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Abstract

Einstein’s General Relativity has been our best theory of gravity for nearly a
century, yet we know it cannot be the final word. In this thesis, we consider mod-

ifications to General Relativity, motivated by both high and low energy physics.

In the quantum realm, we focus on Hotava gravity, a theory which breaks Lorentz
invariance in order to obtain good ultraviolet physics by adding higher spatial
derivatives to the action (improving propagator behaviour in loops) but not tem-
poral (avoiding Ostrogradski ghosts). By using the Stiickelberg trick, we demon-
strate the necessity of introducing a Lorentz violating scale M, into the theory, far
below the Planck scale, M, < M, to evade strong coupling concerns. Using this
formalism we then show explicitly that Horava gravity breaks the Weak Equiva-
lence Principle, for which there are very strict experimental bounds. Moving on
to considering matter in such theories, we construct Diffx(M) invariant actions
for both scalar and gauge fields at a classical level, before demonstrating that they
are only consistent with the Equivalence Principle in the case that they reduce to
their covariant form. This motivates us to consider the size of Lorentz violating
effects induced by loop corrections of Horava gravity coupled to a Lorentz invari-
ant matter sector. Our analysis reveals potential light cone fine tuning problems,
in addition to evidence that troublesome higher order time derivatives may be

generated.

At low energies, we demonstrate a class of theories which modify gravity to solve
the cosmological constant problem. The mechanism involves a composite metric
with the square root of its determinant a total derivative or topological invariant,
thus ensuring pieces of the action proportional to the volume element do not con-
tribute to the dynamics. After demonstrating general properties of the proposal,
we work through a specific example, demonstrating freedom from Ostrogradski
ghosts at quadratic order (in the action) on maximally symmetric backgrounds.
We go on to demonstrate sufficient conditions for a theory in this class to share a
solution space equal to that of Einstein’s equations plus a cosmological constant,

before determining the cosmology these extra solutions may have when present.
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Notation and conventions

‘High-energy physics units’ are employed in this thesis, such that ¢ =1 and h = 1.
However, in Chapters[2 and [3] factors of ¢ are occasionally restored. In these units
G # 1. G is often rewritten as the Planck mass, M, = (167G)~' ~ 10'8GeV or
the Planck length [, = 1/M,, = 167G. Note that alternative definitions of M,y

use prefactors of 87 or unity.

Standard index notation and summation conventions are used throughout this the-
sis. Greek letters u, v, ... denote spacetime (almost always 4D) indices and Latin
letters from the middle of the alphabet i, j, k,... denote purely spatial indices.
When summing over spatial indices with a flat metric g;; = ¢;;, the distinction
between upper/lower indices may be dropped for convenience. Letters from the
start of the Latin alphabet, a,b, c,... will be used to denote indices unrelated to

spacetime (e.g. labelling fields).

The mostly positive signature metric (— + ++) is used. The definition of the
Riemann tensor is RWQB = —28[NF’3,,]OZ + ZF’\Q[MF’gy] », with the Ricci tensor cor-
responding to the contraction R,, = R,)*. Except where explicitly stated, a

Levi-Civita connection is assumed.

We will refer to both curvatures of the full spacetime and spacelike hypersurfaces.
R is always used to denote the full spacetime curvature, while R® is the curvature

of a 3D spatial hypersurface.

A distinction is made in Chapters |5 and |§] between a physical (but composite)
metric g,,, to which matter couples and on which particles follow geodesics, and
a fundamental metric g,,. Quantities such as covariant derivatives (V, V), Ricci
scalars (R, R) and scale factors (&, a) will be tilded or untilded to denote the

metric from which they are built.
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CHAPTER 1

Introduction

Gravity is the fundamental force most familiar directly to our everyday lives. It
appears to be a quite different animal to the other forces, many order of mag-
nitude weaker and resisting attempts to be quantised on small scales, yet being
the dominating force on large scales in the universe! The theories of Newton and
Einstein are the most famous, with both experiencing great success and the latter
remaining our best theory of gravity even as we approach its centenary. In this
chapter, we will discuss the successes of General Relativity, then motivate the need
for its modification, before highlighting the problems which arise when attempting

to do so.

1.1 Newtonian gravity

Newton provided the first explanatory theory of gravity. He provided a simple
underlying model, with the same force governing falling apples on Earth and the
planets in the heavens [5]. He was able to explain previously purely empirical
relations such as Kepler’s law and the theory experienced particular success with

planetary orbits.

In the 18th century, astronomer William Herschel discovered Uranus. However,
comparing the orbit with a Newtonian calculation indicated additional perturba-
tions. It appeared that either another planet must exist further out or Newton was
wrong. John Couch Adams and Urbain Leverrier independently made predictions
for the existence of Neptune and shortly after, the observation by Galle confirmed

their predictions [6l [7], a great testament to Newton’s theory.

The success of this prediction meant later, when a discrepancy between observed
perihelion procession and that calculated from Newton’s theory for Mercury was

seen, Leverrier again conjectured a planet, ultimately dubbed ‘Vulcan’, as being
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responsible [§]. However, this ‘dark planet’, predicted to be even closer to the sun
than Mercury, would turn out not to exist. In fact, it transpired that to match
observations of Mercury, we did not need to find a new planet, but change the

theory of gravity.

Einstein demonstrated that his General Theory of Relativity solved the problem
of Mercury’s perihelion precession [9]. Not only this, but the theory also provided
a gravitational model solving the inconsistencies between Newtonian gravity and
Special Relativity, with gravity only propagating at a finite speed (allowing consis-
tency with locality and causality) and energy, mass and momentum being treated
on the same footing. The theory passed the key test of reducing to Newtonian
gravity in appropriate limits, ensuring that the successful observations resulting
from Newton were explained in the theory, but also made new and differing pre-
dictions, such as the extent to which light is bent by the Sun. This prediction of
the theory was confirmed by Eddington in 1919 [10].

1.2 General Relativity

Newton famously said of his theory hypotheses non fingo (‘I frame no hypotheses’)
[5], reflecting the fact that he understood no deeper meaning for the properties
of gravity and the inverse square law of his theory, despite their successes. By
contrast, General Relativity (GR) has a very powerful and beautiful interpretation
as arising from the dynamics of space itself. In GR, spacetime is described by
a pseudo-Riemannian manifold. Freely-falling particles follow geodesics on this
manifold, and these geodesics depend on the metric. The dynamics of this metric

are the dynamics of gravity, and Einstein’s field equations [11],
1
Guw =R, — éRgW = 81G1T,,, (1.1)

describe how the metric is influenced by the presence of energy and momentum.
Note the interplay between matter being influenced by the metric and matter

influencing the metric, perhaps most elegantly encapsulated in the quote from
John Wheeler [12],

“Space tells matter how to move...matter tells space how to curve”

1.2.1 Formulations

While the Einstein equations in the form (1.1]) are the original and most well-known
mathematical description of the theory, there exist other useful and powerful for-

mulations used in modern gravitational work.
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Einstein-Hilbert Action

Much of modern theoretical physics is formulated in terms of actions. One great
advantage is that one can describe both the classical and quantum dynamics
through the action. The classical dynamics are obtained by extremising the func-
tional, while the quantum behaviour derives from the path integral [ Dge'sl¢),
In addition, the Lagrangian formulation allows theories to be constructed based
on their symmetries, and Noether’s theorem [I3] can also be used to derive the

resultant conserved quantities.

The Einstein equations can be derived from the Einstein-Hilbert action|14],

S = m/ Y (1.2)

where \/—gd*z is the covariant volume element. Minimising S = Sgg +S,,, where
Sm is some matter action, leads to (1.1)) with T = \/2— 5o+ From this action,
one can show that energy momentum conservation, V#T),,, = 0, is a result of the

diffeomorphism invariance.

The Einstein-Hilbert action, rather than the Einstein equations, is often the start-
ing point for modified theories of GR. The action (1.2)) also shows that it is consis-
tent with all the symmetries to add a cosmological constant term —A [ d*z\/=g

to the action. This will play an important role in our discussion in Section [1.3.2]

ADM formulation

An alternative formalism exists courtesy of Arnott, Deser and Misner [15]. By
making a clever splitting of the metric components, the spacetime can be viewed
as a collection of spatial hypersurfaces evolving in time. This turns out to be par-
ticularly convenient for canonical approaches to quantum gravity (since it allows
one to write a gravitational Hamiltonian), for numerical relativity, and as we shall

see, for certain modified theories of gravity.

We split spacetime into a one-parameter family of spacelike hypersurfaces, by

defining a timelike vector field n* = (N, N*). The metric can be written
ds* = —N?c*dt? + v (N'dt + da') (N dt + da?). (1.3)

7i; is the spatial metric on the hypersurfaces and N(t,x), N(t,x) are known
as the lapse function and shift vector respectively. In General Relativity, these
play the role of Lagrange multipliers, leading to the Hamiltonian and momentum
constraints respectively. All the dynamics are governed by the spatial metric.

Note that despite first appearances, this splitting retains full covariance (see the

3
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transformation properties of the metric components below), one can choose some
foliation of spacetime but you retain the the full ability to transform the coordi-

nates.

The Einstein-Hilbert action is written in this formalism as

1
5= 167G

/ dtd*z\/ANc[KTK;; — K* + RP], (1.4)

where R®) is the 3D Ricci scalar, K;; is the extrinsic curvature of a slice, K;; =
1 £ = 5% (%5 — 2DNyy), D; is the covariant derivative on the slice and dots
indicate derivatives with respect to time. Note that all the time derivatives are
now contained within the extrinsic curvature while the Ricci scalar solely contains

spatial derivatives.

The Einstein-Hilbert action is invariant under diffeomorphisms xz# — x* — &,
which correspond to g, — g + 2V (,§,). The action must clearly be in-
variant under the same transformations, however they take a different form. Con-
sidering the infinitesimal transformations x* — x' — (¢,x), t — t — f(t,x), the

metric fields transform as

N — N+&9;N+ fN + fN (1.5a)
N; = Ni + 0 Nj + €N + & + fN; + fN; (1.5b)
Yij = Vij + 2a(i§k7j)k + §kak%‘j + i (1.5¢)

Note that the last of these can be written in the more familiar form ~;; — 7,5 +
Dasy + Fis-

1.2.2 Properties of GR

GR has a number of interesting properties. We discuss some of these presently,
as they will become important for contrast when we discuss modified theories of

gravity.

The first property we note is the diffeomorphism invariance of the theory. This
is a stronger statement than just the coordinate independence of the theory. In
Special Relativity, one has already made an assumption about the geometry of
spacetime — it is Riemann flat, Riem(g) = 0. By contrast, the only a priori
imposition on spacetime in GR is that it can be described by a (smooth) metric.
One is then free to choose foliations or coordinates as desired, the physics will

remain the same.

Following on from this, GR is a pure tensor theory. This means that it is a theory

of a massless spin-2 particle — only the two transverse, traceless, tensor modes

4
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propagate. There are no scalar or vector fields involved in the gravitational sec-
tor. This follows from the diffeomorphism symmetry, in the same way that the
massless and transverse properties of the spin-1 photon follows from the U(1)
symmetry of electromagnetism (and again, only two modes propagate). In fact,
GR (plus a cosmological constant) corresponds to the only four-dimensional, rel-
ativistic, divergence-free second-order theory of a spin-2 particle of second order
in derivatives (generic theories will be fourth order) [16]. Alternatively, one can
start from a particle physics point of view and write down the action of a spin-2
particle on a background order-by-order, starting at quadratic order. It turns out
that conservation of energy-momentum implies that the only consistent way to do
this is to write down the linearised action for GR [17, [I8]! This would seem to

provide another piece of evidence for the uniqueness of GR as a theory.

A key stage in the development of GR was Einstein’s “happiest thought”, the
realisation that the effects of gravity and the effects of acceleration were indistin-
guishable. This idea is a feature of GR and is known as the Fquivalence Principle
(EP). In its weakest form, the Weak Equivalence Principle (WEP), this simply
states the equality of inertial and gravitational mass for test particles. This occurs
in Newton’s laws, resulting in the acceleration of freely-falling particles being inde-
pendent of mass. Einstein strengthened this to the Finstein Equivalence Principle
(EEP): in addition to the WEP holding, the local outcome of non-gravitational
experiments in free-fall is independent of the frame velocity and location in the
universe. In GR, the Strong Equivalence Principle (SEP) also holds, extending

the above ideas to gravitational experiments [19].

Einstein’s equations are a complicated non-linear system of PDEs. Contrast
this with Newton’s single second-order ODE, from which the deterministidf nature
follows from Picard’s theorem for the uniqueness of solutions of ODEs. We expect
any physical theory of this sort to be expressible as an initial value problem (IVP).
It is not immediately obvious this is possible for GR. Indeed, due to the diffeo-
morphism invariance and the fact one is trying to evolve the metric (including the
time components), the nature of the initial conditions are not readily apparent.
In fact, GR does admit a well-posed IVP [20], which can be expressed by working

in the previously mentioned ADM formalism and picking a gauge.

This is by no means an exhaustive list of GR’s properties and theoretical success.

For example, black holes are now widely important in astronomy, from stellar evo-

! This is the statement that the behaviour, in principle, completely follows from the initial con-
ditions (rather than necessarily being a statement about predictability). In particular, this does
not preclude the possibility of chaotic behaviour, a high sensitivity to initial conditions, which
occurs in the three-body gravitational problem. Obviously this does not apply to measurement

in quantum systems other than probabilistically.



CHAPTER 1: INTRODUCTION

lution to galaxies to cosmology; the absence of ghostly or tachyonic instabilities in
the theory; the causal and local nature of the theory; and energy-momentum con-
servation. Many of these theoretical advantages no longer hold when considering

modified gravity theories.

1.2.3 Successes of GR

Several of the above properties can be considered theoretical successes of the
theory, demonstrating the internal consistency of the theory. GR has also enjoyed
remarkable successes in the observational realm, and we now discuss some of these.
These tests all indicate a strong agreement between GR and observations, which

we expect any modified theory of gravity to match.

Most results concerning the weak-field limit of the theory are described under the
heading of the ‘solar system tests’ of GR. All these weak-field tests derive from
considering perturbations about a Minkowksi background. The aforementioned
measurements of light bending by the sun and the Mercury’s perihelion advance are
categorised under this heading, as is Shapiro delay [21]: When light relays travel
through the gravitational field of a massive body (such as the sun), they experience
time dilation, introducing a time delay relative to the Newtonian prediction. While
the Newtonian prediction is not observable, one can measure the difference in time
taken for light to travel in different strength gravitiational fields; for example, the
difference between superior and inferior conjunction of the interior planets [19].
Recent measurements of all of these have resulted in strong evidence for the validity

of Einstein’s theory in this régime [22].

Precision testing of GR began with measurements of the gravitational redshift of
a photon. By making use of condensed matter effects [23], Pound and Rebka were
able to measure a frequency change of Av/v ~ 107 in agreement with GR [24],

by comparing the frequencies over a height change of just 22m.

Gravitational lensing is a generalisation of the predictions of the sun’s light bend-
ing to larger scales. Light from a distant object can be distorted due to massive
objects in our line of sight, and under the right conditions can result in multiple
copies of the object appearing in the sky. This effect was first observed in 1979
[25] and today is used in cosmology to help investigate dark matter [26].

In addition to the weak field limits, GR has also been tested in a stronger field
régime. Binary pulsars can be highly relativistic [27] and so determination of their
orbits provides tests of a gravity system where relativistic effects are much larger
than in the solar system. Strong field systems are also important in terms of

gravitational waves, since more strongly gravitating systems produce larger gravi-
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tational waves. Binary pulsar systems are again relevant for this and observations
of the decay of their orbital periods provide indirect evidence for the existence
of gravitational waves [28]. Directly detecting and determining the polarisations
of gravitational waves can provide very stringent tests on modifications of grav-
ity, but unfortunately they have not yet been detected (see [29] for a review of

gravitational waves and their detection).

