoLp® .
(7.47)
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7.3.1. Superparticle Action
We now use the algebra (7.46) to construct the action of the AC superparticle

with the coset
g _ N =1 AdS Carroll
H SO(D-1)

(7.48)

HtePaac“ eQaﬁ(‘
Kqv®

that is locally parametrized as g = go U, where gg = € is the coset
representing the ‘empty’ curved AC Carroll superspace and U = e is a general
Carroll boost representing the particle inserted in the empty space. The Maurer-
Cartan form )y associated to the empty AC superspace is given by

Qo = gy 'dgo = HE® + P,E* + K,w™ + Myw™ — QE, (7.49)

where (E°, E%, E,) and (w®,w?) are the time and space components of the
supervielbein and the spin connection of super-AdS if we parametrize the AdS

superspace as eftefar® ¢Qab” The explicit expressions for these components are
given by
— dt cosh = i fH'yOdH fwabayaw 9,
R 1 R
[ A A el - b o
EY = xdx smhR wa x dmb(l x sinh R)
w = ——Rdtx sinh — B EG yPdh — 72]%2 ) S (7.50)
1
w® = @(xbdxa — z%dx )(cosh i 1) ,
1 1
Ea = deoz - ﬁh/ae]aEa + §Wab[7ab9}a
In this case we have torsion given by Ty = —%E‘WOE& and a non-vanishing spin

connection. The Maurer-Cartan form for the N' = 1 AC superparticle inserted
in the AC superspace is given by

Q=g tdg=U"'QU +U'dU, (7.51)
where )
LH:EO+§UCLEG, LPa:Ea”
LKa — waO + dv® + 203 wab’ LMab — Wab7 (752)
Lo, = Ea.

Note that the Maurer-Cartan forms of the spacetime supertranslations can be
written in matrix form in terms of the Supervielbein components of the AC
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superspace as follows:

1 00
( Ly, Lp® Lq,)=(E" E° Ea)<;va 1 o). (7.53)
0 01

Like in the bosonic case the Maurer-Cartan forms of the supertranslations of
the AC superparticle can be obtained from the Maurer-Cartan forms of the AC
superspace by a matrix representation of the Carroll boost.

The action of the N'= 1 AC superparticle is given by the pull-back of all the
L’s that are invariant under rotations:

SZM/(LH)* :M/(EO—F%’U@EG)* _

) x R ...z 1 a Rz
= M/dT (t cosh = + o Va® sinh = + 5,27 VTad (1 - sinh E) (7.54)

Loog 1 b.ap. 0 r
— 507 0 — 2t 0Yapy" 0 (coshE — 1) .
The equations of motion corresponding to this action can be written as follows

=0, =0,
1. 1 (7.55)
Ema sinh% = %1’)@ sinh% + @maxbizb (1 — gsinh %) .

We can write a Hamiltonian version of this action with the momenta given by

T
p; = M cosh ik
Do =M [%va sinh 5 + ﬁxaxbvb (1 — % sinh %) — ﬁxbéyaw%(cosh - 1)} ,
_ M-
Pg = 70"}/0

(7.56)
Then, the canonical form of (7.54) is

S = [dr [—iE + &qp® + 0Py — %(E2 — M? cosh? %) — (Pg cosh % + %Eévo)p} .
(7.57)

The bosonic transformation rules for the coordinates with constant parameters

(¢, at, \Y, /\;) corresponding to time translations, spatial translations, boosts and
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rotations, respectively, are given by

R t
ot=—-C+ %)\kxk tanh% + Eakmk tanh% ,
. 1 . . . .
ozt = -3 (x’akxk — %coth %(:U’akxk — a2x2)> —2\% z*
) . 1 . S 2t .
ot = -\ — ﬁ)\kwkx’sech% (1 — cosh ]ﬁé) — 2)\’j v — ﬁa’
2t

ik x T 2 (i b] T ( x)
- = h= (1 — cosh = = h= (1 — cosh =
T2,z T 0 Tk sec R( cos R) + T b0 @ esch cosh— |,

1. 1 T ( :c)
— o\ . h (1—coshZ) .
00 2)\ Yapl + 2Rxa x’yrpbcsc = cos 7

The fermionic transformation rules with constant parameter e corresponding to
the supersymmetry transformation are given by

1 1
ot = 5570959,(:11% cosh % — %xkE’ykoﬂsech% sinh % ,
szt =0,
ovt = L:1UZ tanh (€709 cosh — — lxk@koﬁ sinh i) (7.58)
Rz R 2R «x 2R )
T 1_ 1 A
— %:L‘ZEWOH sinh % + EEVZOG cosh % + Exk&/’ko& sinh % ,

X

2R

X

= h
00 = ecos °R

1
+ fa:k'yke sinh
x

7.3.2. The Super Killing Equations

The basic Poisson brackets of the canonical variables are given by

{Evt}:1> {8,776}:1, {xzapj}:62J7

o o o o (7.59)
{Peveﬁ}:_(sﬁa {Hpapﬁ}:_éﬁv
and the corresponding Dirac Hamiltonian of the action (7.57) is given by
_ %2 a2 2 X 5 xr 1.2 9 -
Hp = 5 (E M? cosh R) + A\ + (chosh 7 + 2E0’y )p+ oA, (7.60)

e = 0 and II, = 0 are the primary constraints, A = A(7) and A = A(7) are
arbitrary functions. The corresponding primary Hamiltonian equations of motion
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are given by

. 1- .
t:—eE—§0’yOp, E=0,
e (7.61)

:i“i:0, P = R xicosh%sinh%—Exisinh%]%p,

1
2

Te

(E2 — M? cosh? 2) , e= A,

. T < 1 __ . o _ z 1 _-,

0:—pcoshE, sz—iE,o'y , p=-—-A, Hp:P@COShE"‘iEGV .

(7.62)

The stability of primary constraints give as secondary constraint the mass-shell
condition E% — M? cosh? % = 0 and the fermionic constraint Py cosh 5+ %Eé’yo =
0. If we require the stability of the secondary constraints we get p = 0. Substitut-
ing this into (7.62) and using the canonical momenta (7.56) we obtain equations
(7.55).

The generator of canonical transformations has a bosonic and a fermionic part
given by

G = —E&t, &,0) +p;i £ (t, T, 0) +~(t, &, 0)me — Pyx(t,%,0) +1,T(¢, 7,0), (7.63)

the following restrictions
0=G

= —E({0" + 05°0) + pi&’ + pi(t0€" + 9pEi0) + vite — Pox — Py(Drxt + Box8) + TT,T
2

1 _ M2
= B9, + SE0,E67"p+ Edp€p cosh % n 27902@ cosh % sinh %
— Lx’f- sinh = Pyp — e Ep;d ¢ — E 0,60~ p — p;0gEl p cosh z

R i R (14 DiOt 2pz tS VY P — Pi0eS P R

1 x E _ 1= ~
— 37 (E2 — M? cosh? R) + Eﬁ’yox + eEPyoyx + §P98t><9fyop

— T _ x FE-
+ Py0yxp cosh = + PyI' cosh = + 5970F .
(7.64)
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From this equation we derive the super-Killing equations

1 .
7=208", T =—xp+ 't tanh Lp

1 . 1
0,6° = —Efvzfi tanh % N XW bechfz + OvoﬁgxsechR (7.65)
E =0, =0, x=0.

The solution to this equations is given by eqgs. (7.58) and (7.58) with the symmetry
generator G given by

G = —E&(Z,0) + pi £ (1, ) + 2e0,&° (%, 0)me — Pyx (i, 0)
,( — 9y (7,0 L ie.(7.0) tanh 2 (7.66)
+ p( - GX(xv )p + Ew gl(xv )tan Ep> .

Then, the N' = 1 AC superparticle has an infinite dimensional algebra with the
transformation rules given by (7.58) and (7.58).