There have been tests of all the different forms of the equivalence principle, all
returning results consistent with GR [22]. The WEP is measured by comparing
the rate at which objects of differing masses are affected by gravity, generally
using Earth based torsion balances (but also, famously, by dropping a hammer

and feather on the moon). The results are often expressed in terms of the Eétvos
al—az
ai+az

acceleration a; and as. Experiments give very tight bounds on this parameter [30,
31]. Redshift experiments provide an alternative method to test the WEP. The

EEP can probed through tests of special relativity. Among the most precise are

parameter, defined as n = 2 between two objects which experience an

Hughes-Drever experiments [32, B3], which place constraints on the existence of
a preferred frame from very precise measurements of the anisotropy of atoms or
nuclei. The EEP is also tested by attempting to measure variation of dimensionless
parameters (such as the fine-structure constant) [19]. It is conjectured that GR
is the only theory which can satisfy the SEP [19]@, so tests of the SEP are very
important in determining the correctness of GR. Violations of the SEP involve
searching for evidence of time or space variation of the gravitational constant, or
fall at a rate dependent on its self-gravity [35]. A particularly useful system for
carrying out these investigations is the Earth-Moon system by using a legacy of
the Apollo missions, Lunar Laser Ranging [36].

Most of the tests discussed so far apply on solar system scales or smaller, but
GR has also achieved success on the largest scales in the universe. Einstein’s
equations can be solved for homogeneous and isotropic universes to obtain cos-
mological solutions. The absence of stable, static cosmological solutions led to
Lemaitre overthrowing the static model of the universe and predicting it should
be expanding [37]. Hubble’s confirmation of this prediction validated this GR ap-
proach. The modern cosmological model which has emerged from this early work
has been very successful, notably in predictions and observations of the cosmic
microwave background (CMB) and big bang nucleosynthesis (BBN). Increasingly
precise measurements suggest the modern day cosmological model, ACDM, in a

GR setting, is a very good description of our universe [38].

2 Although it may turn out to be the case that the SEP is violated even in GR, hinted at by
calculations of the self-force of particles in highly curved backgrounds [34].
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1.3 The need to modify gravity

Despite the great successes of Einstein’s theory, all is not well. This is reminiscent
of Newton’s theory before it, with evidence that an otherwise very successful
theory must be modified. There are two main sources of motivation for these

modifications, occurring on the smallest and largest scales in our universe.

1.3.1 Small scales and renormalisability

The standard model (SM) of particle physics is a quantum field theory (QFT)
providing an excellent description of microscopic physics [39]. It incorporates the
strong, weak and EM forces and all the observed fundamental particles into our
best model of particle physics. However, despite modelling all the other particles
wonderfully, including predictions of the first 12 digits of the electron’s anamolous
magnetic moment, it neglects gravity, and so cannot be a full fundamental theory

of our universe.

It is natural to try and extend the SM to include gravity in the usual way, by
simply minimally coupling matter and adding the Einstein-Hilbert term to the
action. In fact, Feynman thought that since gravity was so much Weakelﬂ than
EM, for which perturbative QED is an excellent description since agy ~ 1/137, a
QFT describing gravity would be even easier to work with as it was even weaker
[40]! However, for reasons I will now explain, the perturbative procedure breaks

down and gravity is perturbatively non-renormalisable.

QFTs, in general, contain inﬁnitiesﬂ These arise from loop integrals, which cor-
respond to corrections to the propagator/vertices arising due to the interactions
in the theory. If only a finite number of these vertices contain divergences, then
the infinities can be absorbed by redefining a finite number of parameters in the
theory, meaning they are physically irrelevant. In this case the theory is said to
be power-counting renormalisable. The total number of loop integrals is generi-
cally infinite, since the expansions of the theory used generically have an infinite
number of terms. If loop diagrams of higher order exhibit better convergence
behaviour than those of lower order, it is possible that only a finite number of

integrals diverge.

We now obtain conditions on the theory for this to be possible. This treatment is

3Consider the force between two electrons due to electromagnetism and due to gravity. Then
FE]\/[/FgTav ~ 10%3.
4Couching the theory in the language of distributions rather than ill-defined integrals can

more formally make mathematical sense of the divergences [41].
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familiar from standard texts on QFT, e.g. [42]. Consider a scalar field theory in d

dimensions with an action]
1 1 1
o d - 242 n
S = /d x (—28,@8’% 5 10) n!)\n¢ ) .

The mass dimension of the field ¢ is [¢] = d/2 — 1, and [\,] = d + n(1 — d/2).
Consider corrections to the vertex with V' legs, which we denote Cy. Now the
dimension of C'y is simply equal to that of the corresponding coupling constant,
Cv]=[A\v]=d+ V(1 —-d/2) =V +d(1—V/2). So for example Csy, corrections
to the propagator, are of mass dimension 2 and C}, corrections to the 4-point

interaction, are of mass dimension 4 — d.

But we can also look at the Feynman diagrams for this correction. A diagram at
loop order N from the interaction \,, with I internal legs and L independent loop

momenta, makes a contribution to Cy, of the form

N Lodd, Lo
CVD)\H/<HW> (EW> (1.6)

with the p; some linear combinations of the loop momenta [; and the external
momenta. From this we can also calculate the mass dimension of Cy, [Cy]| =
dL — 21 + N[\,]. It is also clear that the degree to which the above diagram
diverges depends on the powers of momentum appearing in the integral, and to
this end, we introduce the superficial degree of divergence, D = dL —2I1. D > 0
corresponds to a power-law divergence, D = 0 to a logarithmic divergence, and

D < 0 to a non-divergence.

By combining our expressions for C'y, and D, we obtain
D =[Cy] — N[\ with [Cy]| =d -V (d/2 —1). (1.7)

What does this tell us? How many vertices do we expect to diverge? There
are potentially an infinite number of vertices, since vertices with arbitrarily many
numbers of legs, V', can be generated by quantum corrections. However, the
number of legs of a vertex, V, will not trouble us since it is clear that [Cy/] will be
negative for all V' > 2d/(d — 2), becoming larger in magnitude for larger V. On
the other hand, each vertex has corrections going to arbitrarily high loop order,
N. These will only be well-behaved if [\,,] > 0. If [A\,] < 0, D becomes positive for
high enough N and so one has an infinite number of diverging vertices, indicating

that the theory is not renormalisable by power counting.

50One can extend the idea to higher spin fields and to multiple interaction terms, but the basic

details go through essentially unchanged aside from additional indices and summations.
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Note that being renormalisable by power-counting is neither a necessary nor suf-
ficient condition for a theory to be renormalisabile (hence the ‘superficial” degree

of divergence), but is reliable as a general guide [42].

This discussion of power-counting renormalisability brings us on to the issue of
quantum gravity. The coupling constant for gravity is obviously Newton’s con-
stant, G. Unfortunately, in d dimensions [G] = 2 — d, and this negative mass
dimension in d = 4 means that the perturbative theory is not viable — higher and

higher loop orders exhibit worse divergences.

However, doing the explicit calculation demonstrates that pure GR is, in fact,
renormalisable at one loop. The possible operators generated at one loop are R?,
R2, and R, 5. The R?, ; terms can be converted into R;, and R? terms since
the Gauss-Bonnet combination R, ;—4R>, 4 R” is a topological invariant in four
dimensions. The remaining terms are removed by using the equation of motion,
R, =0 ﬂ Thus all the non-renormalisable operators can be removed, rendering

the theory one-loop renormalisable [43].

Unfortunately, this pure GR one-loop result is an accident. Continuing the per-
turbative procedure for pure gravity, one finds that it is non-renormalisable at two
loops E] [44, [45]. When coupled to matter, the quantum behaviour is even worse,

being non-renormalisable at one-loop due to the fact that R, # 0 [43].

This result is disastrous! Despite General Relativity’s great success at large dis-
tances and quantum field theory’s great success at small ones, trying to combine
the theories appears to lead to inconsistencies. Trying to consistently combine
gravity and quantum behaviour has been a big motivator in constructing replace-

ments for GR, including string theory and loop quantum gravity.

This does not mean we can say nothing about GR in the quantum realm. In
fact, we can make predictions about quantum gravity using GR, but only in the
context of effective field theory (EFT). Working below the Planckian cut-off it is
possible, for example, to predict the first-order corrections to Newton’s constant
[46]. However, an EFT is only valid in a given régime (here energies less than M)

and we still require a UV completion.

Before moving on, we note an alternative interpretation. It may be possible that
these inconsistencies are only an effect of perturbative GR. Considering the full

theory non-perturbatively may reveal that the gravitational coupling constant

6This is sometimes expressed instead as a field redefinition 9w = gu(1 + aR) + bR,
Considering the field equations, however, makes it more explicit why this procedure fails for the

case when G, # 0.
"One cannot just use R,, = 0 from the equations of motion as before, since we are now

working at higher order we must be careful in that R,, = 0 + one loop corrections.

10
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approaches a non-Gaussian fixed point in the ultraviolet. In this case, the theory
would, despite perturbative appearances, be asymptotically safe and valid up to
arbitrarily high energies [47, [48]. Since, as we have observed, there are an infinite
number of quantum corrections to the Einstein-Hilbert action generated (and thus
an infinite number of 8 functions), one does not know the bare action and so is
forced to consider a truncation of the full quantum action. The reliability of this
truncation can be checked by investigating the convergence behaviour of the fixed

points and critical exponents when higher order terms are added.

1.3.2 Large scales and cosmology

Having mentioned the great success of GR applied to cosmology, it may initially
seem odd that cosmology provides a motivation to alter GR. However, the success
of the standard ACDM model may not be all that it seems. Measurements indicate
that the universe is of nearly critical density, comprised mainly of pressureless

matter and energy in the form of a cosmological constant.

Consider the matter sector — observations such as galaxy rotation curves [49],
indicate that the observable matter cannot account for all the material in galaxies.
In fact, the most current data suggests that baryonic matter comprises only ~5%
of the overall energy density. This only accounts for 1/6 of the pressureless matter
we can infer exists [38]. ‘Cold dark matter’, a new non-SM particle, has been
proposed to account for this discrepancy, with no shortage of candidates (see [50]
for a review), but at the time of writing, is still to be directly observed. One may
think this story sounds familiar from Newtonian gravity and the unseen ‘dark
planet” Vulcan. Maybe, instead of new, unseen entities, it is really our theory of
gravity that is wrong. Models such as MOND [51] and TeVeS [52] have attempted
to explain dark matter (particularly galaxy rotation curves) by modifying gravity
rather than introducing dark matter. However, extra particles remain the most
popular paradigm for explaining the matter deficit, in part because colliding galaxy
clusters have provided evidence favouring dark matter over modifying gravity [20,
53|, the evidence that MOND may need (potentially SM) dark matter to explain
observations [54], and also the fact that theories such as SUSY give a motivation

for the presence of additional particles in our universe.

However, this is not the end of the story for the ‘dark sector’. The current expan-
sion of the universe is accelerating [55] [56], a surprising result which indicates that
~T70% of the universe’s energy budget is in the form of a negative pressure fluid,
dark energy. This mysterious and unexpected fluid component is most commonly
explained by adding a constant term Apscg,, to Einstein’s equations . At

a naive level this seems perfectly reasonable — this term is consistent with the

11
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symmetries of the theory and so there is no reason to exclude it. In fact, if one
works with gravity as an effective QFT there are terms generated of the form
Asarguy. These can be tuned with a bare cosmological constant appearing in the
Lagrangian Ay, and summing all these contributions leads to the observed value
of A = Apare + Asir.

So far, so good. What if we now try and calculate the contributions, Agy,? They

arise from zero point energies of the fields, leading to the contribution [57]

1 d*k MY Agu
—_ k2 2 I~ __¢o = — 18
2 g;/ erp VTR o T G (18)

where M., is some cut-off of your theory, where the EFT description breaks
down. We expect this cut-off to be of order M, ~ 10®GeV. Unfortunately,
the observed value of the cosmological constant takes the approximate value
A ~ HZ ~ (10733eV)2% In order to agree with the observed value, the bare
value must cancel this particle physics contribution to 120 decimal places, a hor-
rendous level of fine tuning! Choosing not to tune is not an option — without fine
tuning the particle physics contribution, the contribution from the electron alone
would be enough to ensure that the cosmological horizon “would not even reach
the moon”, as Pauli colourfully observed [58]. Models with supersymmetry reduce
the level of fine tuningﬁ above the SUSY breaking scale, but even taking TeV scale
breaking requires a sixty place cancellation. This problem is compounded by non-
perturbative effects, such as phase transitions in the early universe. Undergoing a
phase transition introduces another contribution to Agy;, potentially resulting in
large changes in the observed value of A (since one can only pick the bare value
Apare once). The cosmological constant problenﬂ is sizeable, and many feel that it

should not just be swept under the carpet as it is in the ACDM model.

There are two tacks taken to deal with this this: ignore it, or set the cosmological
constant to zero via some mechanism, and then generate the cosmological constant

via some new field or modification of gravity.

Ignoring the large vacuum energy can either be a completely blasé process as in
ACDM, or one may argue that the cosmological constant takes its value necessarily
by the anthropic principle [57], and so if it was not cancelled to a huge extent,
there would be no observers to measure it. This idea is sometimes upgraded to a

(speculative) model, rather than an accident, by working in a multiverse picture,

8Since all particles have a superpartner of opposite spin-statistics, and fermionic and bosonic

contributions differ in sign.
9We use this here to mean this large degree of fine tuning necessary to obtain viable physics.

Some authors also use this terminology to refer to the coincidence problem, the question of why
we happen to live in an era when p,,  1/a? is of comparable size to py o 1, which is mysterious

as it only happens over a very small period in time of the universe’s evolution.

12
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based around an eternally inflating universe and the string landscape [59].

One can attempt to set the cosmological constant to zero and then generate the
observed value by quantum fluctuations, new dynamical ﬁeldsEU] or thinking back
to the ‘dark planet’ Vulcan, and trying to modify gravity. This is often achieved by
considering higher dimensional physics, such as braneworld models, or by adding
additional curvature terms to the Einstein-Hilbert action. (See [60,61] for a review

of relevant models.)

But finding a mechanism to set the cosmological constant to zero is less simple
than it might seem. Unbroken SUSY would lead to a vanishing cosmological
constant contribution from the SM sector, but this clearly does not describe our
universe. There exists a no-go theorem due to Weinberg [57], preventing A being
dynamically driven to zero. This is a big obstruction to model makers although, as
with all no-go theorems, the exceptions can point you towards possible resolutions
of the problem. This is expanded upon in Section [5.1}

As a final note, there are also ideas that it is our assumptions about cosmology that
are really what’s wrong, in particular the Copernican principle. Maybe, in fact
we are not in an ‘average’ place in the universe, instead residing in an underdense
void, and the apparent acceleration of the universe results from trying to fit the
round peg of a Copernican universe into the square hole of an inhomogenous one
[62]. Even in this picture though, one is still required to explain why the vacuum

energy does not lead to a large cosmological constant.

1.4 Modifying gravity

How do you go about modifying GR? Well, Lovelock’s theorem [I6] about the
uniqueness of the Einstein equations is a useful starting point for a general con-
sideration, by considering the assumptions required by the theorem. Breaking
symmetries (or adding them in the case of SUGRA), working in higher dimen-
sions and adding higher derivatives all result in a theory with different physics to

Einstein’s. For a general review of modified gravity theories, see [63].

Yet, given GR’s great successes, attempting to modify gravity can be fraught with
dangers. Even seemingly minor changes to the theory, such as giving a mass to
the graviton [64] runs into severe difficulties [65]. In fact, we will regularly return

to this example as it highlights many issues in modified gravity theories today.

P2V ($) 1

19For example, a scalar field ¢ with a flat potential has wy = Ve ~

13
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1.4.1 Extra modes

General Relativity is a theory of a symmetric tensor with two tensor degrees of
freedom. A generic symmetric tensor (in 4D) has ten degrees of freedom, but the
gauge symmetries of the theory result in only two modes propagating, a property
unique to GR in 4D.

Considering almost any modification of gravity introduces extra degrees of free-
dom. For example, in massive gravity the linearised action does not retain the
symmetry h,, — hy +2V(,§,) under the change z# — z# — §#, demonstrating
the absence of full diffeomorphism symmetry. Even theories such as f(R) gravity,
where the action is built from diffeomorphism invariant components, introduce
extra degrees of freedom, since the equations of motion do not just correspond to
the Einstein tensor. An extra scalar is the new degree of freedom in the case of
f(R), and the theory is often rewritten with the presence of this extra mode made

manifest.

So, these theories have new degrees of freedom in addition to the two transverse,
traceless tensor modes, and in 4D, this means that some of the 4-vector or scalar
modes in a general symmetric tensor gain dynamics. It is often very convenient
to study such modifications by splitting the theory into the two tensor modes
plus the new, additional scalar/vector degrees of freedom. This is the Stiickelberg
trick [66]E| which we will make use of in Chapter . Very often, the behaviour
of the tensor modes is satisfactory and in agreement with GR, but it is the new,

additional modes responsible for the pitfalls in the theories.

These extra modes often suffer from theoretical disasters: instabilities, tachyons,

1A simpler (and the original) example is a massive photon,

1 1
L= =P E 4 mP A A, 4 TP A,

Clearly, this has broken the U(1) gauge symmetry A, — A, + J,A. However, one can artifi-
cially restore the gauge invariance by introducing a new field Au = A, + 0,9, resulting in the

Lagrangian
1., 4 1 PO N .
L= _EFWFW + §m2(A“AN +2A40,¢ + 0,00"¢) + JH (AL + 0u0).

This now does exhibit gauge symmetry, fi# — fl# + 0, ¢ = ¢ — A. How does the extra mode
behave as we take the limit m — 07 Well, if we canonically normalise, introducing é = mag,
then ) . . .

£=— FME,, + §m2fiufl“ +mA"d, ¢ + iauéaﬂés + J AR 4 EJHG%
and the gauge symmetry is Au — Au + 8MA,<£ — é— mA. Taking m — 0, all the terms are well
behaved, except the final (non-conserved) current term in the action. This diverges, ruining the
chances of the usual photon results being recovered. As in gravity, it is the additional modes

which have led here to unacceptable behaviour.
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ghosts or superluminalities. Superluminal propagation of gravity modes can al-
low information to be broadcast faster than the speed of light, leading to causal
problems in the theory. We will discuss these issues, along with the observational

concerns presently.

1.4.2 Ghosts

Generically, modifications to the Einstein-Hilbert action introduce higher order
derivatives. These often sound the death-knell for a theory since they almost
always introduce ghostly instabilities in the theory. This is due to Ostrogradski’s
theorem [67, [68], which demonstrates that under very general conditions (non-
degeneracy of the symplectic structurelT_ZD, the Hamiltonian of the system contains

more than two time derivatives and so is unbounded from below.

Classically this is a headache; quantum mechanically it is a nightmare! Ghosts lead
you to either abandon unitary (and thus quantum mechanics) due to the presence
of negative norm modes or otherwise accept that there are negative eigenvalues
of the Hamiltonian. Thanks to pair creation in quantum mechanics, the latter
option leads to a proliferation (in fact, a divergence in Lorentz invariant theories
[69]) of particles being pair produced, since lighter particles can decay into heavier
ones plus ghosts, or the vacuum into ghosts, to minimise their energy. There are
tight constraints on this rapid particle production, meaning only extremely weakly
coupled ghosts (which must also be Lorentz violating) can be considered to have

any chance of viability [69].

Ghosts arise not only due to higher derivatives. Since theories of canonical spin-
0 and spin-2 particles are always attractive [40)], attempting to produce repulsive
forces (to mimic dark energy), often involves changing the sign of the kinetic piece,

leading to a ghostly spin-0 or spin-2 particle.

The presence of these ghosts is not always manifestly obvious. Boulware and Deser
[70] discovered that the sixth mode of Pauli-Fierz massive gravity, while hidden on
maximally symmetric backgrounds, reappears at higher order or on more general

backgrounds as a ghostly instability.

The ghost problem is a highly generic one of modified gravity, though there do
exist explicit theories where the ghost can be made safe [T1]. See also [68] for a

discussion of common misconceptions about ignoring ghosts.

12T agrangians constructed purely from polynomials of the Ricci scalar, f(R) theories, are de-
generate so do not necessarily contain ghosts. Of course, in accordance with Lovelock’s theorem,
they still contain higher derivatives.
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1.4.3 Strong coupling and non-linearities

Perturbative GR is well tested, notably binary pulsar system predictions, obser-
vations of which won Hulse and Taylor the Nobel Prize [27]. It is, of course, vital
that any theory seeking to replace GR should also replicate its successes. In order
to match these perturbative results, and indeed to retain predictability, a modified
gravity theory should have a well defined perturbative expansion, at least for low
energies. Unfortunately, this is not the case in many modified gravity theories.
For example, massive gravity exhibits strong coupling at energies of (m4Mpl)1/ b
[65]. Since m <« M,,, this cutoff is far below the Planck scale.

This is not only a classical issue, but also vital for gravitational theories which
claim to be perturbatively renormalisable. If the theory is strongly coupled at low
energies, the perturbative expansion has broken down, and there is no reason to

expect renormalisability! We will see an example of this in Chapter [3]

However, strong coupling can also bring unexpected benefits to a theory. For
example, in massive gravity, features such as light bending and solar system orbits
disagree between massless gravity and massive gravity, even in the limit m — 0.
This is the vDVZ discontinuity [72, [73] and arises because of the presence of
additional graviton modes for all m # 0. No matter how small the graviton
mass is made, you cannot reproduce the successful predictions of GR. But, as is
clear from the expression for the strong coupling scale, as m — 0 then the strong
coupling scale also — 0, so describing weak-field effects with the perturbative form
of the theory is not valid. In fact, Vainshtein showed [74, [75] that around a body

of mass M, there is a scale ry ~ %) e within which the GR gravitational
results are reobtained. This is because this corresponds to a non-linear régime in
the theory, where the strongly coupled tensor and scalar gravitons form a bound
state mimicking the GR graviton. This is equivalent to resumming an all-order
perturbative expansion [76]. Dvali has conjectured that this mechanism always

‘saves’ theories of gravity which become strongly coupled at low energies [77].

Non-linear effects can be vital in masking modified gravity theories from violating
GR observations, particularly solar system tests. In addition to the Vainshtein
effect, Chameleon fields [78] also exhibit such behaviour. These are fields with
self-interactions resulting in an environment dependent mass. In more dense en-
vironments, such as inside the Earth or Sun, the chameleon has a large mass,
while in less dense environments, it has a small mass. This allows chameleons to
have order unity matter couplings, and be able to influence cosmology, but not
be observable to fifth force experiments, since the range of a force varies with its

mass.
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1.4.4 Other common pitfalls

The observational successes discussed in has lead to a standard parametri-
sation to test post-Newtonian effects and their consistency with observation, the
Parametrised Post-Newton (PPN) framework [19]. In this, a theory can be as-
signed 10 parameters by its behaviour in the weak-field limit, and then the bounds
on these standard parameters can be compared to experiment. Since the observed
deviations from GR are small (all consistent with zero) [22], one requires the weak-
field limit to mimic this behaviour to a very high degree. As previously discussed,
one is often reliant on strong coupling effects to ensure that post-Newtonian ob-

servations can be matched in solar system tests.

The Equivalence Principle is also generically violated by modified gravity theo-
ries. Violations of the WEP and EEP are very stringently constrained, so one
must either ensure that extra modes do not couple directly to matter in a non-
universal manner, so they are not violated, or else kept very small. As previously
mentioned, only GR is thought to satisfy the SEP, so the inevitable deviations
must also be kept small. A helpful example is the case of Brans-Dicke gravity,
which promotes Newton’s constant to a dynamical field [79]. The theory contains
a new parameter w, and in the limit w — oo the theory is equivalent to GR. Since
matter does couples universally to the Jordan frame metric, it does not violate the
EEP, but bounds on the SEP give lower bound for w, which has been increasing as
experimental precision improves, resulting in a current 20 lower bound of 40,000
[80]. While technically in a valid parameter régime in the theory, the fact it is
forced to deviate so little from GR has resulted in a loss of interest in the theory

as a promising alternative.

Cosmological data is able to place good constraints on the expansion history and
present content of the universe. Several approaches to try and parametrise the
effect of new theories exist, such as the Parameterised Post-Friedmann model [81].
The new cosmological equations of a theory can generally be written as those of a
FLRW universe in GR, plus an additional fluid. Depending on the modification,
it may be desired that this fluid mimics dark matter or dark energy, or that it
remains sufficiently subdominant to not affect the expansion rate and other ob-
servables. Not only can the background cosmological quantities be observed, there
is also hope that future measurements will enable the constraint of cosmological
perturbations in modified gravity [82], [83]. Another key ingredient in cosmological
physics, Big Bang Nucleosynthesis (BBN), places tight constraints on new rela-
tivistic degrees of freedom, such as extra gravitational fields, or alterations to the

universe’s expansion history [39).

Gravitational waves may prove to be a particularly fruitful testing bed. Currently,
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they have not been directly detected, however the decay of the orbit of binary
systems is well tested in GR and if, as in a modified theory, extra modes are
present, we expect the orbital decay period to alter, since the additional modes
can also carry away energy, generically producing different results to GR. Direct
detection is also particularly promising, since the polarisations of gravitational
waves (the type and number) can potentially tell us about the nature of the
gravitational degrees of freedom. This is analogous to observing EM waves and
noticing they are always transverse, backing up the description of a photon as only

having the transverse degrees of freedom.

Models attempting to explain the cosmological constant problem via modifying
gravity generally involve IR modifications, for example DGP [84]. Despite these
theories appearing local at first glance, they may contain ‘secret’ and non-obvious

violations of causality and locality in the models [85].

Alongside these issues there exist many others, including the difficulty of solving
the fields equations of many modified gravity theories. The trouble in computing
predictions in theories such as string theory is well known, and ideas such as

discrete spacetime models require one to do away with infinitesimal calculus.

1.5 Outline

Having demonstrated the successes and drawbacks of GR, and the benefits and
pitfalls of modified gravity, I will consider two particular theories for the majority
of this thesis.

Chapters [2| [B] and [4] will focus on Horava gravity, a modification of gravity de-
signed to be renormalisable. Chapter [2]is a review of the ideas and previous work
in Hofava gravity. Chapter [3| discusses classical problems and the necessity of
introducing a hierarchy of scales into the theory, and is based on [I]. Chapter

considers adding classical and quantum matter into the theory, and is based on
13l

Chapters [5] and [6] will focus on a new proposal to solve the cosmological constant
problem. Chapter [5| is based on [2] and contains details of the proposal, along
with a specific model which may be ghost-free. Chapter |§| is based on [4] and

involves understanding the behaviour of non-GR solutions present in the theory,

particularly their cosmology.

Discussion and conclusion will take place in Chapter [/} Additional calculational
details are contained in Appendices [A] and
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Horava gravity

Hotava gravity attempts to create a renormalisable theory of gravity by giving up
Lorentz invariance. The model, proposed in 2009, rapidly gained a large amount of
interest. Here, we review the theory and the associated literature, before moving

on to discuss original research in Chapters [ and [l

2.1 Motivation

Hotava gravity is a non-relativistic modification to gravity, proposed by Petr
Hotava in 2009 [86l, 87]. To motivate the theory, consider why gravity is pertur-
batively non-renormalisable. As discussed in Section [1.3.1] the coupling constant
has negative mass dimension [Gy| = —2, and so the superficial degree of diver-
gence of each loop order increases. However, one can construct higher derivative
theories of gravity which appear to be power-counting renormalisable [88]. These
modify the propagator so that rather than falling off like 1/k? it falls off with a
greater power of k. This means that loop integrals diverge less quicklyl, and so
the superficial degree of divergence reduces — the theory becomes power-counting
renormalisable. Unfortunately, this comes at a cost. If one adds, for example,

fourth-order derivatives, the resulting propagator 1/(k* F Ak?) can be re-written,

1 1 1
—_ (2.1)
E2FANEY k2 R2F AL
explicitly revealing the presence of a ghost mode. This is unsurprising given
Ostrogradski’s theorem, discussed in Section [1.4.2] that theories with more than

two time derivatives generically result in such instabilities.

'Recall that the degree of divergence depends on the power of k in the numerator vs. that
in the denominator. The power of k£ in the denominator is affected by the propagator and so

increasing the powers of momentum in the propagator reduces the divergence of the diagrams.
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The question we ask is whether one can obtain the good (renormalisable) behaviour
of the theory while avoiding the bad (ghostly pathology)? Hotava’s proposal [87] is
to break Lorentz invariance, adding higher-order spatial derivatives but remaining
second-order in time derivatives. This gives a theory with the good propaga-
tor behaviour, while ensuring that there are no higher-order time derivatives to

introduce Ostrogradski ghosts.

Such a theory necessarily marks out time as a special ‘direction’ in spacetime, in
contrast with relativity which treats space and time on an equal footing. Horava
drew inspiration from condensed matter models involving systems with preferred
directions, first worked on by Lifshitz [89]. Real world examples include ferrormag-
nets. For this reason, Hofava’s proposal is sometimes known as Hofava-Lifshitz

(or sometimes just Lifshitz) gravity.

These models make use of anisotropic scaling. This means that one of the di-
mensions scales differently to the others. In Horava gravity, time and space scale
differently,

x —>bx  t— b, (2.2)

where b is constant. z is known as the ‘dynamical critical exponent’, and clearly
takes the value z = 1 in relativistic theories. Let’s illustrate how this anisotropic
scaling works with a free field theory example. The action

S:/ﬁ&&(ﬁ—ﬂﬁ%%ﬁ), (2.3)

where A = 0;0;, M is a mass scale and factors of ¢ have been restored, becomes
under the anisotropic scaling ([2.2)),

2 z
i D.1—z+D 12 (b (_C A) ¢
Thus, the theory has anisotropic scaling with critical exponent z. Clearly, this
breaks Lorentz invariance; but we can make the theory appear to be Lorentz

invariant at low energies by adding to the action
8/&%m@¢ (2.5)

which is relevant in the IR. At low energies, this will dominate over the ¢/\?*¢ term
(provided z > 1). At low energies, this deformation results in the theory looking
like the usual relativistic field theory, but at high energies it exhibits anisotropic
scaling. In such a model, its relativistic nature appears as an accidental symmetry

at low energies, rather than as a fundamental ingredient of the theory.

Thinking in terms of quantum theory, consider adding a potential term \,¢™ to
our action (2.3). Recall that in relativistic QFT, the dimension of the coupling
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constant is [A,] = D+ 1 — 2(D — 1) in D + 1 dimensions, and so the theory
is power counting renormalisable for n < 2% since the coupling constant is
then non-negative. For example, in 3 + 1 dimensions, A\¢* is the highest power
renormalisable term. For a theory exhibiting anisotropic scaling, the appropriate
dimensions for time and space are [t] = —z, [z] = —1. The scaling dimension?] of
the coupling constant is [A\,] = D + z — (D — z) instead, and the condition to

have a non-negative dimension of the coupling constant is

n < ngj for D > z
Aa] 2 0= qn>-—22D for 2> D
alln for z = D,

or alternatively for a fixed n, the potential term is renormalisable if D < z %j For
example in 3+ 1 dimensions, if z = 2, potential terms up to ¢'° are renormalisable.
If = = 4, potential terms of higher or equal power to ¢~ '* are renormalisable.
While for the critical case, z = 3, all possible polynomial potential terms are
renormalisable by power counting. Visser demonstrated some power counting
renormalisable anisotropic scalar field theories in more detail in [90, O1]. There is
also work pre-dating Horava’s theory, considering the renormalisability of Lorentz

violating scalar and fermion fields [92].

2.2 Formulation

We now demonstrate how to incorporate these ideas into a model of quantum
gravity. We restrict ourselves to considering Hofava’s theory in 3 4+ 1 dimensions,
since this corresponds to a theory introducing as little extra baggage relative to
GR as possible.

The model is most easily formulated in terms of the ADM formalism, familiar

from Section We write the metric in ADM form,
ds? = —N2c?dt* + v;;(dx’ + N'dt)(dz’ + N7dt). (2.6)

This corresponds to a spacetime M and a folation of spacelike hypersurfaces F.
In GR, the foliation is purely a choice, which can be made for convenience; but
in Hotfava gravity the foliation is an additional structure in the theory — differ-
ent foliations are physically inequivalent. The symmetry group is broken down
from full spacetime diffeomorphisms to the subgroup which preserves the foliation
structure, Diff x(M) C Diff(M). This group is generated by the transformations

t— (1), z'— 7't x). (2.7)

2Note that scaling, rather than mass, dimension is the relevant dimension here.
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These foliations pick out a preferred time direction, and so one can separate into
temporal and spatial derivatives in the manner required to create a theory with

anisotropic scaling.