7.3.3. The Flat Limit

We end this section with some comments on the flat limit (R — oo) which
can be taken directly from the AC curved case in order to obtain the dynamics
and symmetries of the N/ = 1 flat Carroll superparticle. In this case, the time
and space components of the supervielbein simplify to

1=
EY =dt — iﬁfyodﬂ, E® =da®, Ey=db,. (7.67)

In the R — oo limit, the torsion becomes Ty = —%dé’yodﬁ and since we are
studying the flat case, the spin connection vanishes. The supertranslations can
be again written in terms of the supervielbein in matrix form as in (7.53) and
the action is given by

1 1
S = M/ E0 + 2vaEa M/dT (t — 797004— vam . (7.68)
The equations of motion that follow from this action are:
I=0=0=0. (7.69)

Therefore, the superparticle does not move. The transformation rules of the
different variables are given by

1. 1 ) . o
= —(+ -Na; + 2670, ox' = —a' — 2\ 27,
2 _ (7.70)
Sut = =\ — 2\ | 60 = =5 X770 + e
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As we can see from the transformation of # the N’ = 1 Carroll superparticle is
not BPS like in the relativistic and Galilean case.

If we rewrite the action (7.68) in Hamiltonian form
[ . a g €2 2 5 . Loz o
S= [ dr | 4B +dap" + 0Py — 5 (B — M?) - (P + 5 E07 Jo| . ()

it turns out that the super-Killing equations can be obtained as the flat limit of
the equations (7.65)

y=0, T=-0pxp, =0, =0, 0 =0, hx=0,

1_ 1- (7.72)
0p" = §X70 + 597039%
where the symmetry generator G is
G = —E€*(&,0) + p: € (&) — Pyx(&,0) — TL,00x(,0)p. (7.73)
From the variation of the momenta
opi = {pi, G} = E0i8* — pr0it® + Pydix (7.74)

and using that the energy, the spatial momenta and the fermionic momenta are
given by

M
E=-M, D = —;, Py=—06~", (7.75)

we find that the transformation rule of v
dv; = —20;6° — v 0;6F + 6~7°9, . (7.76)
Note that the above symmetries include the dilatations given by
ot =0, 0x® = ¢, 00 =0, vt = —v®. (7.77)
These dilatations, together with the super-Carroll transformations, form a super-
symmetric extension of the Lifshitz Carroll algebra [172] with dynamical exponent

z=0. The Lifshitz Carroll algebra with z=0 has appeared in a recent study of
warped conformal field theories [43].
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7.3.4. The super-AdS Carroll action as a limit of the super-AdS
action

In the supersymmetric case, we obtain the action of the free AdS Carroll
superparticle starting from the massive superparticle moving in an AdS spacetime
whose action is given by
€
2

where g,,,, is the AdS metric with line element given by eq. (A.2). Rescaling the
variables as

S = /dT[j;,upu + ¢P¢> - (g,uup'upy + m2) + (]545 + g,ul/p'uﬁg”yy))‘} > (7'78)

t
—, pOZWE7 m:wM’ é:—%’
w w
Ly peen Al (7.79)
qb—ﬁ y o = VWIg, _ﬁp?

allows us to take the Carroll limit with w — 0o to obtain

xr =

S = /dr[—zEE + dap® + 0Py — g (E2 — M? cosh?® 2) + (P cosh% +E6°)p).

(7.80)
The primary equations of motion are

i=—eE—07", E=0,

M? 1 _

=0, = eRa: 2% cosh % sinh% — —a“sinh %ng,

1
eE=A, 7re:—§(E2—MQCosh2 %), (7.81)
éz—cosh%p, Py=—-Ep,
p=—-A, lzlpngcosh%—FEé’yO.

After requiring the stability of all the constraints we obtain the equations of
motion (7.55). Like in the bosonic case we find that the dynamics of z is trivial,
t* = 0 (the particle is not changing its position), but that the momentum is
changing over 7 because p* # 0.

7.4. The N =2 Flat Carroll Superparticle

In this Section we extend our investigations to the N/ = 2 supersymmetric
case. The flat case is discussed in this Section while the curved case will be dealt
with in Appendix C.
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7.4.1. The N =2 Carroll Superalgebra

Our starting point is the A/ = 2 super-Poincaré algebra. For simplicity, we
consider 3D only. The basic commutators are (A =0,1,2;i = 1,2)

[Map, Mcp] = 2nacMp) — 2nBjcMp)a ,
[Map, Pc] = 2nc Py,

. 1 .
[Mag, Q'] = _§7ABQZ 7

{QL. QLY =2y C 7V apPad" + 2[C o Z .

(7.82)

To make the Carroll contraction we define new supersymmetry charges by

Qi = (@4 +90Q2) (7.83)

and rescale the different symmetry generators with a parameter w as follows:

w -
Py = §H, My =wK,, Z =wZ, (7.84)
Qt =V,  Q =vwQ".
Taking the limit w — oo we obtain the following 3D Carroll algebra
[Maln Kc] = 25c[bI{a] ) [Maba Pc] = 260[bPa] )
1 ~ 1 =
[Kas P} = =5 0aH , [Map, Q%] = =57 Q*
. =~ _ 1 ~ o~ _ 1 ~
Q.05 =0 CNas(3H+2).  {Qa.Q5) =10 as(5H - 2).
(7.85)
The Maurer-Cartan equation dL¢ — % fACBLB A LA = 0 in components reads:
1 arTa 1= 0 1= 0 a b1 ab
1- 1-
dLy = —§L+70L+ + §L_fy°L_ : dLE =2L L,
1 1
dL— = SyapL— Lif . dLy = SYaLy LiF

dL® = 2L L.
(7.86)
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7.4.2. Superparticle Action and Kappa Symmetry

To construct the action of the N' = 2 Carrollian superparticle we consider the

following coset:
G N =2 super Carroll

H SO(D-1) (7.87)

The coset element is given by g = gg U, where gg = eHtePaz® Qa2 QE0% 075 g the
coset representing the ‘empty’ N/ = 2 Carroll superspace with a central charge
extension and U = efa"" is a general Carroll boost representing the insertion of
the particle.

The Maurer-Cartan form associated to the super-Carroll space is given by

Qo = (g0) 'dgo=HE" + P,E* — Q" E_ —Q"E, + ZEy, (7.88)

where (E°, E*, E__, E+,,Ez) are the supervielbein components of the Carroll
superspace given explicitly by

1- 1-
E° =dt — Ze)_yode_ — 19+fyod9+ , E% = dz®,
E_a = dG_a 5 E"‘O& == d9+a, (789)
1- 1-
E; =ds+ 59_7%9_ — §0+70d9+ .

In terms of the supervielbein the Maurer-Cartan form of the N/ = 2 Carroll
superparticle is given by

1
LH:ED+§UQEQ, 4 = B,

L, =By, O — gy, (7.90)
L—a - E—a7 L+a - E+a

As before, we can write the space-time super-translations in matrix form in terms
of the Vielbein of Carroll superspace as follows:

1 0000

v, 1000

(Lyg, Lp*, Ly, Lyy, Ly )=(E° E* E_,E.,,Ez)[ 0 0100
0 0010

0 0001

(7.91)
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The action of the A/ = 2 Carrollian superparticle is given by the pull-back of
all the L’s that are invariant under rotations:

S=a [@ay+b [(L2y

= a/dT (i — iﬁ__’yoé_ — %Q_Jr’yoé.h_ + %vaa't") + b/dT (s + %0__706’_ — %§+709+) .
(7.92)
The equations of motion corresponding to this action are given by

Ga=0, 0,=0, 6_=0, 06.=0. (7.93)

The transformation rules for the coordinates with constant parameters (¢, 1, a’,
A, )xz», €4+, €_) corresponding to time translations, Z transformations, spatial
translations, boosts, rotations and supersymmetry transformations, respectively,
are given by

1. 1 1 ) ) o
ot = —C + §AZ‘T'L + EE_’yOQ_ + 164_’)/094,_ s (S;[,‘l = —az — 2)\1‘7 JZ‘J ,
1 1 . ) S
bs === 55‘709‘ * §€”09+ ’ vt = =X\ —2X 0
1 1
59+ = _5)\ab’7ab9+ + et 00_ = —5)\ab’7ab07 +€e_.