Under infinitesimal transformations of the form (2.7), 2" — 2 — £'(¢,x) and t —
t — f(t), the components of the ADM metric transform as

N = N+ fN+fN (2.8a)
Ni = N; + 08 N; + E;N; + i + fN; + [N (2.8b)
Yij = Yij + 28(i§k7j)k + fkak%j + i (2.8¢)

At this stage, we note the different variants of Hotfava’s proposal. One variant,
called the projectable theory restricts N = N(t), while the non-projectable theory
keeps N = N(t,x). The motivation behind the projectable theory lies in the fact
that N; and N can be considered as the gauge fields of spatial diffeomorphisms and
time reparametrisations. It therefore seems reasonable to restrict the gauge field
N to be solely a function of time, to match the property of the time reparametri-
sations. The two variants have distinct advantages and disadvantages, which will

be discussed further when we review the literature in Section 2.3

Using the transformations , we can determine the appropriate building blocks
for our action. We build our action with terms up to dimension 2z. For time
derivatives, K;; = ﬁ (%J — 2D(iNj)) is the only combination transforming ap-
propriately under . This term has dimension z. We thus build the kinetic
piece from various contractions of this with the inverse metric v, leading to the
kinetic Lagrangian Lx = K;; K" — AK?, of dimension 2z. In GR, \ is unity — the
freedom for it to take on other values here is a direct consequence of the reduced
diffeomorphisms. This A will turn out to play a key role in our analysis. Since
we are dealing with a quantum theory, we expect all parameters, including A, to
run under the renormalisation group (RG) flow. To mimic GR, we need A — 1 in
the IR under the RG flow. We can now write the action for Hofava theory in the
ADM form,

1
Sorav = 533 / dtd’z\/ANc (K K7 — AK?) + Sy, (2.9)

where Sy is an action for the potential, containing all terms consistent with our
symmetries up to dimension 2z. In GR, the symmetries force this to take the
unique form R® (the 3D Ricci tensor) as a result of the diffeomorphisms mixing
the kinetic and potential pieces. The weakened symmetry of foliation-preserving
diffeomorphisms means that is not the case here, as our time and spatial deriva-
tives transform completely separately, and so the potential piece transforms inde-

pendently of the kinetic piece. This extra freedom is precisely what we need to
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introduce higher spatial derivatives while remaining second-order in time deriva-

tives.

The building blocks for the potential are the 3D Ricci curvaturd’] of the spatial
slice RE?), along with covariant derivatives D; and contractions obtained with the
inverse metric 4. In addition, it is consistent with the symmetries of the non-
projectable theory to include the acceleration between spatial slices a; = 0;log N.
This was not included in the original formulation of the theory, and led to problems
we discuss in the literature review in Section [2.3.3] The dimension of these objects
is
[RY1=2  lal=1 [D]=1 h"]=0

To build a theory with anisotropic scaling z, one should include in the potential
Lagrangian all inequivalent combinations of terms built from these objectd’] such
that the overall dimension of each is 2z. For example, with z = 3, Rg’)aiDj R
is one possible combination of dimension 2z = 6. There are in fact a very large
number of such terms which can be written down (contrasting with the only one
possible term in GR). To avoid this plethora of terms, Hofava proposed ‘detailed
balance’” as an ad hoc ordering principle allowing one to only consider a few terms,
again by analogy with properties of condensed matter models. Detailed balance

is expanded upon in Section [2.3.1

In addition to these terms of dimensionality 2z in the potential, one should also
add deformations which become important in the IR, of lower dimension. This is
vital, since without these terms, there is no way that our action is going to mimic
the action of GR. It is only possible to construct terms of even dimension from
contracting all the indices in our building blocks, so one must repeat the process
above for terms of dimension 2z,2(z — 1),...,4,2, producing a potential action
which can be written Sy = 22:1 Sop =S+ Sy + -+ S

Note that the scaling dimension of the coupling constant G in (2.9) can be easily
determined to be [G] = z — 3. By analogy with the behaviour of the other 3
fundamental forces, we choose the marginal case z = 3 so the coupling constant
has a (scaling) dimension of zero in the UV. Since the coupling constant no longer
has negative mass dimension, it appears that the theory may be power counting
renormalisable! The price has been to give up Lorentz invariance as a fundamental
symmetry, but one approximately restored when looking in the deep IR. Naively
this does not appear to be too fanciful — even the LHC only probes energies many

orders of magnitude below the Planck scale [39].

3Note that since in 3D the Weyl tensor vanishes identically, the Riemann tensor contains no

extra information compared to the Ricci tensor.
4Since we are dealing with a quantum theory, we expect all terms consistent with the sym-

metry to be generated.
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Since we focus on the z = 3 case, we can write the potential action as

Sy = / dtd*z/yNc (Mévv2 +Vi+ MLf) , (2.10)

uv
where My is the energy scale associated with the theory of gravity, and V5, Vj
and Vg are the potential pieces of dimension 2, 4 and 6 respectively. My is
usually taken to be the Planck scale My = M,y;. This is not necessarily the case,
however, as we will discuss in Chapter [3] The exact form of these potentials will

depend upon the vat of the theory we consider.

We now go on to review Horava gravity and the associated literature. This will
also give us a chance to explore the different variations of the theory and their

relative merits.

2.3 Variants and viability

Hotava’s proposal of a power-counting renormalisability prompted a flurry of ex-
citement. But is it too good to be true? We now consider the viability of Hofava

gravity, and the pros and cons of variants existing in the literature.

The arguments relating to a scalar field differ for gravity in some important ways.
The most important is the fact that for the scalar field we broke Lorentz invari-
ance, a symmetry of the background. However, here we are breaking a dynamzical
symmetry of the theory. In addition, it is a spin-2, not a spin-0 theory, and so
breaking this dynamical symmetry generically introduces new degrees of freedom,
as we discussed in Chapter[I] When we take the GR limit, how does this mode be-
have? In particular, does it decouple or become strongly coupled? The behaviour
of this extra mode will turn out to be key when we discuss the viability of the

several variants of Horava’s theory.

Strong coupling is not only a problem in that it prevents us matching to GR
observations such as binary pulsars (depending on the scale at which strong cou-
pling occurs), but also it indicates a breakdown of the perturbative expansion
in the QFT. Hofava gravity assumes a valid perturbation expansion to argue for
renormalisability. Without one, there is no reason to believe the theory is renor-

malisable.

In order to match GR, we require the parameter A — 1 under the RG flow in the
IR. However, no calculation of the RG flow behaviour in Hofava gravity has been
performed, and there are other phenomenological results constraining the RG flow
[93]. The renormalisablity of the theory beyond power counting has never been

demonstrated, as it is generally more difficult to construct renormalisable theories

24



CHAPTER 2: HORAVA GRAVITY

of higher spin fields. This issue has not been discussed much in the literature,
though Chapter 4] does touch upon the question of renormalisability once matter
is included in the theory.

Lorentz invariance is well tested up to the Planck scale, as the effects of Lorentz
violation are expected to propagate down to low energies [94-97]. It also appears
that in order for apparent Lorentz invariance to return in the IR, one needs to fine
tune various co-efficients in the theory [98]. Not only must Hofava gravity explain
why gravity and light appear to have the same propagation speed, but fine tuning
seems to be required to explain why all particles observe the same limiting speed

c at low energies [99, [100]. This issue will be examined in more detail in Chapter

4

A more theoretical issue related to Lorentz invariance is that conventionally, par-
ticles’ spins are determined via the representation of the Lorentz group they trans-
form under. With Lorentz invariance only an accidental symmetry it is not obvious

what particles’ ‘spin’ truly means in Horava gravity.

Before we discuss the variants of the theory, note that while in this thesis we are
concerned with treating Hotfava gravity as a fundamental theory of gravity, not all
of the literature has focused on this possibility. There is a proposal that Hotava
gravity is the continuum limit of a discrete model of quantum gravity, causal dy-
namical triangulations [I0I]. Evidence has been presented to promote this view,
including the similarity of the phase diagram [102] and numerical evidence that
both spacetimes exhibit the same spectral dimension behaviour [103]. In addition,
an analogue of the AdS-CFT correspondence in Horava gravity has attracted in-
terest. In this case, Hotava gravity corresponds to the bulk gravity theory, with
an anisotropic QFT living on its boundary [104], T05].

2.3.1 Detailed balance

Hortava originally proposed the organising principle of ‘detailed balance’, to help re-
duce the number of terms appearing in the theory. Its motivation was the analogy
to condensed matter theories, which have detailed balance alongside anisotropic
scaling [87]. The potential is restricted to be of the form

E9G i EX
where Gjji; is the inverse of the DeWitt metric G = yikyDi — \niiqkl and B
is derivable from an action principle. This means that ﬁEij = % for some
ij

action W. Horava used this to argue that the appropriate form of the dimension
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six potential was
A2

3 Mpl ij
SV@- = dtd ZEﬁNC Wl CZ]C

where Cj; is the Cotton tensor, C;; = el DF (Rﬁ) - iR(?’)(Sjl) . The Cotton tensor

can be derived from the Chern-Simons action,

W:i/Tr(F/\dF—i-;F/\F/\F).
b

w?
This turns out to be the only suitable candidate satisfying detailed balance and
containing three spatial derivatives (and hence z = 3 scaling in the UV) [87].
One can add the term p [ d®z/7(R — 2A) to the action W to introduce relevant

deformations, allowing the z = 3 theory to mimic GR at low energies.

However, this principle has now been abandoned in most work due to a variety of
inconsistencies. Strong coupling at all scales appears to be an inevitable feature
of Hofava gravity if we assume detailed balance [106] and take the GR limit, pre-
venting us matching it to observations [27]. This also leads to problems in trying
to match the spherical solutions of the theory to general relativity in the infrared
limit; namely GR is not recovered at large distances [107, [108]. This is because
one cannot just neglect the higher order terms, due to the strong coupling [106].
In addition, one is forced to have a cosmological constant of the wrong sign, unless
either detailed balance is abandoned or certain parameters are analytically con-
tinued to complex values [T107, 109, 1T0]. Without this, scale invariance is broken
in the cosmological perturbations [109]. Cosmology also strongly disfavours the
detailed balance scenario, with an extra fine tuning of the cosmological constant

necessary to match ACDM observations [111].

However, a more recent paper [I12] has argued that many of the above issues
lie in projectability rather than detailed balance itself, and the non-projectable
theory with detailed balance is (mostly) healthy. However, the issue of the large,
negative cosmological constant required still results in problematic phenomenology
for detailed balance. There is no current candidate for a suitable replacement as
an ordering principle, and so abandoning detailed balance results in the theories

containing a plethora of potential terms, with arbitrary coefficients.

2.3.2 Projectable theory

As mentioned, there are two distinct variants of Horava’s theory. The projectable
branch restricts N = N(t), to match the restriction of reparametrisations of time
to t — £(t). This has the advantage of ensuring that the constraint algebra of the
theory closes, which did not occur for the original non-projectable theory [I13], as

we will discuss below.
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Even with detailed balance abandoned, the restriction of N = N(t) is enough to
restrict the potential to just eight termsﬂ,

B
B3 B4 B5
—> RO R<3 TR®Y 4 24 p®) AR<3 2 (DR, ) . (2.11)
Mpl Mpl Mpl

where A;, B; are dimensionless coefficients. This action is sufficiently simple that

it can be studied in generality [114].

However, the projectable theory faces a serious ghost and instability problem,
arising from the extra degree of freedom in the theory [115]. It turns out that one
is forced to make a choice between a ghost mode (for A € (1/3,1)) or a tachyonic
instability (for A < 1/3 or A > 1)f|[I16]. On theoretical and observational grounds,
the tachyonic instability is less problematic, provided that the instability is not
too strong [117]. However, it turns out that when the A — 1 (GR limit) is taken,
the theory becomes strongly coupled [116] 118], meaning that we require a lot
of fine tuning to avoid the instability spoiling the theory. However, on de Sitter
space the ghost free branch appears to be free of tachyonic instabilities [I19]. This
is analogous to the situation in massive gravity, where the vDVZ discontinuity
disappears in a background with a non-vanishing cosmological constant, and when
we take m — 0 faster than the vacuum curvature A — 0 [120, [121]. However, in
Horava gravity this still requires fine tuning to avoid the instability. The associated

constraints can be considered phenomenological constraints on the RG flow [93].

Recall from Section that strong coupling can sometimes be considered bene-
ficial for theories due to the resulting Vainshtein effect. [122] performed a gradient
expansion, indicating the presence of a Vainshtein effect in this case. In addition,
[122] also argues that despite the theory becoming strongly coupled in the stan-
dard perturbative expansion, the existence of the valid gradient expansion may
mean that the arguments for power counting renormalisability still hold (though

the resulting action is non-local), though it is not clear that this is the case.

Forcing A to be very close to one also results in problems with Cerenkov radiatio.

For A ~ 1, the phase velocity of the additional mode is given by v? ~ 1—\. Clearly

5Strictly speaking it depends on when one imposes the projectability condition. If it is only
imposed via the equations of motion (i.e. on shell), then the potential can contain many more

terms, since the quantum mechanical path integral should consider off-shell fluctuations.
6One has to treat the cases A = 0 and A = 1/3 separately, however they are still not well

behaved.

"Recall that the most familiar case of Cerenkov radiation involves charged particles moving
through a medium faster than the phase speed of light in that medium. The particle produces a
shock wave analogous to that of a supersonic wave, producing distinctive radiation, losing energy

in the process.
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as A — 1, v = 0. Therefore any high-speed particles moving through a region
where this scalar field is non-zero should Cerenkov radiate, yet we observe high

energy rays which travel vast distances without decaying away [123].

The cosmology of the projectable theory presents interesting features. Much of
present time cosmology is unchanged, since only the lowest order derivatives mat-
ter. However, the theory offers a candidate for dark matter, namely an integration
constant [124]. This possibility arises since the Hamiltonian constraint is no longer
H =0, as in GR, but is instead non-local, [ d*zH = 0, so a homogeneous com-
ponent can be freely added to the Hamiltonian. This is a direct result of N only
being a function of time; the relevant d-function only kills off the temporal rather

than spatial integrals.

Considering early universe cosmology results in significant changes to the stan-
dard model. The modifications to gravity can be interpreted as an effective fluid,
resulting in dark radiation (w = 1/3) and stiff matter (w = 1) contributions,
important in the early universe [125]. Horava gravity is able to reproduce a scale
invariant spectrum without inflation: one needs only an expanding universe rather
than an accelerating one, as a result of the change in the dispersion relation at
high energies [126]. It is expected that O(1) oscillations o k* will appear in the
cosmological perturbations, but the frequency of these is so high it is unlikely that
they will be observable in future experiments [127]. Bouncing and cyclic cosmol-
ogy models also arise in Hofava gravity, since the higher curvature terms become

important in the early universe [12§].

The projectable theory can be considered as a ghost condensate model, demon-
strating the existence of issues with caustics — the theory breaks down in finite
time [118]. Mukohyama disputes this, arguing that the theory is free of caus-
tics due to higher derivative terms [129], but the authors of [I18§] argue that the

presence of higher derivatives does not affect their conclusions.

It is worth noting that the projectability condition means that while projectable
spacetimes cannot be converted into non-projectable ones and vice-versa, GR solu-
tions can always be locally made projectable and for the most interesting physical
solutions (Schwarzschild, Reissner-Nordstrom, Kerr, FLRW — all of which are
static or conformally static) this can be done globally [99).

It is, however, not clear how to directly link the IR limit of the projectable theory
and GR, due to the restriction of N to be a function solely of time [I07]. In
addition, the non-locality of the Hamiltonian constraint indicates the absence of

local energy conservation in the theory.
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2.3.3 Non-projectable theory (original form)

The original formulationﬁ of the non-projectable theory neglected the a; terms, so

this section considers the theory in their absence, before discussing their presence

in Section 2.3.4]

In this case, the theory is sick. There are issues with the constraint algebra, in-
cluding the fact that the constraint algebra does not close, is five-dimensional [113]
(and so corresponds to two and a half degrees of freedom) and the lapse function
is over-constrained [I30]. In addition, there are phenomenological concerns. The
theory becomes strongly coupled at all scales as one takes the GR limit [106], [11§].
This is most simply seen in the relativistic Stiickelberg formulation (which will be
discussed more fully in Section[3.2)). In the IR limit, where the 4 and 6-dimensional

terms are not relevant, the theory can be written

(1- N

pl

/ d*z/—gK>. (2.12)

At this point, we can insert the Stiickelberg field ¢ using (3.6). We then expand
¢ as ¢ = 2° + y on a Minkowski background, since the condition ¢ = const for

the hypersurfaces replaces t = const. To cubic order, one obtains [I18§]

(1-2

2

S =San+ S [z (a7 + 20 (B0° +200080)]. @213
Canonically normalising this results in the strong coupling scale, A = m /1.
Clearly as the GR limit A — 1 is taken, this strong coupling scale goes to zero.
However, it might be argued that the extra mode is non-dynamical, since no time
derivatives appear at quadratic order, and so it could be integrated out [131], [132].
If this were correct, then strong coupling is not an issue, but this is not the case.
[118] showed that if you expand on a nearly flat but non-trivial background (of

background curvature L), you obtain the schematic action,
S = Sar+ A/ d*z [L*0'x0;x + (Ax)* + x(Ax)?], (2.14)

where v is a unit vector along the extrinsic curvature gradient. This exhibits
strong coupling at a scale A’ = |1 — )\\3/8/(L1/4l2{4). This action now features time
derivatives at the quadratic level, and so is dynamical. This shows that the the
strong coupling scale not only tends to zero in the GR limit A — 1, but also in
the Minkowski limit L — 0.