(7.94)

To derive an action that is invariant under additional x-transformations we

need to find a fermionic gauge-transformation that leaves Ly and/or L invari-
ant. The variation of Ly and Lz under gauge-transformations is given by

1 1 1- 1_
6Ly = d([6zx]) + =L%[62%] + =L%[62%] + =L_~°[6z_] + =L 4~"[62],
H ([6zm]) 9 Plozk] 9 l0zp] 9 ol ] 9 +7 [024] (7.95)

6Lz = d([62z]) — L_~°[0z_] + Ly~°[0zy].

where [02%] is obtained from Ly by changing the 1-forms dt, df,., df_ with the
transformations 0t, 6604, 66_. In analogous way we can construct the other terms
appearing in (7.95).

For k-transformations, [dzy] =0, [02%] =0, [02%] =0,

1~ 1~
0=0Ly = 559_70 [62_] + 569+fyo [624], (7.96)

0=0Ly = —00_2"[62_] 4 60,7 [62] .

It follows that to obtain a k-symmetric action we need to take b = j:%a. We

focus here on the case b = —%a. With this choice the action and k-symmetry
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rules are given by

1
S = a/(LH —SLa) lel=r, 62 ]=0, (7.97)
where k = k(7) is an arbitrary local parameter. Using this we find the following
r-transformations of the coordinates

ot = ié_y}/olﬁ, 0x® =0, 00, =k,
1 (7.98)
d0s = §9+’yon, dvg =0, 60_=0.

After fixing the k-symmetry, by imposing the gauge condition 6, = 0, the action
reduces to

B 1, 1. 1 .,
S—a/dT <t—2s—207 9,4—2%3} > . (7.99)
The residual transformations that leave this action invariant are given by
5t = —( + Lz + Le 7%0 ox' = —a' — 2\, 2!
20T T T 7T
1 , . o
d0s = —n— 5&7007 , ov' == A" = 2X% 07 (7.100)
1
60_ = —5)\“1’%;,9_ e,

The linearly realized supersymmetry acts trivially on all the fields and therefore
the N/ = 2 Super Carroll particle reduces to the N' = 1 Super Carroll particle and
hence is not BPS since the kappa-symmetry eliminates the linearized supersym-
metry. This is different from the N' = 2 Super Galilei case were BPS particles do
exist.

7.5. Discussion

In this chapter we have investigated the geometry of the flat and curved
(AdS) Carroll space both in the bosonic as well as in the supersymmetric case.
We furthermore have analyzed the symmetries of a particle moving in such a
space. In the bosonic case we constructed the Vielbein and spin connection of the
AdS Carroll (AC) space which shows that this space is torsionless with constant
(negative) curvature. We constructed the action of a massive particle moving in
this space thereby extending the flat case analysis of [41]. Like in the flat case,
we found that the AC particle does not move. However, in the curved case the
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momenta are not conserved. Particles moving in a Carroll space, whether flat or
curved, do not have a relation among their velocities and momenta.

Using the symmetries of the AC particle we have computed the Killing equa-
tions of the AC space. We found that these Killing equations allow an infinite-
dimensional algebra of symmetries that, unlike in the flat case, does not include
dilatations. Another difference with the flat case is that there is no duality be-
tween the Newton-Hooke and AdS Carroll algebras. Furthermore, in the curved
case the mass-shell constraint depends on the coordinates of the AC space.

In the second part of this chapter we have extended our investigations to
the supersymmetric case. Unlike the bosonic case, the N/ = 1 AC superspace
has torsion with constant curvature due to the presence of fermions. Like in the
bosonic case, we found that the A/ = 1 AC superparticle does not move and the
momenta are conserved. We have constructed the super-Killing equations and
showed that the symmetries form an infinite dimensional superalgebra. After
taking the flat limit we found that among the symmetries of the A/ = 1 Carroll
superparticle we have a supersymmetric extension of the Lifshitz Carroll algebra
[172] with dynamical exponent z = 0. The bosonic part of this algebra has
appeared as a symmetry of warped conformal field theories [43].

We also showed that the A" = 2 Carroll superparticle has a fermionic kappa-
symmetry such that, when this gauge symmetry is fixed, the N' = 2 Carroll
superparticle reduces to the AN/ = 1 Carroll superparticle. Apparently, in flat
Carroll superspace the number of supersymmetries is not physically relevant.
This is due to the fact that the kappa gauge symmetry neutralizes the extra
linear supersymmetries beyond A/ = 1. Unlike the bosonic case, there is no
duality between the N' = 2 Super Galilei and Super Carroll algebras.

In a separate appendix we investigated the ' = 2 AC superparticle®. We
studied the so-called (2,0) and (1,1) super-Carroll spaces and the corresponding
superparticles. Physically, the (2,0) and (1,1) cases are different, they have un-
equal degrees of freedom. For instance, only the (2,0) superparticle has a kappa-
symmetry. Apparently, for the AC superparticle the type of supersymmetry one
considers does make a difference.

7.A. The 3D N =2 AdS Carroll Superparticle

There are two independent versions of the 3D N = 2 AdS algebra, the so-
called N/ = (1,1) and N' = (2,0) algebras. Correspondingly, there are two
possible A/ = 2 AdS Carroll superalgebras which we consider below.

6 For simplicity we did only consider the 3D case.
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7.A.1. The N = (2,0) AdS Carroll Superalgebra

We will start with the contraction of the 3D A = (2,0) AdS algebra. The
basic commutators are given by (4 =0,1,2;:=1,2)

. 1 v
[Mag, Mcp] = 2n4cMpip — 2npjcMp)a ; [Map, Q'] = —5748Q",
[Map, Po] = 2ncpPay (P4, Q] = 274Q",
(P4, Pp] = 42° Mg , [R, Q"] = 2z Q7

{Q4, @5} =20y C apPad" + 22 [y"PC M agMapd” +2[C ape 'R .
(7.101)
Here Ps, Map, R and Q! are the generators of space-time translations, Lorentz
rotations, SO(2) R-symmetry transformations and supersymmetry transforma-
tions, respectively. The bosonic generators P4, M 4p and R are anti-hermitian
while the fermionic generators Q¢ are hermitian. The parameter x = 1/(2R),
with R being the AdS radius. Note that the generator of the SO(2) R-symmetry

becomes the central element of the Poincaré algebra in the flat limit z — 0.
To take the Carroll contraction we define new supersymmetry charges by

Qn = %(Qi +70Q2%) (7.102)

and rescale the generators with a parameter w as follows:

P=YH,  R=wZ, = Mo=wK.,  QF =VEQ*. (T1m3)

Taking the limit w — oo and dropping the tildes on the Q* we get the following
3D N = (2,0) Carroll superalgebra:

[Map, Pe] = 20 Py [Map, K] = 20Ky
1 1 2
[Pa7Pb] - ﬁMab’ [Pa7Kb] — §6abH, [PCHH] = ﬁKa
1 1
Pa ) o F Ma +_ - . +
[ aQ ] QR’Y Q ) [ bs Q ] 27 bQ 5

{QF,Q%) = %[700—1]04,8 (H+27), {Q,,Q3}= %[VOC‘l]aﬂ (H—22),

{Qza QE} = %[VGOC_I}aﬁKa .
(7.104)
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In components the Maurer-Cartan equation dL¢ — % fCupLPLA = 0 reads as

follows:
dLy =—3LALE — 1L A°L_ —1L0.4°L,, dLg =2L5L .
dLjt =2L{ Lif + %LyLp® — 5L -~"Ly, dLy=—-1L 7Ly + 3L ~°L_,
dL_ =3vawL_ L§f — 5zvaLl+Lp®, dLy = 3ya Ly L} — 55Yal-Lp®,
dL§} =2L§{ L} + 552 Lp"Lp® .
(7.105)
7.A.2. Superparticle action
We use the algebra (7.104) to construct the action of the N’ = 2 Carrollian

superparticle. The coset that we will consider is
G N =(2,0) AdS Carroll
H SO(D-1) ’

(7.106)

with the coset element g = go U, where gyg = eHtePar® (Qa b2 QU063 075 g the coset
representing the A/ = (2,0) Carroll superspace with a central charge extension
and U = e« is a general Carroll boost that represents the superparticle.