8In some sense, the ‘original’ and ‘extended’ versions of Hofava’s theory are the same theory,
as a; terms will be generated by quantum corrections and so the ‘extended’ theory is just the
‘original’ theory written in a fully consistent way. However, we make the distinction here as it
is important in the context of the history and literature of the theory.
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It is also worth noting that the action (2.14)) only contains one time derivative in
the quadratic piece, which is unusual. It has been conjectured that this is related
to the odd dimensionality of the phase space [I18]. This is disputed by [I13], who
question whether it is valid to perform direct comparisons of the perturbative and

exact degrees of freedom.

Because of these concerns, this variant of the theory is no longer considered con-
sistent, and so non-projectable Horava gravity is now studied in the form of the

so-called ‘extended’ non-projectable theory, which we now discuss.

2.3.4 Extended non-projectable theory

As noted by [118], the above analysis of the non-projectable theory does not hold
if terms of the form a; = 0;log N are included in the theory. One can then add
a large number of extra terms to the theory, including the dimension two piece
aa'a; (where « is constant). This provides an additional term in the IR limit
compared to (2.12]). This ensures that unlike the projectable theory, there is a
region of parameter space where the extra mode is ghost-free and avoids tachyonic
instabilities, A > 1 and « € (0,2) [117]. This region is consistent with the hope of
the RG flow restoring a GR-like régime via A — 1, a — 0 in the IR. However, it
has been claimed that one needs A < 1/3 (contradicting GR) to be ghost free and

have a stable vacuum from stochastic quantisation arguments [133].

It was further claimed in [I17] that this suffices to make the theory free of strong
coupling, resulting in it being deemed a ‘healthy extension’ of Hotfava gravity.
However, Sotiriou and Papazoglou [I34] considered the low energy limit of this
theory and showed that it too suffered from problems with strong coupling, by
considering only the lowest-order derivatives. In response, the original authors
have argued that the strong coupling scale might exceed the cut-off scale for their
derivative expansion and thus be rendered meaningless [135]. Obviously, one could
force this to be the case by introducing a new scale in the theory. However
it is worth asking whether or not this is actually necessary, and if so, to what
degree — can the strong coupling scale be raised, or removed altogether, simply by
including higher-order interactions, but without introducing large dimensionless
parameters? Omne can also question the naturalness of the hierarchy of scales
introduced when one attempts this in the extended version of Hofava gravity. A
new lower energy scale will also result in Lorentz violating effects kicking in at lower
energies, potentially causing contradictions with experimental measurements. In
particular, the lowest scale of Lorentz violation in the gravity sector should not
induce violations at the same scale in the matter sector, due to constraints from

synchrotron radiation from the Crab Nebula [136].
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In Chapter |3| we consider these questions in more depth, addressing them in a

convenient limit where the extra modes and GR decouple.

The homogeneous and isotropic cosmology of the non-projectable theory coin-
cides with that of the projectable theory — FLRW corresponds to a projectable
spacetime and spatial derivatives of N vanish. However, since the Hamiltonian
constraint is now local, dark matter can no longer result from an integration con-

stant.

An interesting relation exists between Horava gravity and Einstein-sether theory
[137]. Einstein-sether contains a unit timelike vector field in addition to the metric
tensor of GR. Restricting this vector to be hypersurface orthonormal recovers the
IR limit of the extended version of Hotava gravity. This allows a number of results
to be carried over from Einstein-sether theory, including spherical solutions [137]
and slowly rotating black holes [138].

2.3.5 Hofava gravity with an extra U(1) symmetry

A third variant of Hofava gravity was proposed in [I39]. The starting point is
to note that for the projectable theory, the action (2.9) has an Abelian symmetry
present at the linearised level about Minkowski. With an expansion N = 1+ n,

N; = n;, vij = 0;; + h;j, the Abelian symmetry acts as
(5ani = 82-04, 5ahij = (5an = 0. (215)

The symmetry is a global one, so « is constant in time, & = 0. It will be denoted

U(1)y, since « corresponds to a symmetry for each slice ¥ of the foliation.

Acting with (2.15]) on (2.9) (with ¢ = 1) results in the linearised action
0o Syrav = —2M / dtd*zNa [(1 — 30— (1=NAB], (2.16)

where ¢ is the trace of the metric tensor v;; and ;3 is the scalar perturbation
in N;. If one sets A = 1 and uses integration by parts to write the first term as
(1 — 3X\)(Aq, then since & = 0 this means that the linearised action is invariant

under this symmetry.

This linearised symmetry only appears when A = 1, and so this symmetry may
help provide a mechanism to force this to one and hence have a GR-like action.
Not only this, but the gauging of this extra symmetry will help us to kill off the
non-tensor degrees of freedom, eliminating the pathological modes arising from the
loss of Lorentz symmetry. This is not in contradiction with Lovelock’s theorem

since we have broken Lorentz invariance.
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This is only, however, a linearised symmetry on a specific background. General-
ising the non-trivial pieces of the symmetry generators to arbitrary background
leads to an obstruction to the global symmetry — a piece of the action which does
not transform appropriately. This can be ‘undone’ by introducing a new scalar
field v, which transforms as §,v = a. Having restored the global symmetry, one
is able to introduce a gauge field A and gauge the symmetry via the Noether

procedure.

One therefore obtains a theory consistent with Hotava’s original idea, but with only
two (tensor) propagating degrees of freedom, and A = 1. Maximally symmetric
and (projectable) Schwarzschild solutions solve the theory, which is favourable for

solar system tests.

Unfortunately for the theory, matter coupling is problematic [140]. The A equation
of motion forces R to be constant, which is fine in vacuum, but not with matter
present in the theory. Therefore, one cannot just minimally couple matter in the
usual approach to obtain consistent phenomenology; you are forced to introduce
a coupling between the gauge field A and matter. This coupling is particularly
problematic for cosmology since [A] = 2z — 2, while time derivatives correspond
to dimension z. Any coupling of the two will lead to a term of dimension 3z — 2,
which is an irrelevant operator in our case (z = 3). While relevant terms can
be built with spatial derivatives, in cosmology the isotropy and homogeneity of
FLRW geometry forces spatial derivatives to vanish, and the matter fields to
depend only on time. However, the matter and gravity sectors cannot be coupled
with time derivatives in the theory, ruling out usual FLRW cosmology (unless
H = 0). Extending the minimal substitution rule proposed in [I40] for the theory

also indicates that Newtonian gravity is not restored in the weak-field limit [141].

In addition, it turns out that the scalar field v is too good at its job [140]. The
symmetry of the linearised theory on Minkowski required A\ = 1 and we then
introduced v to allow the symmetry to appear on more general backgrounds. But
this trick actually results in the global symmetry being present for any A\ — v is

too powerful a tool for the job!

Despite this freedom in A, the scalar modes are still eliminated by the gauge
symmetry. It would be an interesting exercise to perform a Stiickelberg analysis

of the theory to understand what happens to the disappearing Stiickelberg mode.
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2.4 Outlook

In a relatively short space of time, Hofava gravity has become a popular and
well-studied paradigm as a quantum gravity model. In this chapter, we have seen
why this theory may stand a hope of being renormalisable, before going on to
more precisely formulate the theory. After this, we looked into the viability of
the theory, reviewing the associated literature. We demonstrated that there were
dangerous shortfalls in several variants of theory. For the most part (but by no

means exclusively), these arose from the additional degree of freedom.

From this point onwards we concern ourselves with the ‘extended’ non-projectable
Horava theory. This appears to have the greatest potential for being ‘healthy’ —
the extra mode can be ghost-free and stable, matter can be consistently coupled,
the cosmology is viable and there may be no strong coupling concerns. The fol-
lowing two chapters will further investigate this model. Mostly pure gravitational
aspects, including strong coupling and the necessity of introducing a hierarchy of
scales will be considered in Chapter [3] Horava gravity plus matter content will be
considered in Chapter [4] including how to build Diff(M) invariant actions and

the effect of quantum corrections on the matter sector.
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CHAPTER 3

Extended Horava gravity and the
Decoupling Limit

Having reviewed Hofava gravity generally, we now consider the ‘extended’ non-
projectable theory and discuss the properties of the extra degree of freedom. In
particular, we will focus on strong coupling and whether one is forced to introduce

a hierarchy of scales into the theory. This chapter is based on the paper [1].

3.1 Introduction

In the previous chapter, we discussed disputes surrounding strong coupling in
the ‘extended’ version of Hofava gravity [117]. Does strong coupling appear in
the theory, or is the derivative cutoff in [134] invalid [I35]7 In particular, can
strong coupling be avoided without introducing a new scale into the theory? Is
there a Vainshtein mechanism at work in Horava gravity? Does it help with

phenomenology?

These questions revolve around scalar degrees of freedom in the theory. In this
chapter we address these and other issues directly by isolating the troublesome
extra degree of freedom and studying its properties. This can be done using the
Stiickelberg trick to fully restore diffeomorphism invariance to all orders, along
the lines proposed in [II8, 142]. To drastically simplify the analysis we will
take a limit in which the Stuckelberg field decouples completely from the spin-2
sector. The decoupled Stiickelberg theory ought to capture most of the interesting
physics associated with strong coupling, as well as the possible presence of ghosts
and other pathologiesE].

!Surprisingly, it turns out one cannot hope to capture the proposed resolution of strong cou-
pling presented in [I35] unless one retains some coupling between the graviton and the Stuckel-

berg mode.
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Our starting point is the full action for Hotava gravity, which is given byE] 86, 87,
114] 117]

S = Syrav + Sm, (3.1a)
Sgrav = 1 / dtd’z\/ANc (Ki; K7 — AK?) + Sy, (3.1b)
, 1
SV = /dtddl'ﬁNC <l2—‘/2 + ‘/4 + ‘/6[[2]V> y (31C)
uv

with S, is the generalised matter action. The potential terms are built from
RZ(?) and a; = 0;log N, plus derivatives and contractions. All possible terms of
dimension 2, 4 and 6 which are inequivalent (unrelated by integrations by parts,
Bianchi identity, etc.) and not total derivatives must be included in the action,
since this corresponds to the full set of terms satisfying our symmetries. The

dimension two and four potential pieces can be written explicitly,

Va = a(a’a;) + BR®, (3.2a)
Vi = Ai(a'a;)® + Ag(a'a;)a j + Asz(a’y)? + Aga” ay
+ BiRPdla; + BoRY ala! + ByR®al; + CL(RP)? + Cy(RY)?,  (3.2b)

where we have introduced a;; = 9;,0;log N. The dimension six piece contains of
order sixty terms, so will not be written down explicitly. Note that the term f is
not physically relevant — it can be set to any non-zero value by rescaling time.

We will use this freedom later to set it to a convenient value. Our full theory is

then (3.1) along with (3.2)).

3.2 The Stiickelberg formulation

The Stiickelberg trick can be used to covariantise Horava’s theory, allowing a 4D
formulation as opposed to the 3 +1 ADM formalism [118| [142]. This covariant
Stiickelberg formalism allows for very easy separation of the Stiickelberg mode and

understanding of its dynamics. We start with the action of the ‘extended’ version
of Horava’s theory (3.1]).

The first (albeit trivial) step is simply to undo the anisotropic scaling in the coor-
dinates by introducing z° = c¢t. We can now introduce spacetime coordinates and

four-vectors z# = (2%, x). Each component now has the same scaling dimension.
)

The non-relativistic nature of the theory is also encoded in the fact that the

spacelike hypersurfaces in the theory are specified by ¢t = const. We want to

ZNote that we work with the Planck length, l,; = 1/M,; and UV length lyy = 1/Myy in
this chapter.
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remove this explicit breaking of diffeomorphism invariance, and the price to pay
will be introducing the extra Stiickelberg degree of freedom. The foliation is
redefined so that

t = const — ¢(z) = const. (3.3)

The foliation-preserving diffeomorphism condition implies that the action is invari-
ant under changes of the form ¢(z) — f(¢(x)). We can now construct a covariant
action, by making use of projection operators and the Gauss-Codazzi relations
[20].

To start, we introduce a unit normal to the foliation,

ut = V)’;¢, X = \/=V,6VF. (3.4)

Our indices are now full spacetime indices, and V, is the full spacetime covariant

derivative.

We promote the induced metric on the spatial slices to a covariant 4D projector

onto the slices,
Yij = YV = Guv + UpUy. (35)

It is simple to promote the extrinsic curvature to a four tensor, by using the fact

that it is the Lie derivative of the metric along the normal,
1 1 o B
EKZ‘]‘ — ICMV = §£u,yuy = V(Mvu)vauﬂ' (36)

In order to promote the Riemann tensor, one uses the Gauss-Codazzi relation and

its contractions,

Rz(]gl)cl - R,ul/pa = nggvgngaﬁ'y(; - Kuplcua + ’Cyplcug', (37&)
RY = Ry =R = 10907 Ragrs — KK + KK, (3.7b)
R(3) SR = fycw’yﬁaRaﬁ'ycs . K:2 + ’CHV]C'LW, (37C)

where we have introduced the 4D Riemann tensor R,s,; and a ‘covariant 3D

Riemann tensor’ R, 7.

We will also use the standard rules relating derivatives on embedded hypersurfaces
to those in the full space [20],

DkTil'"imjlmjn N DpT#l"'#mVlmyn — 'Véﬁ A 75:7511 R VES/WZVUTal“'am B
(3.8)
and these allow us to write
a; — a, = u*V\u, (3.9a)
Qij = Ay = y&vf)vaaﬁ. (3.9b)
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Using this, one can rewrite the action (3.1)) as

S = CZQ d*z/—g [RW + (1 — )K?] + Sy
= Scr + ASk + ASy + AS, + ASg + S (3.10)
where
Ser = 12 d*z\/—gRW (3.11)

is the emergent GR piece, and the beyond GR terms are

ASy = 1z2 A /d4x\/ K? (3.12a)

1
ASy = ——

l2
2. d‘r\/—g aa’a, + (ﬂ 2 ) R (3.12b)

pl

ASy = /d4x\/—g \Z (3.12¢)
ASg = / d*zv/—g Vs (3.12d)

where

Vi = Ay(a*a,)? + Ay(a"a,)a”, + As(a”,)? + Asaa,,
+ ByRa"a, + BaR,,a"a” + BsRa", + C1R* + CyR,, R™. (3.13)

As before, we will not attempt to write down V. At this stage we use the fact that
the precise value of 3 is physically irrelevant and set B = ;JQV, thereby eliminating
the last term in AS,. The matter coupling is S, = [g,w, ¢; V], whose form we

will now discuss.

3.2.1 Matter coupling

An important question for Hofava gravity is how matter couples to the theory.
In general relativity, the coupling is determined by demanding that the matter
action be invariant under spacetime diffeomorphisms. Obviously this argument
does not carry over to Hotava gravity, due to the reduced symmetry in the theory.
It should also be noted that the argument here holds in both the projectable and
non-projectable theoryEL and was first performed in [1].

The calculation follows the same lines as it does in general relativity. The overall
action can be written S = S;40[guws @] + Smlguw, ¢; ¥], where W are the various

matter fields appearing in the matter action. The overall action is required to be

3However, it does not apply to the variant with the extra U(1), whose matter coupling differs.
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invariant under foliation-preserving diffeomorphisms. Sg,q, is the Hotfava gravity

action, invariant by construction and so dpig, Sgrev = 0. So to have 65 = 0 overallﬁ,
we require that 05, = 0. Varying .5,, results in

0Sm
_ 4
(5Sm—/da:<5gw W—I— )

_ /d4x (%\/—_QT“”(SQW 5 5¢) (3.14)

where the energy-momentum tensor 7" takes it usual definition, and the final
term on the first line vanishes by the Euler-Lagrange equations for the matter
fields.

Under a diffeomorphism generated by a vector field &#, x* — a#* — £#, the metric

and Stiickelberg ﬁeldﬁ transforms as

O0Gu = LeGuw = 2V (&) 0¢ = Legp = £10,0. (3.15)

Substituting into (3.14]) and integrating by parts yields

1 65,
[atevie (v + =220,6) <0 (316

and so, since this must hold for arbitrary £, we can see how matter couples to

the Stiickelberg field
1 45, Uy,
—_— = —=V, " 3.17
where we have used X? = —V,¢V”¢ and u, = V,¢/X. By substituting this
expression for \/%79%;” back into (3.16)) and rearranging, one obtains

")/)\,,V#T“V =0. (318)

This expression explicitly demonstrates that we no longer have full energy-momentum
conservation in Hofava gravity. This is in line with the result from the pertur-
bative analysis carried out in [106]. We can explicitly see how it is violated —
it is only required that the projection of V,T"" onto our spacelike hypersurfaces
vanishes. In the case where ¢ = 2° (our hypersurfaces are of constant time) the
relevant constraint on 7" is V, 7" = 0. However, it is allowed that V, 7% # 0,
which has particular relevance for cosmology, since this affects the conservation of

energy equation for a perfect isotropic fluids, so p+ 3(p + p) # 0.

4We drop the Diff subscript for the rest of this section to avoid clutter.
®The change of coordinates x/# — z# — ¢* will produce a shift 6¢ — ¢ — £49,¢ in the

Stiickelberg field. This in general spoils the foliations, since they are defined by ¢ = const. Hence
we must undo this change. Thus, we require the transformation ¢(z) — ¢(Z) = ¢() + £r0L 0.
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3.3 Decoupling limit

Another common tool in analysing modified theories of gravity is taking a decou-
pling limit. One considers some limit in the theory such that the Stiickelberg and
general relativistic fields decouple, allowing one to study the dynamics of the new
field independently of the known GR dynamics. It is reasonable to consider this
limit, since for compatibility with standard GR we expect at large distances that
gravity is mediated by a massless graviton propagating at the emergent speed of

light ¢ seen by all other particle species.

An example of its use is in DGP gravity [84]. In that case there is a strongly
coupled scalar and the key physics can be seen by taking the decoupling limit in
which the Planck length is sent to zero, but the scale of strong coupling remains
fixed. This isolates the scalar mode from the standard gravitational piece [143],

144]. We will do the same for Hotava gravity shortly.

In Horava gravity, we hope to recover GR in the limit A — 1, a — 0, however other
studies [134] suggest that the Stiickelberg field becomes strongly coupled in this
limit. However, a question remains whether the truncation of higher derivatives
leads one falsely to the conclusion that the theory is strongly coupled [I35]. Taking
a decoupling limit allows us to investigate, while keeping terms of all relevant

orders.

We begin by assuming that the Lorentz symmetry breaking scale is roughly Planck-
ian, which is reasonable on the grounds of naturalness to avoid introducing a new
scale into the theory. So, without any further loss of generality, we will take
lyv = ly for the remainder of this chapter. We now introduce two new length

scales

Lpi Lpi

I\ _‘1_)\|, la \/m. (3.19)
In the decoupling limit, [,; — 0, these scales will be held fixed. Of course, this
requires that A — 1 and @ — 0 which is consistent with their expected running in
the infra-red, and will ensure that only Sgg contributes to the graviton dynamics.
However, by holding the scales fixed we enable ASk and AS; to contribute
to the Stiickelberg dynamics, along with AS;. The two dynamical sectors com-
pletely decouple as [, — 0, with all the interesting phenomenology appearing in
the Stiickelberg sector.

We expand about Minkowski, in terms of a canonically normalised graviton, h,,,

Guv = N + lplh/uz, (320)
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and now raise and lower indices with the Minkowski metric. It then follows that

Sgr = — / d'x %h“”ﬁhw + O(ly) (3.21a)

ASy = Sg“(;—;A) / &'z K2+ O(l) (3.21b)
A

AS, = % / d'z @, + O (1) (3.21¢)

AS, = / d*z Vs + O(ly) (3.21d)

ASs = 0(12) (3.21e)

S = S [N @, V] + Ly / d*x %thW +0(12), (3.21f)

where £h,,, is the Einstein tensor linearised about Minkowski, and

= (a 00,0 5 0700, 0,030 = e
Ku = (5,& + T) (6,, + <2 < K ="K, (3.22a)

X = \/—0,9049, (3.22b)

N o 0900,0\ 0°$0,05¢
i, = (% = ) = d (3.22¢)
Vi = Aj(ala,)? + Ag(@a,)a’, + As(a,)? + Ay a,,
+ Bi( ~WI€W - 162)&“&# + B2(I€/MX}€3 - Kﬁuu)&udy (3.22d)
+ By(K,, K™ — K2, + Cy (KW KM — K2)? '
+ Oy (K K2 — KK ) (KK — KK

. o, 0900,0 9°$0, ¢ .
Ay = (6ﬂ + X—;) (55 + T 8(aa5). (3.226)

Variation of the matter action with respect to the Stiickelberg field gives

08w @8,
09 X

+ O(ly), (3.23)

where @, = 0,¢/X. The violation of energy-momentum conservation has some

characteristic scale I', given by

ST,
p o YV VAT (3.24)

TFT,y

or schematically VI'* ~ I'T'*. We will typically take I" to be much smaller than
the overall scale of the energy-momentum tensor. Indeed, by taking I' < H,,
where Hj is the current Hubble scale it can be argued that violations of energy-
momentum conservation would not have been detected during the universe’s life-

time.
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We are now able to take our decoupling limit by simultaneously taking the follow-

ing limits,
Ly — 0, a— 0, A= 1, ™ — oo, I—o, (3.25)

whilst keeping l,, Iy, (7" and I'T* finite. We thus arrive at the decoupled
Horava action
S = Sgrzzm'ton + SStuckelberg (326)

where . .
Sgraviton = - /d4$ éhwjghﬂu + lpl/d4£13 §h,uyTw/ (327)

and

sgn(l — A) -~ segn(o) . ~
SStuckelberg = /d4$ [ g <l2 >]C2 + gl2( )a“au +V4:| +Sm[77wj,¢, \If], (328)
A

«

where we use our tilde notation to make explicit we are working with the decoupled

quantities. From this point onwards we take no interest in the graviton action
(3.27)), since the dynamics are clearly identical to GR.

We can derive the equations of motion for the Stiickelberg field from the action

E2). -
~uv P 0, TH"
o, (i) = 3.29
() - 22 (3.29)
where y* = n* + u*a” and
b= N0, — O, (@N) — 0, (W) + G
p (") (W) + aup (3:30)
+ 207U Ay, Ot + 200D D ,a5,

where for ease of reading the equation we leave p* written implicitly in terms of

M= 9, ( Vs o :y#)> _ Qwﬁau

Dy, P17 12
! A (3.31a)
aVy . sgn(a) ., 0V
— —=—Uy — a” — ——,
OK .. 2 day,
L : (3.31b)
0a,,
S, )} AL (3.31¢)
l/\ alC/uz

The derivatives of the potential are given in Appendix [A.Il The right-hand side
of goes like I'T'™ and, as such, remains finite. Note further that the Stiick-
elberg equation of motion is invariant under ¢ — f(¢), as required by
foliation preserving diffeomorphisms. In principle one could use this equation to
study the response of the Stiickelberg field to the presence of a non-trivial source.
In particular one can ask whether or not the Stiickelberg field gets screened at

short distances due to the Vainshtein effect, and we will return to this issue later.
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3.4 Perturbations of the Stiickelberg field

We now consider fluctuations of the Stiickelberg field about the vacuum, ¢ = ¢+,

where ¢ = 20.

This choice of vacuum corresponds to choosing a constant time
foliation of Minkowski space. To study the dynamics of vacuum fluctuations we
simply expand the action (3.28)) order by order in x. For now, we neglect the

contribution from the matter sector. The result is

= Suly] (3.32)

n=2

where S,[x] is of order x". On this background, @, = a,, = K,, = 0. This
drastically reduces the number of terms that appear in the expansion especially

at low order. At quadratic and cubic order we find,

s = [ ate {0 D@+ B 02 4 (a4 an@?f, 339

where dot is now 0y, the spatial Laplacian is 9% = 9;0;, and
sl = [ o {2222 (200000000 - 107

#2000 ~ %007 ~ (0@ (09,x)]

— A3(0i%)*0%x

— 243 [(0:X)(9:x)(9°X) + X(9°Xx)(9°X) + (8ix)*°x + X (9*X)? (3.34)
+(0*X)(0:0*x) (0;x) + (8:0;x)*0°X]

= 2A4[(9:)(0;x)(0:0;%) + X(0:0;x)(0:0;x) + (9:x)(0;x)(9:0; %)
+X(0:9;%)% + (0,0;%)(0:0;0kX) Ok x + (0i0kx) (9;01:X) (095 X)]

By [(000)%0° — (67" } .

The quartic term also contains the following contribution

[2

[0}

Sulx] O / g Enle )[a X001, (3.35)

which will prove to be of importance later.

We are now in a position to determine the conditions on A and « to ensure the
theory is free from any number of pathologies — in particular ghosts (which vi-
olate unitarity), tachyons (which lead to instabilities), and superluminal mode
propagation (which violates causality). In addition, we will check the scale of
strong-coupling and compare it to the cut-off scale for the low energy effective

theory.
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3.4.1 Ghosts, tachyons and superluminal propagation

Let us begin by exorcising the ghost and throwing out the tachyon. To this end,
it is convenient to rewrite the quadratic action (3.33)) as follows

Sa[x] = /d% {X <Sg1l12(o‘) A? 4 (Ag + A4)A4> Y+ wxﬁx} . (3.36)

«

where we have introduced the operator A = v/—09?, which measures the magnitude
of momentum. To avoid a ghost, we require the kinetic term in the action to be

positive, and so

S0) |4l AA? > 0. (3.37)

12
At low energies, this means that we require o > 0 to avoid the ghost, whereas at
high energies we require Az + A4 > 0. It now follows that a tachyonic instability
will kick in unless sgn(1 — A) < 0, or in other words A > 1. So, in summary to

avoid both ghosts and tachyons we require
a>0 A> 1
This can be contrasted with the result obtained in [117], where the conditions were
0<a<?2 A>1lor A<1/3.

The difference arises due to taking the decoupling limit, in which o — 0, A — 1,
and so we only capture the behaviour near these values. Our results are clearly

consistent.

Let us now consider the possibility of superluminal propagationﬂ To get a handle
on the speed at which the Stiickelberg mode propagates, consider the linearised

equation of motion

B0 N e + EA 525) - (4 + AT =0, (339
A

«

Which leads to the dispersion relation

— 2 2
W= _M la k ) (3.39)
sgn(a) In) 14 (A3 + Ag)sgn(a)l2k?

At low energies k < 1/, the wave propagates with sound speed given by

2__sgn(l—)\) lo 2:u
c; = “sanfa) (l)\) ot (3.40)

6In a Lorentz violating theory, superluminal modes are not necessarily an issue. However, in
the far infra-red, our effective theory is designed to be approximately Lorentz invariant, so it is

desirable, if not essential, to prohibit superluminal propagation at low energies.
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Note that the sound speed is real in the absence of ghosts and tachyons. In

addition, to avoid superluminal propagation we also require ¢; < 1, which gives
lo <1y = IA—1] < |af. (3.41)

Again, we can contrast (3.40) with the sound speed given in [I17, [134],

2—a [ A—-1
2exac = . 42
Celexact = = <3/\—1) (342)

This expression was derived by working directly with the original action ({3.1)),
without any Stiickelberg tricks. Once again we see that it is consistent with the
expression derived here in the decoupling limit A — 1, a — 0. This demon-
strates both the power and limitations of the Stiickelberg trick in the decoupling
limit. It is clear that working directly with the Stiickelberg action (3.28) reveals
the key physics more easily than working with the full Hotfava action . This
truncation works perfectly well as long as we are happy to stay close to the limiting

values of A\ and a.

From now on we will assume that A > 1, @ > 0 to avoid ghosts and tachyons, and

that the low energy speed of sound is given by ¢s = [, /I < 1.

3.4.2 Strong coupling

It was claimed by Blas et al that the so-called ‘healthy’ theory [I17] might be
free from strong-coupling [135], contrary to the claims made in [I34]. Their ar-
gument roughly goes as follows: The analysis of [134] only includes the lowest
order terms in the derivative expansion, corresponding to two-dimensional opera-
tors. Therefore, the effective theory is only valid at energies below some scale Apq.
If the strong coupling scale derived by [134] exceeds this cut off, then it cannot
be taken seriously since higher-order operators should have been included in the
analysis [I35]. They give a toy example in which an erroneous strong coupling
scale is derived in the effective theory, only to disappear when the higher-order

operators are included.

Of course, for the case of Horava gravity, one can force a suitably low cut-off
in the derivative expansion by hand, by introducing a low energy scale, M,, in
the higher derivative terms at quadratic order. This scale corresponds to the
new cut-off in the derivative expansion, and should lie below the would-be strong
coupling scale. In some sense this is reminiscent of string theory in that the
string scale is introduced just below the Planck scale where strong coupling would
otherwise occur in gravity. According to [134], the low energy effective theory

becomes strongly coupled at a scale i ~ y/aM,y, so this suggests we should
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take M, < /aM,. As experimental constraints require a« < 1077, this forces
M, to lie three to four orders of magnitude below the Planck scale [I35]. If
the new scale appears at order 2z (in spatial derivatives), we must introduce a
dimensionless parameter of order B ~ a(%—’j)zz—Z > 7%, The proposal to avoid
strong coupling requires the scalar mode to enter a phase of anisotropic scaling,
with dispersion relation w? oc k%, below the strong coupling scale of the low energy
effective theory [I35]. To get the right anisotropic scaling at the right scale, we
therefore need to introduce a large term at z = 3, with dimensionless parameter

B>1>10".

This proposal corresponds to introducing a large dimensionless coefficient in the
potential (specifically, the six derivative piece, Vs). We did not consider this possi-
bility when taking the decoupling limit, preferring instead to keep all dimensionless
coefficients of order one, on grounds of naturalness. However, even if we had in-
troduced some new scale M, < M, and taken the limit /,; — 0 whilst holding M,
fixed, the dispersion relation for the Stiickelberg mode would not have coincided
with the desired anisotropic scaling for the scalar mode in [135], w? ~ kS/M} for
large k. To recover this behaviour using the Stiickelberg approach, we need to
retain some coupling between the graviton and the Stiickelberg mode, at least to
quadratic order. While this is beyond the scope of this thesis, it does illustrate
some of the limitations of the decoupling limit — the decoupling limit could never

have captured this.

Nonetheless, it is still worth asking whether or not this brute force approach is
absolutely necessary, and to what degree. Can the strong coupling scale be raised,
or removed altogether, simply by including higher order interactions, but without
introducing large coefficients? Whilst this might be possible in principld’] let us
demonstrate explicitly how it is not the case here, at least at the level of the
decoupled Stiickelberg theory. To this end, and as we have already emphasised,
we will assume that all coefficients A;, B; and C; are O(1), as are combinations
of these coefficients. This enables us to make definite statements in what follows,

but is also to be expected on grounds of naturalness. In contrast to [I34], however,

"For example, consider the following toy model, in which we have a small kinetic term at low

energies, as in Hofava gravity, with no additional large parameters introduced,

5= [t <;e2Mﬁl [0 — py] 4 pat o (a%0)° + N}MA%)B) Y

pl pl
In the low energy theory, the relativistic kinetic term dominates, and the dominant interaction
becomes strongly coupled at the scale Agge ~ €2/ 3M,;, which is above the low energy cut-
off at eM,,;. By studying the theory at higher energies A > eM,; (and canonically normalising
appropriately), it can be shown that the dominant interaction actually becomes strongly coupled

at the higher scale Agpye ~ 61/3Mpl > Atalse-
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we will not necessarily restrict attention to the low energy effective field theory.