The Maurer-Cartan form associated to the super-Carroll space is given by

Qo = (g90) ‘dgo = HE® + P,E® + Kow® + Myw® - Q" E_ —QTE, + ZEy,
(7.107)
where (E°, B4 E__,E, ,,Ez) and (w™,w®) are the supervielbein and the spin
connection of the Carroll superspace which are given explicitly by

1~ _ 1, - _
E = dt cosh 7 — 3 (0-9"d0— + 0,:1°d0) = 76 (0170 + 0-77"0-)

1 =
iy a09 E¢

a _ Vg a el ~ a.b _ .
E = dx Slnh R + x2flf X dxb (1 — Slnh *) ;

1 1
EZ =ds+ 59_’)’0d9_ — §9+’70d9+

1 - _ 1 -
- iwab(9+%b’709+ +0_yay0-) + ﬁ9—7a09+Ea :

1 x
ab __ bi.a __ a.j.b _
Wt =53 (2°dz® — z%dx )(cosh 7 1),
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W = —Edtf’f sinh 7 R9+’Ya0d9— 4R2 (01 7a67"04 + 0-7ap7°0-) E®
1 [7) al
- Ewb 0oy 09+7

E__ =[do_] 1[9]Ea+1ab[9]

—a —la 2R7a+ 2w Yab?— |

1 1

E — _ _ a —, ab

« [d0+]0/ 2R[7a9 ]OéE +2w [7ab9+]a

(7.108)
We can use the supervielbein to write the Maurer-Cartan form of the N' = (2,0)
Carroll superparticle as follows:

1
LH:E0+§1)CLE“, 4 = E°,
L(}( _ waO +dva+2,0bwab’ LZ — E27 (7109)
L,a:Efa, L+04_E+a

7.A.3. Global Symmetries and Kappa symmetry

The action of the Carrollian superparticle is given by the pull-back of all L’s
that are invariant under rotations:

S=a [(Lu) +b [ (L)

R 1 b R . xr
—a/dT (tcoshR—i- 5 — Vo smhR+ 9,2 55T VbLal (1—;smhﬁ)

x
— — %40 7y°04 + 0_~vapy 0 )(cosh i 1)
1 R x
— a0 =z _ ginh 2
4 0 ~4 0, [ﬂva smhR T — T Tpd (1 . sinh R)D
b [[dr (54 309 ~ 36,9,
— (01 9w7 04 — 077 °0-)(cosh & — 1)

2—6’ 7209, [ma sinh — 7 + Rixa:cbx (1 -2 sinh R)D ’
(7.110)
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which is invariant under the following bosonic transformation rules for the coor-
dinates with constant parameters (¢, 1, a’, \', )\3) corresponding to time trans-
lations, Z transformations, spatial translations, boosts, rotations, respectively

R t
ot=—-(+ — Nz, tanh xz + —a*z), tanh xz ,
2x R

Rx R
. 1 . . . .
or' = —— (a:lakxk - %Coth %(mlakxk - asz)) — 2\ 2P
x
ds = =N,
. ) 1 . o 2t
vt = =\ — p)\kxkx’sech% (I —cosh &) —2X% 07 — ﬁaz

. €T .
— Ay aia zy sech (1 — cosh R) + Zvpaliztesch (1 — cosh &) |

1 1
80, = —iAab"yangr + —akrvbvkbé?,cschg (1 — cosh m) ,

2Rx R R
1w 1 . T ( x)
_=—=) _+— h— (1 —cosh—) .
60 2)\ Yapb— + 2Rxa x’yrplicsc 7 cos 7

(7.111)
The same action is invariant under fermionic transformation rules with constant
parameters (e4,e_) corresponding to the supersymmetry transformations

1 1
ot = ZE+709+sech% cosh % — kaafyko@_sech% sinh %
1 1
+ 16_709_sech% cosh % — Qacka'yko(%rsech% sinh % )
szt =0,

1 )
) + —&,.~"6_ cosh <

. 1 . 1
ov' = —ate, 0%, (f tanh = cosh —— — 2sinh —— 7 R

Rz 2 R 2R 2R

e x ..
z'a*e, ~*00_ tanh = sinh —

T ORz2 R 2R
+ ﬁmié,woﬁ, tanh % cosh % - éﬂvb@%’yioef sinh %
_ F}xixkg,'ykoﬁr tanh % sinh % ;
ds = %€+709+ cosh % + %iﬂk@’ﬁoef sinh %
— 367709, cosh % - %!Ekg—’Yko‘ﬁ sinh % )
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1
(59+:e+coshi+ka'yke,sinhi,
2R «x 2R 7112
50_ = b=+ Lakaye, sinh 22 ()
— = e-cosh o + " ypey sinh o

To derive an action that is invariant under k-transformations we need to
find a fermionic gauge-transformation that leaves Ly and/or Ly invariant. The
variation of Ly and Lz under gauge-transformations are given by

1 1 1- 1-
0Ly = d([6zm]) + EL“P[(FZ?(] + 5[&}[52?3] + §L_'yo[6z_] + §L+'yo[5z+] ,

6Lz = d([62z]) — L_~°[6z_] + Li~°[62],

(7.113)
where, for example, [02%] is obtained from Ly by changing the 1-forms dt, df.,
df_ with the transformations 6t, 60, §0_. For k-transformations we have [dzp| =
0, [02%] =0, [02%] = 0 and hence we find

1 1_-
6Ly = =60_7"[6z_] + =60,.~°[624],
H=3 v [02-] 9 +7 1024] (7.114)

6Lz = —00_~ [02_] + 607 [024] .

It follows that to obtain a k-symmetric action we need to take the pull-back of

either Ly or Ly, with b = j:%a. We focus here on the case b = —%a. For this

choice the action and k-symmetry rules are given by
1
S = a/(LH —SLa), Bel=w, 52]=0, (7.115)

where k = k(7) is an arbitrary local parameter. Using this we find the following
r-transformations of the coordinates

1 _
ot = fsech£9+70/<c, 0z =0, 00+ =k,
4 R
) . (7.116)
_ 15 .0 _ apg 0 z _
s = 26+’y K, Ovg T e ntanhR, 00_ =0.

After k-gauge fixing (setting #; = 0) the action reads

. 1 R 1 R
S = a/dT (t cosh £ — =3 + —v, 2% sinh z + —xbvba:ajca<1 — —sinh %)
T

R 2 2x R 222
1z 0y 1 b.ap 0 L
—59_7 0_ — w2t 0_Yapy 9_(cosh B 1)) .

(7.117)
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This action is invariant under the following transformation rules

ot = —%xk&rq/m@_sech% sinh % + 35_709_sech% cosh % )
szt =0,
Svt = %ar’yio@_ cosh % ~ 5h2 z'2*e, ~*00_ tanh % sinh %
+ ﬁxiavo@_ tanh % cosh % — émbg_%'yioe_ sinh % (7-118)
ds = —%xkaﬁkoﬁ, sinh % - %E,VOH, cosh % ,
00_ = e_ cosh % + %xk%@ sinh % .