Now, the first thing to do is to perform a derivative expansion at quadratic order
in order to establish both the cut-off and the leading order terms in the effective
theory. We find that

1 1
Salx] = /d4x {TZXNX — Z—QXA‘*X} (1+0(A%2)). (3.43)
@ A
Clearly then the cut off for the effective theory is given by
1
Apg ~ T (3.44)

«

Cubic and quartic order interaction terms are given by (3.34]) and (3.35)). Generi-

cally, there are three types of terms appearing at order n, corresponding to each of
the first three terms in the Stiickelberg action (3.28)). Using dimensional analysis

one can easily show that these terms are schematically given by

1

St X] = / d'z Z—Q(ao)“A"”*“x" (3.45a)
1

StnaylX] = / d'z l—z(ao)%”“*“x” (3.45h)
A

StnayX] = / d'z (9)" A", (3.45¢)

where a controls the number of time derivatives and n, a are positive integers. To
estimate the scale at which these terms become strongly coupled (if at all) we first

need to canonically normalise the quadratic part of the action. To this end we set

-0 o - VEs

T = CsT, Xy = Ty, X=7X

la
so that the quadratic part of the action becomes
Sii) = [ 4t (3ea%1 - RA™) (3.46)

It follows that the interaction terms now go like

n—2

Y 1 a An+2—arn
Stnay X = / d'z e () A™H2Tox™, (3.47a)
(a;n)
1 n—2
StalX] = / d'z " (9p)* Aoy, (3.47b)
(a;n)
Y 1 ! a An+4—a.rn
StnayX] = / dz | @)'A Hamagn, (3.47¢)
(a;n)
where
1 142 1 1__a 1 141
A((la n) = l_02+n727 Ai\am) = Z_CS "72, A(a,n) = l—652+ "o (348)
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These scales are the scales at which the corresponding terms become strongly
coupled. However, it is important to note that not all of these terms actually
appear in the action, as one can immediately see by looking at the cubic term
(3-39). Given that ¢, < 1, it turns out (see Appendix [A.2)) that the lowest of these

scales to appear in the action is given by

« « 1
Alia) = Mogy = Z_CS/Z' (3.49)

S

This is the scale at which the largest interaction terms become significant and one
enters a strongly coupled régime. The strongly coupled terms correspond to the

cubic interaction,

-2 [ a2 0000 00,) (3.50)

12
and the quartic interaction given by (3.35]). We therefore identify the lowest energy

strong coupling scale as being

1
Age ~ l—ci/z. (3.51)

«

Now, since ¢5 < 1, it follows that Ay < Apg ~ 1/l,, which means that the derived
strong coupling scale does indeed lie below the cut off of the derivative expansion.

Of course, one may call into question this conclusion if ¢, ~ 1, as then we have
Asc ~ Ahd-

To allay any possible concerns let us consider what happens at high energies

A > 1/l,. Then the quadratic part of the action is given by

SQ[X] = /d4ZL‘ {(Ag + A4) XA4X — %XA4X} (1 + O(l/A%i)) . (352)

As expected 2° and ' scale differently in the UV,

' — b g, 2% — 20,

The fact that 2° does not scale makes sense given that the dispersion relation
(3-39) goes like w ~ constant for large k. Indeed, to quadratic order the system

reduces to a simple harmonic oscillator with fixed frequency of oscillation.

In order to keep Ss[x] invariant under the scaling, we must have
x — b2,

It follows that the interaction terms scale like

Sta) ] = b2 7071SE, 5[] (3.53a)
S()\n,a) [X] — baiailS()\n,a) [X] (353b)
StnayX] = D2TFLSE, o[- (3.53¢)
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These interactions become relevant in the UV whenever the exponent of b is pos-
itive in the above scaling. Interactions with many time derivatives (that is, with
large a), are irrelevant in the UV, whereas those with fewer time derivatives be-
come relevant. Indeed, the fourth-order interaction term given by is clearly
relevant, as it scales like b3. Therefore there is no reason to expect that the theory
is UV finite, even for ¢, ~ 1. To make sense of the perturbative theory we need to
introduce a cut-off given by the strong coupling scale. For ¢, ~ 1, the only scale

we have available is 1/1, ~ 1/l,, so it follows that this corresponds to the scale at

which (3.35)) becomes large.

In conclusion then, unless we introduce some new scales by brute force, the

‘healthy’ theory is unlikely to be UV finite since it becomes strongly coupled
1 LY 1 [(A=1)3
Aemw == (2] =— A-D7 (3.54)
lo ls Ly o

This result agrees with [134], at least when ¢; ~ 1, but is more robust, having

at a scale

considered the effect of higher-derivative corrections and allowing for ¢; < 1. The
correct interpretation of this result is to realise that we must introduce new physics
by hand, below the scale A,.. We can do this by explicitly introducing a new low
scale of Lorentz violation, M,, in the higher derivative terms, as proposed in [135].
Experimental considerations actually push A,., and by association M,, to well

below the Planck scale.

3.5 Matter sources and the Stiickelberg force

It has been suggested that strong coupling problems in some versions of Hotrava
gravity might be a blessing in disguise, at least from a phenomenological perspec-
tive. The claim is that a Vainshtein mechanism might occur, such that non-linear
interactions become important, helping to screen any additional force due to the
Stiickelberg mode. In this section we will derive the size of the Stiickelberg force,

and compare it to the size of the usual force mediated by the graviton.

Of course, we need a suitable source. To excite the Stiickelberg mode, this must
violate the usual energy-momentum conservation law, as is clear from (3.29). A

simple choice is a time dependent point mass, with energy-momentum tensor
T = M(2°)6® (x)uru”. (3.55)

Recall that the violation of energy-momentum conservation is characterised by

some scale I', which we will take to be much less than overall scale of the energy-
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momentum tensor. In other words

|00 M|
T~ M.
v S

We will consider the following simple cases: a slowing decaying point mass,
M(2") = M, exp(—T2°), (3.56)
or a slowly oscillating point mass,
M(2") = M, (1 — sin(I'z?)). (3.57)

In the decoupling limit given by , we see that we must take M, — oo,
I' = 0 and [, — 0, holding [,;M, and I'M, fixed. At this stage we could, in
principle, solve the Stiickelberg equation of motion to leading order, but we
can do better than that. We can take advantage of the strong coupling previously

discussed to simplify the full non-linear analysis.

Recall that fluctuations on the trivial vacuum become strongly coupled at a scale
A, given by . All the features of this strongly coupled theory can be
captured by taking the limit [, — 0, [, — 0, whilst holding Ay, fixed. This just
means that [,; — 0 faster than A — 1 and o — 0, so in a sense it corresponds
to the case where deviations from General Relativity play a maximal roleﬂ Note
that this implies that the speed of sound ¢, — 0. As regards the scaling of matter
in this limit, we will assume that both 1,7 /,/c; and I'T* remain finite so that
both the graviton and the Stiickelberg sector get non-vanishing source terms, as

we will show presently.

In this limit all but the largest interaction terms discussed in the previous section

go away, and the full theory is reduced to

A 1 . N
Sy = /d4x {3 RA? DX — XA'Y — AL 8 00iX0:0;X0;X + A2, [ajxaian]2]
_ / d' 20,1 (3.58)

where we have included the matter coupling, which is indeed finite. This is the
exact Stiickelberg theory in this limit. Note that this action possesses a symmetry
X — X + f(2°), which is an artifact of foliation preserving diffeomorphisms. The

corresponding graviton theory goes like

1, Ly 1,
Sgraviton = — / d'z h“”é'h NG d'd Shy T, (3.59)

8In the opposite limit, I, — oo, I, — 00, there is no deviation from GR whatsoever at low

energies, since we might as well just set A = 1, @ = 0 from the outset.
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where BW = \/%h/w' Again, the matter coupling is held finite.

The Stiickelberg equations of motion are now given by

1 . . 1 . NP
A auT“O = 2523§X - 234)( + A—25i [(@X)y(ajxaj)()}
2 NP . . NP
- ; [&8]-8@)(8]-)( + 0,0;X00;X + 8682)(&»)(} (3.60)

whereas the graviton equations of motion are given by

. -
EpW = E_uv, 3.61
N (3.61)

For our slowly varying point sources, we have
T — M6® (x)uv”,  9,T" — —TM.5%®(x), (3.62)

with T'M, and [, M. //c, held fixed. We shall seck static spherically symmetric
solutions to (3.60) of the form x = x(r). After being careful to express div, grad
and the Laplacian in spherical coordinates, and integrating over a sphere of radius

r centred on the origin, we find that

d(1d, 1 ud(,d,\ 1 (TM,
5(ﬁ@f@) m;ﬁ%(ra“)—A“<%ﬂ>’ (3.63)

where v = {/(r). We can solve this equation as a power series in 1/Ag. To all

orders in the expansion, the unique solution is given by

1 I'M, 1 I'M,

Y= AL o ) =em e

T, (3.64)

where c is some arbitrary integration constant. Owing to the foliation preserving
diffeomorphisms, the Stiickelberg mode possesses a shift symmetry x — x + const.

We use this symmetry to set ¢ = 0, so that the final solution is given by

1 I'M,

X(r) = T 16m A,

T. (3.65)

Now consider the graviton (3.61). The solution to this equation is well known,

and most conveniently expressed in Newtonian gauge,

A LM\ 1 . LM\ 1
hon = | -2 I hoo = [ 222 —§... .
00 ( /Cs ) 8mr’ gl < NG ) S (3.66)

Now suppose we probe the field generated by the source using a second point mass,

with energy-momentum tensor satisfying

T — M.0®(x — y)u"u”, 0,T" — —TM,6®(x —y), (3.67)
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with fM* and lle* / V/¢s held fixed in the relevant limits. The potential energy
of the probe due to the Stiickelberg interaction is given by

B 3 X =0 11 ~ ~

It follows that the Stiickelberg field mediates a constant attractive force

1 1

I A e )

(TM,) (T M,)7, (3.69)

between the two point masses. Thus we have confinement, and in particular, a
bound universe. There is no fall off with distance, and no way for the masses to

escape the mutual Stiickelberg force on each other.

In contrast, the potential energy of the probe due to the graviton interaction is

just the Newtonian potential

L, 1. - 2 M.M,\ 1
Vi =2 | &z ~h,T"W = -2 - 3.70
h Vs Tt 167 Cs r’ (3.70)

with the usual attractive force satisfying an inverse square law,

MM, \
) = (3.71)

_ A =
Fj=-VVi= 167 < Cs r2’

Note that there is an additional factor of ¢, compared to the standard formula

owing to the fact that we are using 2° = c,2° as our time coordinate. Now
let us compare the two forces, given by equations (3.69)) and (3.71). They both

mediate an attractive force although they scale differently with distance. At large

distances the Stiickelberg force dominates, while at smaller distances the graviton

force dominates. The two forces are equal at a distance of
Nl A—1
Teq = — = —.
" VeIT VIT

For r <« ¢, the Stiickelberg force is irrelevant, and one should expect to recover

(3.72)

Newtonian gravity for a two particle system. However, we would like to stress
that this is not really a Vainshtein effect since it is not the case that non-linear
interactions screen the Stiickelberg force above a certain scale. In fact, non-linear
interactions never become important in this particular example. It is simply the
case that the graviton force grows at short distances whereas the Stiickelberg force

remains constant.

Nonetheless, we expect that provided we have a large enough crossover scale for
objects within the solar system, Newton’s law always should always hold at this

scale. Indeed, if we assume that I' ~ ' ~ Hy, then the crossover scale Teq ™~
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(A—1)/Hy. For A\—1 ~ 107!, we expect to recover Newton’s law within the Oort
cloud, at distances r < 10! m. One might worry that that there are, in principle,
many many far away sources for the Stiickelberg field that will exert a constant
long range force on the objects within the solar system. However, as long as we
assume homogeneity and isotropy at large scales, the effect of far away sources

should cancel one another out.

In summary then, for point sources, with slowly varying mass, there is a scale at
which the graviton force becomes dominant and one is able to recover Newtonian
gravity. However, this is not a Vainshtein effect as non-linear interactions never
play much of a role. Does this mean that strong coupling is not important?
Clearly this is unlikely to be the case in less symmetric configurations. It would
be interesting to consider alternative sources, in particular a binary system that
violates energy conservation. As was pointed out in [I06], binary systems are

particularly relevant as they represent a direct test of perturbative GR.

Concluding on a much more troubling note, it is clear from that the crossover
scale generically depends on the variation rate of the probe, T, as well as the rate
of the source, I'. This illustrates the fact that the Stiickelberg force violates
the (Weak) Equivalence Principle. Indeed, probe masses with different I'’s will
experience different accelerations in the presence of a Stiickelberg field generated
by a point source. Such violations will be of the order n ~ (I'y — I'y) /(I'; + I'y)
for different probes with violation rates I'y, I's. The violation will kick in at
large distances, beyond the lesser of the two crossover scales. We expect this
to be a generic feature for objects that source the Stiickelberg field. Violation
of the Equivalence Principle can potentially be used to place phenomenological
constraints on Hofava gravity, a fact that had not been noticed previously (and
indeed some thought the EP would not be violated [125]).

3.6 Discussion

By taking an appropriate decoupling limit we have obtained new insights into
Horava gravity and its suitability as a quantum gravity candidate. The analysis
here focuses on the ‘healthy extension’ of the theory [117], and specifically the
case where Lorentz violation occurs at the Planck scale. We have been particu-
larly interested in the behaviour of the Stiickelberg field, the troublesome extra
degree of freedom arising from breaking full diffeomorphism invariance. Taking
the limit where this decouples from the gravity sector simplifies the calculations
significantly. Indeed, both the validity and simplicity of this approach were clearly
demonstrated in Section where we recovered some known results [117, [134]
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with consummate ease. In particular, we reproduced the strong coupling result of
[134] in an elegant manner, and in some respects our analysis is more complete
since we do not restrict attention to the low energy effective theory. The correct
way to interpret our result is to realise that the only way to avoid strong coupling
is to explicitly introduce a new scale in the theory, below the would-be strong

coupling scale, giving rise to a much lower scale of Lorentz violation.

Indeed, it has already been proposed that strong coupling can be avoided if one
accepts this slightly ad hoc introduction of a new scale in the theory [I35]. Since
this creates a hierarchy between the Lorentz breaking scale and the Planck scale,
we might wish to avoid this on grounds of naturalnesd’] Nevertheless it would be
interesting to consider some possible implications of this scenario, as will shortly be
discussed. Returning to the case of Planckian Lorentz violation, we find that the
strong coupling scale is smaller than the scale of the gradient expansion, confirming
the validity of the analysis in [I34]. The largest interactions become strongly

/ 2, which is less than the scale 1/1, corresponding

coupled at the scale, A, ~ ici
to the cut-off in the derivative expansion. Of course, this argument relies on
the fact that the Stiickelberg field does not propagate faster than light (¢, < 1).
However, even if we allow superluminal propagation, which is not unreasonable
in a Lorentz violating theory, strong coupling is still a problem. To see this note
that the cubic term ~ é x(9ix)? becomes strongly coupled at scale icgl/ 2, which

is below the higher derivative cut-off for ¢, > 1.

Why is strong coupling so bad? In principle, it is not. It depends on the context.
QED becomes strongly coupled in the UV due to the presence of a Landau pole,
which merely indicates that we should not be considering QED in isolation, while
QCD becomes strongly coupled in the IR, but that just tells us we are using the
wrong perturbative degrees of freedom. In contrast, we have never known for sure
if Hofava gravity was a renormalisable theory. It was only ever suggested by a
dubious power counting argument, in which one wrongly infers a schematic form
for the action in terms of the perturbative degrees of freedom. The problem is that
the Stiickelberg mode is essentially ignored. Indeed, if we assume that to leading
order one can schematically replace the curvatures with derivatives of the graviton
and that there is nothing else to worry about, one might expect the action to
resemble those discussed in [90, 91, which are power counting renormalisable. But,
of course, we should not ignore the Stiickelberg mode. Typically, the Stiickelberg
theory behaves nothing like the renormalisable actions described in [90], O1]. We
therefore have little reason to expect renormalisability and little reason to tout

Hotava gravity as a UV complete theory of gravity. To get the Stiickelberg theory

9Note that we are not referring to technical naturalness in the sense of the stability of M,

against radiative corrections (see footnote 9 of [135] for a fuller discussion of this).
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to behave more appropriately in the UV, we need to introduce a new scale of
Lorentz violation by hand, and take it to be well below the Planck scale, as
suggested by [135].