7.A.4. The N = (1,1) AdS Carroll Superalgebra
We now consider the 3D A = (1,1) anti-de Sitter algebra which is given by

1
[Mag, Mcp] = 2n4cMp)s — 2n5jcMpa [Map, Q%] = —5%419@i ;
[Mag, Pc] = 2ncipPa) , [Pa, Q] = £274Q™,
{Q%, Q5 = Al C YapPa £ 4a[y*PC agMap, [Pa, Pp] = 42> Map .
(7.119)

Here Pj, M ap and Qi are the generators of space-time translations, Lorentz
rotations and supersymmetry transformations, respectively. The bosonic gen-
erators P4 and M sp are anti-hermitian while the fermionic generators Qi: are
hermitian. Like in the previous case, the parameter x = 1/(2R) is a contraction
parameter.

To make the Carroll contraction we rescale the generators with a parameter
w as follows:

Py = %H Mo = wkK, , QF = Vw@Q*. (7.120)

Taking the limit w — oo and dropping the tildes on the Q* we get the following
3D N = (1,1) Carroll superalgebra:
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[Mab; Pc] - 2(Sc[bjja] ) [Malh Kc] - 25c[bKa] >
1 1 2
[Pa, P = 7z Mab [Pas K] = 50 H , [P, H] = 7 Ko
. L L1 (7.121)
[Po, Q] = iﬁ'}’a@ ) [Map, Q] = _§’YabQ )

_ 4 _
{QF,Q5) =20°CTH + Sy C apKa.
The corresponding components of the Maurer-Cartan equation are given by

1 _ _
Ly = —5Lp L ~ LA°L, —L_AL_,
dLg =2L5 L.

2 2 - 2 _
— b b 0 0
1 (7.122)
dLabZQLcach I bL a
M M Ly + opa P P
1 ab 1 a
ALy = SvapLls Lyr — o Yal+Lp®,
1 ab 1 a
dL_ = §'YabLf Lyf + E%L,Lp .
7.A.5. Superparticle Action
Taking the algebra (7.121) we consider the following coset
=(1,1) Ad 11
G _ N = (1,1) AdS Carro (7.123)
H SO(D-1)

a — Qo +ga
The coset element is g = go U, where gy = efltefa eQa9%eQa0% ig the coset
representing the N' = (1, 1) Carroll superspace and U = efav is a general Carroll
boost representing the insertion of the superparticle..

The Maurer-Cartan form associated to the super-Carroll space is given by

Qo = (90)'dgo = HE® + PaE* + Ko™ + My — Q" E_ — QTEy, (7.124)
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where (E°, E*, E__, ) and (w®,w®) are the supervielbein and the spin con-
nection of the Carroll superspace:

E° =dt cosh% —0_4%d8_ — 6,~7°d0, — w0 vuy°04 + 0_~apy"6_),

R x 1 R x
a _ a a,b _ 3
E* = o dx®sinh — + —x2x T d:cb(l sinh ) ,

T
u 2 P 1 - 7
w0 = —Edtﬂs sinh B ﬁ(9+7ab709+ + 977ab7097)Eb
2 _ _
— 20970, — 6_7"d0_),
R
1 x
ab __ - . bi.a  .a b -
w _2:32(96 dz xd:c)(coshR 1),

1 1
5l B + *Wabhabef]a )

Eoo =ld0-Ja+ 55 2

1 1
Eio = ld0+]a — 5plab+]aE® + §wab[%b9+]a~

(7.125)
We can use the supervielbein to write the Maurer-Cartan form of the N' = (1,1)
Carroll superparticle as follows:

1
LH:E0+§vaE“, 49 = E°,
L(;{ _ waO + dv® + 204 wab? (7126)

L—oz = E—av L+a = E+a :

7.A.6. Global Symmetries

The action of the Carrollian superparticle is given by the pull-back of all L’s
that are invariant under rotations:

S=M [(Luy

. R 1 R
= M/dT (t cosh% + %vafva sinh% + Tﬁxbvaaa’c“(l - sinh %)
07— 0,70, — — 3047w 05 + 070 ) cosh - — 1
—v7ybv- =ty +—27x2$33(+%b7 + t 0-YapY 7)(005 R ) .
(7.127)

This action is invariant under the following bosonic transformation rules for the
coordinates with constant parameters (¢, a’, \', /\;) corresponding to time trans-
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lations, spatial translations, boosts and rotations, respectively

R t
ot =—-C+ 2—)\kxk tanh z + —a”x tanh z ,
x

R Rx R
A 1 , , A A
St = -3 < bz, — %coth %(:ﬂzakxk — a’xQ)) —2X\% "
A 1 A o
ot = -\ — P)\kxkx’sech% (1 — cosh ]a;) — 2)\Zj )
2t 2t . T T
— ?al — Wz’akxk sechﬁ (1 — cosh R) (7.128)

2 .
+ Evba[zwb]csch% (1 — cosh Z) ,

1 1
00, = —5)\ab7ab9+ + —akxb’ykb&rcsch% (1 — cosh a:) ,

2Rx R
850 = —1)\‘”’ 0_ + Lak:):b 6_csch (1 — cosh a:)
-7y YabV - SRz VbV — R R/

The same action is invariant under the following fermionic transformation rules
with constant parameters (e, €e_) corresponding to supersymmetry transforma-
tions:

T x 1 T x
6t = é47°0, sech= cosh — — —z*&, 4", sech = sinh —

R 2R =z R 2R
1
+ E,yoe,sech% cosh % + E:U'“E,ykoe,sech% sinh % )
sz =0,
4 2 . 2 ;
o't = REJF’yZOHjL cosh % - Ew’%wmloﬂ sinh %
2 1
+ Ew’ tanh % (E+700+ cosh % — ;xkE+'yk06+ sinh %) (7.129)
2 - 2 4
- EE_’y’OG_ cosh % — R—xka’yk’yloﬁ_ sinh %
x
2 1
+ —Rx’ tanh % (5_700_ cosh % + —azFe_~46_ sinh %)
x x
1
004+ = €4 cosh % + ;mk'ykq sinh % ,
1
00_ = e_ cosh % — ;Jrk'yke_ sinh % .



One may not assume the validity of field equations at
very high density of field and matter and one may not
conclude that the beginning of the expansion should
be a singularity in the mathematical sense.

Albert Einstein

Conclusions and Outlook

The discovery of general relativity 100 years ago is considered to be one of
the greatest scientific and intellectual achievements of all time. Its importance
and relevance have since then only increased as a result of the number and range
of observations that can be made, and the applications that have since appeared
[173,174].

For example, the prediction of light-bending (which grew into gravitational
lensing), the gravitational redshift and the anomaly in the perihelion advance
of Mercury have made it possible to use satellite navigation systems (GPS), to
study binary pulsars, to use microlensing to infer the distribution of mass within
galaxies and the distribution of dark matter, to detect the presence of new exo-
planets, and to develop radio astronomy, which has since led to the discovery of
quasars and pulsars.

The corresponding mathematical and conceptual progress has also been out-
standing: for example, Einstein’s equations are one of the most interesting and
important systems in the theory of partial differential equations and geometrical
analysis. Moreover, the geometric concepts of connection and curvature have
become fundamental to modern gauge theories.

In spite of its powerful scope, the theory has always had drawbacks in tests
outside the solar system, including the understanding of compact stars such as
white dwarfs, supernovae and neutron stars, in which the enormous nuclear den-
sity counterbalances the gravitational force, which in return requires the simul-
taneous use of quantum theory and GR. So far, there has not been a satisfactory
physical meaning given to a singularity occurring in a given spacetime, and the

169
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modelling of properties of inflation, dark matter and dark energy remains incom-
plete.

Serious efforts to modify GR theory have taken a number of forms. Fach
modification adopts a different starting point and perspective, treating certain
aspects of GR as more fundamental, either hoping that once the main difficul-
ties are resolved, the remaining aspects can be handled successfully, or studying
specific features of the theory to better understand it.

Many modifications of GR have been attempted over the last 50 years, such
as supersymmetry, higher dimensions, extended objects, higher spin theories, in-
finite towers of particles and fields, massive gravitons, higher derivative theories,
holography, etc. Many new theories have emerged, such as string theory, M-
theory, twistor theory, Hotava-Lifshitz gravity, loop quantum gravity, etc. Some
of these have attempted to modify Einstein gravity at short distances and thus
focus on the quantum description, while others have concentrated their efforts on
choosing adequate matter that would improve the ultra-violet behavior, or focus
on infrared modifications to try to improve the dark matter and dark energy
problems of cosmology. Others have studied inflationary scenarios or the unifi-
cation of the gauge couplings. Each of these approaches has its own virtues and
drawbacks but together they have instigated the study of a variety of challeng-
ing problems and led to unforeseen applications in diverse areas of mathematics,
cosmology and physics.

In the context of this intricate enterprise, the aim of this thesis was to study
a supersymmetric massive extension of GR, the symmetry properties of Horava-
Lifshitz anisotropic scaling and the features of some systems using the polymer
representation. We also studied two different (and opposite) supersymmetric
limits of the theory, the non-relativistic limit and the Carroll limit. Throughout
this thesis, we have concentrated our attention on the simplest three-dimensional
cases, not only because these are technically simpler, but also because three-
dimensional gravity is interesting in its own right.

Supersymmetry has been widely studied in the literature because it can be
used in many modern developments in mathematical and theoretical physics: it
automatically appears as a symmetry of string theory, as well as in brane theories,
the AdS/CFT correspondence, the Seiberg-Witten duality, etc.

Massive gravity is a different extension; it considers gravity to be propagated
by a massive spin-2 particle. One of the main motivations for massive gravity is
that adding a mass to the graviton leads to long distance modifications of GR
that affect dark energy and reduce the cosmological constant problem.

Instead of adding new symmetries it is also possible to take a different ap-
proach by modifying the existing GR symmetries. The anomalous scaling in



171

Horava-Lifshitz theory breaks the spacetime diffeomorphism invariance in such
a way, that the gravitational action is no longer a topological invariant and the
theory becomes dynamical. Nonetheless, this Lorentz symmetry violation does
not represent a problem if the theory recovers this symmetry at energy scales
where it has already been tested.

Another modification that we can study is to give up on the Schrédinger
quantization scheme to try to handle the GR quantization. The motivation for
studying polymer representations is that they provide the simplest analogues of
the representation featuring in loop quantum gravity. It is interesting to study
this approach because in some cosmology models [175-177] it leads to the avoid-
ance of the classical singularity which in loop quantum cosmology is replaced
by a quantum bounce, and is a microscopic basis for calculating the entropy of
some black holes that agrees with the Bekenstein—-Hawking’s semiclassical for-
mula [178].

In addition, studying the various limits of GR helps to understand it better
because certain problems are easy to study in limiting cases in which these prob-
lems often become simpler and easier to analyze. Furthermore it is interesting to
study these limiting cases because of the applications that may arise from them.

There are two ways to consider the limits: The first one, known in the lit-
erature as limiting procedure, see [44], obtains the limiting gravity /supergravity
theories directly from the GR theory/supertheory. The second procedure consists
of obtaining the gravity theory from the gauging of the contracted algebra. In
this work, we have chosen the latter approach and investigated the non-relativistic
and ultra-relativistic limits by choosing appropriate contractions of the Poincaré
superalgebra and studying the particle actions that emerge from gauging the
algebras.

The first GR modification that we studied is the supersymmetric-massive
extension. We motivated and discussed the Kaluza Klein formulation to obtain
the 3D, off-shell massive spin-2 supermultiplet. This multiplet, together with
the previously known off-shell massless spin-2 multiplet, can be used to write a
supersymmetric version of linearized NMG in the auxiliary field form.

The massless limit involves a non-trivial coupling of a scalar multiplet to
a current multiplet. In the usual Fierz—Pauli case, it is possible to cure the
vDVZ discontinuity by taking into account its non-linear version, but a non-
linear version of the SNMG is not obvious since the construction of the massive
spin-2 supermultiplet is based on the truncation of the Kaluza Klein expansion
to the first massive level, which can only be performed at the linearized level. To
obtain a non-linear SNMG theory one may have to use superspace techniques.

The second GR modification that we considered deals with the anisotropic
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spacetime scaling that breaks Lorentz symmetry. There are many open issues
regarding Hotava-Lifshitz gravity. For example, renormalizability beyond power
counting has not been explicitly shown, it has not been proved if the theory
approaches GR in the infrared limit or not, the role of matter and its coupling
to gravity have not been fully clarified yet and couplings between the matter and
the scalar graviton could lead to violations of the equivalence principle [91].

Despite these drawbacks, it is interesting to apply the anisotropic scaling to
several systems in order to try to learn more about their features and later on
apply this lessons in the gravity framework. Our study takes a first step on
this direction by the symmetry analysis of some higher derivative toy systems.
After applying Noether’s theorem for actions with an anisotropic dependence
between time and space we obtained the explicit form of the conserved currents
for a scalar field and for the electrodynamics Lagrangian, both systems with
dynamical critical exponent z = 2 and additionally for a higher derivative Chern-
Simons extension. We found that Noether’s charge is unaffected because of the
additional higher order spatial derivatives.

The third GR modification that we took under consideration is the polymer
quantization scheme. In a similar way as in the previous case we studied some
simpler systems in pursuance of gaining a deeper understanding about some fea-
tures of the loop quantum gravity framework. We obtained the path integral
for the polymer non-relativistic free particle, the relativistic particle and the har-
monic oscillator. We calculated the propagators of the systems and obtained that
the velocity of the particle in all the systems is bounded.

The fourth modification that we considered was the non-relativistic superpar-
ticle in a curved background. We first investigated the symmetries of a superpar-
ticle moving on a flat and curved (AdS) non-relativistic space. We then explained
the gauging procedure for constructing the corresponding non-relativistic super-
gravity theory.

The fifth and last modification that we investigated was the supersymmetric-
Carroll limit. Carroll symmetries have recently appeared in a number of contexts.
For instance, an identification of a duality between the Galilean and the Carroll
limits has led to the study of some non-Einsteinian systems, and these symmetries
have also appeared in studies of tachyon condensation and warped conformal field
theories.

We constructed the vielbein and spin connection of the AdS Carroll space, as
well as the action of a massive particle moving in this space and its symmetries.
We then extended the study of the supersymmetric case by focusing on the N' =
1,2 AdS Carroll particle.

Our results can be extended in a number of ways. In the massive case, for in-
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stance, it would natural to extend the results of this work to the case of extended,
i.e. N > 1, supersymmetry, or to ’cosmological’ massive gravity theories. Higher-
derivative, linearized versions of NMG with extended supersymmetry, or anti-de
Sitter vacua, are given in [56,179]. Of special interest is the case of maximal su-
persymmetry since this corresponds to the KK reduction of the N/ = 8 massless
maximal supergravity multiplet which only exists in a formulation without (triv-
ial) auxiliary fields. We expect that a formulation of this maximal SNMG theory
without higher-derivatives will be useful in finding out whether this massive 3D
supergravity model has the same miraculous ultraviolet properties as in the 4D
massless case.

As for the polymer quantization it is possible to continue in different direc-
tions. It would be interesting to study some features of the solutions of the
systems, for example, it was recently proved that the polymer harmonic oscilla-
tor possesses instanton solutions [116]. It would be also interesting to apply the
formalism to models with curvature and a cosmological constant different to zero.

Regarding the non-relativistic particle, it would be useful to construct a four-
dimensional analog of our results. In order to do so, one would first have to
be able to construct the Galilean and Newton—Cartan supergravity multiplets in
four spacetime dimensions. This has not yet been done.

Another generalization of our results might involve going from superparticles
to superstrings or even super p-branes. This would require using a ‘stringy’ gen-
eralization of the non-relativistic limits we have considered here, see for example
[165]. The case of a non-relativistic superstring in a flat background was already
considered in [128]. In the case of a non-relativistic curved background one could
apply holography and study the corresponding non-relativistic supersymmetric
boundary theory.

In the case of a particle/superparticle propagating in three spacetime dimen-
sions, the Galilei algebra contains a second central charge that might also be
included. This leads to the notion of a non-commutative non-relativistic parti-
cle/superparticle in which the embedding coordinates are non-commutative with
respect to the Dirac brackets [180, 181]. Finally, we have found that some of
our superparticles are 1/2 BPS, thus corroborating recent results for relativistic
superparticles [182]. It would be interesting to verify whether the statement that
“all superparticles are BPS” applies to non-relativistic superparticles as well.

As a possible continuation of our ideas regarding the Carroll superparticle,
it would be interesting to find the coupling of the AdS Carroll particle, and
the corresponding superparticle, to the (super) AdS gauge fields. As in the flat
Carroll case [41] we would expect the particle/superparticle to have a non-trivial
dynamics.
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It would be also interesting to study whether it is possible to construct a
corresponding Carroll gravity /supergravity theory. This can be approached in
one of two ways. One approach would be to gauge the (super)Carroll algebra
and/or the Lifshitz Carroll algebra with z = 0 by extending the results in [183] in
order to gauge the AdS-Carroll algebra and to extend this in the supersymmetric
case. A second alternative approach would be to try to define an ultra-relativistic
limit of relativistic gravity/supergravity similar to the non-relativistic limit [44].

Finally, in the supersymmetric-massive extension and in the limiting cases, it
would be desirable to construct a four-dimensional analogue of our results, but
so far, this has not yet been achieved.
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Resumen

La Relatividad General (RG), ha resistido la prueba del tiempo incluso des-
pués de cien anios después de su concepcién. Desde el punto de vista experimental,
ha sido puesta a prueba con increible exactitud por experimentos en el sistema
solar y mediciones de pulsar timing, las cuales predicen con precision, por ejem-
plo, la defleccion de la luz, los adelantos en el perihelio de Mercurio y el cambio
de frecuencia gravitacional de la luz. La RG también predice que a lo largo del
tiempo la energia orbital de un sistema binario se convertira en radiacion gravita-
cional y la tasa de decaimiento del periodo orbital medido es casi precisamente el
valor predicho por la teoria. Por otro lado desde el punto de vista teérico, la RG
provee una descripcién elegante, consistente y comprensiva del espacio-tiempo,
la gravedad y la materia a nivel macroscépico.

Sin embargo, la RG pierde precisién y predictibilidad no sélo en regimenes
gravitacionales fuertes sino que también existen fenémenos que atin no se han
explicado en los regimenes débiles como el problema que surge de la rotacién de
las galaxias y el problema del déficit de masa en cimulos de galaxias. Ademaés,
no existe un modelo satisfactorio que explique la energia oscura y la expansién
acelerada del universo. También existen deficiencias de la teoria, por ejemplo,
no ha sido posible unificar la gravedad con las fuerzas electrodébil y fuerte, la
prediccién de singularidades en el espacio-tiempo y su incompatibilidad con la
mecanica cuantica.

Ha habido muchos esfuerzos que estudian posibles deformaciones de la RG
debido a su importancia experimental y tedrica. Es técnicamente muy desafiante
tener una extension de la RG, debido a que la nueva teoria debe hacer frente
a los problemas a gran escala y al mismo tiempo tomar en cuenta el comporta-
miento que surgird en la teoria cuantica. En otras palabras, estamos buscando
una teorfa matematicamente consistente (libre de inestabilidades y fantasmas),
capaz de reproducir la RG a escalas cosmoldgicas, que provea una explicacién a
la aceleracion actual del universo, pero que al mismo tiempo, sea capaz de ofrecer
una descripcién de la gravedad siguiendo los principios de la mecénica cuantica.

Debido a que esta tarea es muy complicada, el objetivo de este trabajo es el de
dar un primer paso en la diseccién de la RG y de estudiar diferentes extensiones
y limites de la teoria para entenderla mejor. Modificar una teoria conocida es una
de las mejores formas de descubrir nuevas estructuras que podrian tener aplica-
ciones no previstas. En esta tesis abordamos la siguiente pregunta: ;Cudles son
las posibles formas de modificar y estudiar los diferentes limites de la gravedad?
En la Tabla 1.1 hemos indicado las extensiones y los limites que hemos estudiado
en esta tesis:

a) Afiadir nuevas simetrias: supersimetria.
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b) Anadir nuevos pardmetros: parametro de masa.

c¢) Modificar las simetrias existentes: abandonar la simetria de Lorentz.

Estudiar el limite no-relativista.

)
)
d) Modificar el esquema de cuantizacién: cuantizacién polimérica.
e)
)

f) Estudiar el limite ultra-relativista.

Con el desarrollo de la mecdnica cuéantica, los principios de simetria y las
leyes de conservacién obtuvieron un papel fundamental en Fisica. Las simetrias
conocidas en fisica de particulas son la invariancia de Poincaré (translaciones y
rotaciones), las simetrias internas que pueden dividirse en globales (relacionadas
con los nimeros cudnticos conservados como la carga eléctrica) y las simetrias
locales (que forman la base de las teorias de norma por lo que estén relacionadas
con las fuerzas de interaccion) y las simetrias discretas (como la conjugacién de
carga, la transformacién de paridad y la invariancia bajo inversién temporal).

En 1967 Coleman y Mandula demostraron que dadas ciertas suposiciones,
estas son las unicas simetrias posibles para un sistema fisico. El teorema de
Coleman-Mandula establece que para teorias cuanticas de campos, las simetrias
espacio-temporales y las simetrias internas sélo pueden combinarse en un pro-
ducto directo del grupo de simetria (en otras palabras, las simetrias internas y
de Poincaré no se mezclan). Hay algunas formas para sobrepasar este teorema
relajando algunas de las suposiciones que requiere. En particular, el teorema su-
pone que los generadores de simetria del algebra involucran sélo conmutadores.
Relajando esta suposicion permitiendo tanto relaciones de conmutaciéon asi co-
mo de anticonmutaciéon entre los generadores, uno obtiene la posibilidad de la
supersimetria, en otras palabras se incluyen generadores de simetria bosénicos y
fermidnicos.

La supersimetria ha sido estudiada ampliamente en la literatura debido a que
se ha utilizado en muchos desarrollos modernos en fisica teérica y matematica,
por ejemplo, emerge autométicamente como una simetria de teoria de cuerdas,
de teorias de branas, en la correspondencia AdS/CFT, en la dualidad de Seiberg-
Witten, etc.

Ademas de anadir supersimetria, también podemos anadir nuevos pardmetros
a la teoria de gravedad. Por ejemplo, un pardmetro de masa. La gravedad masi-
va es una extension diferente que parece natural debido a que sabemos que las
particulas de interaccion de las fuerzas electrodébiles deben de adquirir una masa
a través del mecanismo de Higgs. Algunas de las principales motivaciones de la
gravedad masiva provienen del hecho de que agregando una masa al gravitéon se
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generaran modificaciones a gran distancia a la RG, afectando la energia oscura
y disminuyendo el problema de la constante cosmolégica. Existen algunas preo-
cupaciones cuando se trata con un gravitén masivo, una de ellas surge cuando
se toma el limite no-masivo de un campo de espin-2, debido a que propaga de-
masiados grados de libertad y pareceria que nunca se podria obtener a la RG de
este limite. Este fendmeno se conoce como la discontinuidad vDVZ y puede resol-
verse considerando extensiones no lineales de la teoria. Un segundo problema a
superar es que las no-linearidades introducen fantasmas en el espectro fisico. Los
fantasmas corresponden a campos con energia cinética negativa que conducen a
inestabilidades a nivel clasico y a la no-unitariedad a nivel cuéntico.

En vista de que no ha sido posible aplicar las reglas de la mecénica cuan-
tica a la teoria de la RG, recientemente han surgido diversos caminos hacia la
cuantizacién. En este trabajo se han estudiado las caracteristicas de diversos sis-
temas inspirados en dos modelos de cuantizacién: la gravedad de Horava—Lifshitz
y la gravedad cuantica de lazos. Cabe mencionar, que todos los posibles modelos
que han surgido necesitan superar grandes problemas formales y conceptuales,
ademas, con el desarrollo actual en fisica de particulas y en observaciones cosmo-
légicas, no es posible validar sus predicciones mediante pruebas experimentales.
A pesar de lo anterior, es posible probar los modelos dentro de escenarios fisicos
tedricos plausibles y estudiar sus propiedades y resultados.

La teoria que Horava propuso estd basada en un escalamiento anisotrépico
entre las coordenadas espaciales y temporales que conduce al rompimiento de la
invariancia bajo defeomorfismos en distancias cortas, dénde la RG se recupera en
el limite de baja energia.

La segunda modificacion a la RG que consideramos en esta tesis esta inspirada
en la violacién de Lorentz de la gravedad de Horava. Utilizamos el teorema de
Noether para estudiar las simetrias de acciones anisotrépicas y encontramos las
cargas y densidades de corriente respectivas.

Por otro lado, nos enfocamos en uno de los resultados de la teoria cuantica
de lazos: la discretizacion cuantica del espacio. La mecédnica cuantica polimérica
es un esquema de cuantizacién (que no es equivalente al esquema de cuantizacién
de Schrodinger) que replica alguna de las caracteristicas de la teoria cudntica de
lazos.

La siguiente modificacién de la RG que estudiamos es precisamente este cam-
bio de esquema de cuantizacién. Analizamos la cuantizacién polimérica a través
del procedimiento de la integral de trayectoria, para analizar la dindmica de diver-
sos sistemas. Con este esquema podemos obtener una accién efectiva que podemos
utilizar para comprender mejor aspectos no-perturbativos de la dindmica de los
sistemas a nivel clésico y cudntico.
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El siguiente enfoque para estudiar a la RG ademés de modificar las simetrias
y el esquema de cuantizacién es el de estudiar diferentes limites de RG para lograr
un mejor entendimiento de la teoria, ya que usualmente podemos obtener claridad
de algunos problemas estudidndolos en sus casos limite donde estos problemas se
vuelven mas simples y faciles de analizar. Es interesante estudiar estos casos
limite por las aplicaciones que pueden surgir de ellos.

En esta tesis consideramos los limites supersimétricos no-relativistas y ultra-
relativistas de la RG: los limites cuando la velocidad de la luz tiende a infinito y a
cero respectivamente. Geométricamente, la transicién no-relativista puede verse
como la apertura de los conos de luz (los conos se convierten en hipersuperficies
tipo-espacio) mientras que de forma contraria, la transiciéon ultra-relativista pue-
de entenderse como la contraccién de los conos de luz (los conos se convierten en
hipersuperficies tipo tiempo). Mientras que el limite no-relativista estd gobernado
por el dlgebra de Galileo, el dlgebra que le corresponde al limite ultra-relativista
es el algebra de Carroll, ambos grupos de invariancia pueden obtenerse de con-
tracciones adecuadas del grupo de Poincaré. Cuando se comienza del grupo AdS,
diferentes contracciones conduciran a al grupo no-relativista de Newton-Hooke y
al grupo ultra-relativista de AdS-Carroll.

Existen muchas teorias conformes de campos no-relativistas que describen
sistemas fisicos. Estos ejemplos surgen de la fisica de materia condensada, de la
fisica atomica y de la fisica nuclear. Las versiones no relativistas de la corres-
pondencia AdS-CFT se han investigado recientemente porque abren la puerta a
posibles aplicaciones en la dualidad norma-gravedad a una variedad de sistemas
con interaccién fuerte. Los grupos de simetria no-relativistas, como los grupos
de simetria conforme de Schrédinger y de Galileo son relevantes en el estudio de
atomos frios que tienen un dual que posee estas simetrias. Ademas, en el caso de
las cuerdas, los limites no-relativistas pueden tener aplicaciones en el contexto de
versiones no-relativistas de AdS-CFT.

Por otro lado, las llamadas simetrias de Carroll que surgen en el limite ultra-
relativista han jugado un papel importante en investigaciones recientes. Por ejem-
plo, teorias con simetrias de Carroll surgen es estudios de condensacién de ta-
quiones. Recientemente también han aparecido en el estudio de teorias de campo
conformes deformadas.

En esta tesis, consideramos la extensién masiva supersimétrica, el estudio de
las simetrias de sistemas donde la simetria de Lorentz no se conserva, la cuanti-
zacion polimérica y los limites supersimétricos no-relativista y ultra-relativista.

La primera modificacién de la RG que estudiamos es la extensién masiva
supersimétrica. Motivamos y discutimos la formulaciéon de Kaluza Klein para ob-
tener el supermultiplete espin-2 masivo off-shell tridimensional. Este multiplete
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junto con el multiplete espin-2 no massivo off-shell que ya era conocido, puede
utilizarse para escribir una versiéon supersimétrica de la nueva gravedad masi-
va linearizada (linearized New Massive Gravity NMG) en la forma de campos
auxiliares.

En el limite no-masivo hay un acoplamiento no-trivial del multiplete escalar
con un multiplete de corriente. En el caso usual de Fierz—Pauli, es posible curar
la discontinuidad de vDVZ tomando en cuenta la versién no-lineal de la teoria,
pero una version no lineal de la teoria SNMG no es obvia debido a que la cons-
trucciéon de un supermultiplete masivo de espin-2 se basa en truncar la expansién
de Kaluza—Klein en el primer nivel masivo, lo cual sélo puede realizarse a nivel
lineal. Para obtener la teoria no-lineal de la teoria SNMG, probablemente sea
necesario utilizar técnicas de super-espacio.

La cuarta extensién que consideramos fue la de una superparticula no-relati-
vista en un fondo curvo. Primero, construimos con el método de realizaciones
no-lineales, las acciones para la (super)particula libre de Newton-Hooke, analiza-
mos su dinamica y las simetrias de una particula moviéndose en dichos espacios.
También estudiamos las acciones de una superparticula que describen la dindmi-
ca de una particula supersimétrica en un fondo de supergravedad tridimensional
de Galileo con curvatura y de Newton—Cartan. Debido a la complejidad compu-
tacional mostramos la accién en el caso de Newton—Cartan sélo hasta términos
cuadraticos en los fermiones. El fondo de Newton—Cartan esta caracterizado por
mas campos y corresponde a mas simetrias que en el fondo de Galileo. Es posible
cambiar de un fondo a otro ya sea normalizando parcialmente las simetrias (del
fondo de Galileo al de Newton—Cartan) o fijando la norma de algunas simetrias
(de Newton—Cartan a Galileo).

La quinta y tltima modificacién que consideramos fue el limite de Carroll
supersimétrico. Estudiamos particulas cuya dindmica sea invariante bajo la su-
peralgebra de Carroll. En el caso bosénico encontramos que la particula de Carroll
posee una simetria infinita-dimensional que solo en el caso plano incluye dilatacio-
nes. La dualidad entre el dlgebra de Carroll y el dlgebra de Bargmann, importante
en el caso plano, no se extiende en el caso curvo. Sélo en el limite plano encontra-
mos que la accién es invariante bajo una simetria infinito-dimensional que incluye
a la extension supersimétrica del dlgebra de Lifshitz—Carroll.

A lo largo de esta tesis, nos centramos en los casos tridimensionales méas
simples, no sélo porque eran técnicamente mas sencillos sino también porque la
gravedad tridimensional es interesante por si misma. En todos los casos seria
deseable construir los resultados analogos en cuatro dimensiones, pero hasta el
momento, no ha sido posible lograrlo.
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