Of course, even if it is not UV complete (losing much of the original motivation),
one could ask if Hofava gravity is a phenomenologically viable modification of
GR. What is the significance of strong coupling in this context? The strong
coupling scale is the scale at which quantum fluctuations on the vacuum start
to interact strongly. In the presence of a perturbative source, this scale can be
linked to the scale at which classical linearised perturbation theory breaks down["}
The original Hofava theory has been argued to not be viable [106] since it was
strongly coupled on all scales. This was a problem because it meant that there
was no scale at which one could apply the standard linearised theory around
a heavy source. Linearised General Relativity around a heavy source has been
well tested, at least indirectly, thanks to the Nobel Prize winning binary pulsar
observations of Hulse and Taylor [27]. In the extended version of Hofava gravity
with Lorentz violation at Planckian scales, strong coupling kicks in at a finite scale

1/4
Nge ~ licg’/ 2= % <¥> . This suggests that linearised theory around a heavy
o P
source is valid up to some finite scale, although one clearly ought to check that the
Stiickelberg field does not spoil GR’s successful matching to Hulse and Taylor’s

observations (see [146], [147] for corresponding studies in Brans-Dicke gravity).

However, these arguments are not quite enough to rule out strongly coupled ver-
sions of Hofava gravity on phenomenological grounds, since they ignore any pos-
sible Vainshtein effect [74]. The Vainshtein effect typically occurs in modifications
of GR that exhibit strong coupling. Even if one has too many degrees of freedom
at the linear level to mimic General Relativity, non-linear interactions can save
the day. Because of strong coupling, bound states form, allowing extra degrees of
freedom to be screened and enabling one to recover GR at short enough distances.
To study any possible Vainshtein mechanism in Hofava gravity, it is important
to understand how the Stiickelberg mode couples to matter. We have been able
to determine this coupling by making use of the reduced diffeomorphisms, as de-
scribed in Section 3.2l It turns out that one should include some violation of
energy-momentum conservation, measured by some scale I', to source the Stiickel-
berg field. Note that this is not as crazy as it might sound! — energy-momentum
conservation is not required because we do not have full diffeomorphism invari-

ance. From a phenomenological perspective, we can assume that I' < Hy, so that

0Tn DGP gravity, the strong coupling scale is given by (Mleg)l/?’ [143, [144]. This scale
can be linked to the scale at which classical perturbation theory breaks down around a heavy

source. Indeed, for a source of mass M, linearised perturbation theory breaks down at a scale
(M EZ)(Y/3)|145)].
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violations only become apparent on superhorizon scales.

In Section we studied the interaction between two point particles, with slowly
varying masses. This is probably the simplest way to source the Stiickelberg field,
in order to see if there is indeed any sort of Vainshtein mechanism at work. Using
our results from strong coupling, and taking the limit ¢, — 0 while keeping A,
finite, we were able to write down the exact action for this system. It turns out
that the Stiickelberg field gives rise to a constant attractive force between the
two particles. This field dominates over the graviton force at large distances and
gives rise to confinement. At short distances the graviton force dominates and
one can recover Newtonian gravity. However this is not a Vainshtein effect since
non-linearities do not play any role in screening the Stiickelberg force. In fact,
non-linearities play no role at all in this example, although we do not expect this
to be true in general. In fact, it is probably just an artefact of our taking the
(almost) static limit. It would be interesting to consider alternative sources for
the Stiickelberg field, most notably a binary system that weakly violates energy-

momentum conservation.

In the absence of a Vainshtein mechanism in our example, perhaps the most im-
portant result of Section is the realisation that Horava gravity will inevitably
lead to violations of the Equivalence Principle. This is because the Stiickelberg
force depends on the rate of energy-momentum conservation violation I' of each
particle, as well as their masses. Different probes with different I'’s will therefore
feel different accelerations. This gives a non-trivial E6tvos parameter, for which
we have very tight experimental bounds [30, B1]. Of course, one might hope to
evade this issue by imposing, without adequate motivation, that only conserved
sources are allowed in this theory. Whilst this can be achieved through a specific
choice of matter coupling in the classical Lagrangian, it is clear that loop effects
will introduce small corrections, suppressed by the scale of Lorentz symmetry
breaking. Even though the resulting “scale of non-conservation”, I', is small for a
generic source, it will crucially be non-zero. This can lead to large effects since the
violations of Equivalence Principle will be of the order n ~ (I'y — T'y) /(T'y +I'y) for
probes that violate energy-momentum conservation at different rates I'y # I'y. Of
course, the effect only kicks in beyond the lesser of the two crossover scales
for each probe, so this phenomena could be used to place a lower bound on the

value of X\. This merits further investigation.

Although some of our results hold only in the “healthy extension” of the Hotava
gravity [I17] with Planckian Lorentz violation, it is clear that all the analysis could
be repeated fairly simply for the original non-projectable theory, with roughly sim-
ilar conclusions. One might even consider extending our method to the projectable
theory, by adding a term Sy = [ dtd%ﬂN Q;a’ into the original action. Q; is a
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Lagrange multiplier, whose equations of motion enforce a; = 0 = 0;log N =0 =

N = N(b).

Let us now turn to the issue of scales. Note that we have avoided the introduction
of additional scales into the theory on ground of naturalness. This manifests itself
through the absence of large dimensionless coefficients in the action, and a single
Lorentz violating scale [y, taken to be Planckian. In [I35], it is claimed that the
strong coupling problems discussed here can be avoided by introducing a dimen-
sionless coefficient B > 107. This means that Lorentz invariance is broken at much
lower scale M, < M, than one might expect. We could modify our decoupling
limit by holding M, fixed as we take [, — 0, but this would still not give the de-
sired dispersion relation for the Stiickelberg mode in the UV (w? o< k%) required to
‘cure’ strong coupling. The conclusion then is that this effect cannot be reproduced
in the decoupling limit — one needs to retain some coupling between the graviton
and the Stiickelberg mode, even if it is just to quadratic order. What we can do is
ask what impact this low scale of Lorentz violation has on tests of the Equivalence
Principle. As we have discussed, even if one assumes conserved sources classically,
quantum mechanically we will get violations of energy-momentum conservation,
suppressed by some power of the Lorentz symmetry breaking scale. The lower
the scale, the less the suppression, and the larger the generic value of I'. This
would raise the lower bound on A derived from the crossover scale. It would be
interesting to see if this can be made compatible with tests of Lorentz violation

which place an upper bound on the value of A\ (see for example, [I35]).

In conclusion, making use of the powerful tools of the decoupling limit has allowed
us to demonstrate that one cannot avoid strong coupling problems in the ‘healthy’
extension of Hotava gravity if one assumes Lorentz violation at the Planck scale.
With additional pressure coming from experimental observation, one is forced
to introduce a much lower scale of Lorentz violation, along the lines proposed by
[135]. Perhaps surprisingly, the details of avoiding strong coupling in that scenario
cannot be captured by the decoupling limit. At the level of phenomenology, we
have studied the force between two point particles with slowly varying masses. We
have found no Vainshtein effect, but we have seen violations of the Equivalence
Principle. We believe the latter is a generic feature, but not the former. It is
possible that tests of Equivalence Principle will present a challenge to the low
scale of Lorentz violation designed to cure strong coupling [135], although a more

detailed study is clearly required.
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CHAPTER 4

Matter in Horava gravity

Any realistic theory of gravity must also include matter fields, and so we now
extend our discussion of Horava gravity to include matter fields, making both
classical and quantum considerations. Classically, we construct matter theories
consistent with the Diffz(M) symmetry. Quantum mechanically, we calculate

one-loop corrections to the matter propagators. This chapter is based on the

paper [3].

4.1 Introduction

Hotava gravity is conjectured to be a quantum theory of gravity, designed to
retain the good features of GR while also being power counting renormalisable.
However, much of the discussion has only concerned its properties in vacuum. By
contrast, our concern in this chapter will not be the pure gravity sector, but the
coupling of Horava gravity to matter. Gravity theories coupled with matter tend
to have worse quantum behaviour than pure gravity theories [43], and so even if

pure Horava gravity is renormalisable, does it remain so when coupled to matter?

Our main focus will lie in one-loop corrections to the matter propagator. Such
loops involving non-relativistic gravity fields will generically introduce Lorentz
violation in the matter sector. It is sometimes argued that supersymmetry can help
suppress radiative corrections that violate Lorentz invariance [148], although there
are doubts that it is possible to construct a supersymmetric extension of Hotrava
gravity [149]. Since Lorentz Invariance is highly constrained by observation, it is
important to ask how much Lorentz violation will naturally occur. Furthermore,
as shown in Section [3.2.1] Lorentz breaking terms in the matter sector source the
Stiickelberg mode in Horava gravity and can then give rise to violations of the

Equivalence Principle.
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This chapter is made up of two main parts. In the first half we construct the
general form of matter Lagrangians consistent with the reduced symmetry group
of Hotrava gravity. For example, for a scalar field, the breaking of diffeomorphism
invariance (Diff) down to foliation-preserving diffeomorphism (Diffz) allows one to
add terms to the Lagrangian such as A2y, where A is the spatial Laplacian. The
relevant actions are written in both the ADM and Stiickelberg formalisms. Phe-
nomenological difficulties, including Equivalence Principle violations, may arise
when matter couples directly to the Stiickelberg field. To try and evade these
concerns, we establish the conditions for such couplings to be absent. It turns out
that they are only absent for the standard Lorentz invariant Lagrangians for both

the scalar and the gauge field.

The second half of this chapter focusses on one-loop corrections to the scalar prop-
agator. Quantum scalar fields have been studied in the context of Horava-Lifshitz
gravity at the semi-classical level [I50] [I51], whereas here we will allow gravita-
tional fields to flow in the loops. We begin, as in [I00], by assuming that the tree
level theory is Lorentz invariant, and minimally coupled to the full spacetime met-
ric. This is primarily because we do not want to face fine-tuning issues in the limit
that gravity decouples (see [I00] for discussion on this point). Since the gravity
fields couple to the scalar they can flow in loops and this generically introduces
Lorentz breaking. Whilst there is some overlap with the analysis of [100], our
work differs in some important ways. In particular, [T00] only consider constant
loop corrections to the light cone, whereas we also consider momentum dependent
corrections from the generation of higher-order derivatives. We also use a differ-
ent method: [I00] fix the gauge and then compute one-loop diagrams involving
non-diagonal propagators. In contrast, we integrate out the constraints and work
with the propagating degrees of freedom directly. While this enables us to avoid
non-diagonal propagators, our method is not without some subtleties of its own.
Note that we also use dimensional regularisation so we only encounter logarithmic
divergences. The quadratic divergences found in [100] manifest themselves as large

momentum dependent corrections in our case [152].

Our loop calculations reveal a number of worrying features. The first is the large
renormalisation of the light cone ( ~ 1/a 2 107) at low energies and momentum.
This follows from the fact that the scalar graviton is so strongly coupled to matter.
However, it can probably be alleviated by modifying the gravitational part of the
action to include terms of the form (D; K ;). The second issue is the generation of
higher derivatives with respect to both space and time. The former were expected,
and kick in at the Planck scale. It turns out that the UV scaling of the scalar
graviton feels Planckian suppression so this is the scale that controls the higher-

order corrections. The higher-order time derivatives come as more of a surprise,
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and not a pleasant one. They suggest the presence of a new heavy ghost degree of
freedom, spoiling the unitarity of the theory at high energies. The Lifshitz scaling
was designed to avoid introducing precisely these Ostrogradski modes. One finds
similar behaviour in perturbative General Relativity coupled to matter, but then
the resulting ghost can only propagate beyond the Planck scale, outside of the
régime of validity of the effective theory. By contrast, Horava gravity is intended
as a UV complete theory, so if the heavy ghosts are indeed present, there is no
safety net offered by an effective field theory cut-off. It may be possible to resolve
this issue by extending the tree-level matter action to include non-relativistic terms

consistent with the Lifshitz scaling of the gravity sector. We discuss this question

in Section [4.6]

The rest of this chapter is arranged as follows: in Section [1.2] we explicitly state
the action for the Horava gravity model we work with. We then embark on the
first of our two main topics in Section [4.3] constructing matter Lagrangians that
are consistent with the reduced symmetry group of Horava gravity. In Section
[4.4] the second of our topics is considered, focussing on the quantum effects of
a relativistic scalar coupled to Horava gravity and picking out the interesting
features. The calculation is repeated for the case of a U(1) gauge field in Section
[4.5] Discussion of our results takes place in Section

4.2 Non-relativistic gravity

In this section, we make explicit the gravitational action we will be using for our
calculations. We will be considering the extended non-projectable Hotava theory,

and so our action is given by
Sgrav = M / dtd’z /AN (K; K7 — AK?) + Sy, (4.1)

where My, is the Planck mass and Sy the gravitational potential. The gravitational
potential is built from objects satisfying the Diff (M) symmetry, up to sixth order
in spatial derivatives. The exhaustive list of building blocks is the (inverse) metric
7%, the Ricci tensor of a slice RS’) and a; = 0;log N [I17], the acceleration of

spatial slices through the spacetime. We write this piece of the action as

, 1 1
Sy = M} / dtd*z\ /YN (R(?’) + aa;a’ + WVz; + WV6> ; (4.2)
pl pl
where the four-derivative V; and six-derivative Vy terms are given by
Vi = Af(RD)? + A2(R®)? 4+ A, RO Dyal + Ay(Dia’)? (4.3a)
Vs = Bi(D;R}))? + By(DiR®))? + BsARP Dya’ + Bya' A, (4.3b)
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where A = D;D? and we only include terms which are inequivalent at quadratic
order around a Minkowski background'] To ensure the absence of strong coupling
in the theory (needed to ensure that perturbation theory remains valid and so
the power counting argument can hold), one needs to introduce a hierarchy of
scales by making the Bs large [Il [I17]. For definiteness we assume A; ~ O (1)
and B; ~ 1/a [I17]. Constraints on A and « give roughly |1 — | ~ o < 1077
[135], or B = 107. It turns out that two new scales are introduced, M, ~ /aM,
and M), ~ o*/*M, [135], the former relating to the scalar graviton, the latter to
the tensor. Putting all these pieces together, one obtains our action for Hofava

gravity.

As discussed in Section it is often more illuminating to write Horava gravity
in a form using covariant 4D spacetime tensors. Our main concern regarding this
here is how matter should couple to gravity in this theory. Recall from (3.17) and
(3.18))

1 48, 1
wV, I =0 — " = ——V, ¢V, T", 4.4
where TH = \/L—*gg_ﬁ is the energy-momentum tensor derived from the matter

action S,,,. Note that matter sources the Stiickelberg field directly when there is
some violation of energy-momentum conservation. Such violations can, in prin-
ciple, lead to violations of the Equivalence Principle. This equation will prove
useful later when deriving the conditions for our theory to attempt to evade EP

constraints.

4.3 Non-relativistic matter

We now consider the first main topic of this chapter: what is the general form of
matter Lagrangians consistent with the Diffz(M) symmetry of Hofava gravity?
Lorentz invariant matter actions, minimally coupled to the spacetime metric are
expected to receive quantum corrections via gravity loops that spoil the Lorentz
invariance. Indeed, we will later show explicitly that this is the case. For now,
however, let us try to formulate the relevant actions for a scalar and a U(1) gauge
field, consistent with the foliation of spacetime. Of course, these will differ from
the standard Lorentz invariant actions because extra terms are allowed due to the
reduced symmetry. If Hofava gravity plus matter is indeed renormalisable, we
expect these extra terms to be the only ones generated by quantum corrections.
The analysis here is similar to that of [T10], but we also consider the possible effect

of a; terms. Note that in keeping with the philosophy of Hotava gravity we only

'Some of our expansions will go to higher order, but including just the terms here will capture

all the relevant physics.
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consider generalisations to the potential and assume the time derivatives enter as
in the relativistic theory. This ensures the absence of ghostly instabilities at tree

level, but as we will see later on, it is not guaranteed at the one loop level.

4.3.1 Scalar field

For a scalar field ¢, the generic action with a Diffz(M) invariant potential can

be written in the ADM formalism as

S = /dtd?’X\ﬁN {ﬁ(sb — N'8ip)? — %V“@wﬁjw —V(p) = Flp, Di, Rij, ai,77] | -
(4.5)
The symmetries of the Hofava framework permit additional terms in the theory
relative to GR, which F' controls (F' = 0 is the usual minimally-coupled diffeomor-
phism invariant action). Since we are matching the symmetry of the gravitational
sector, we will only consider terms up to scaling dimension 6. These terms can be
0
P and T symmetries, neglect purely gravitational terms, and only consider terms

constructed from ¢, D;, R, , a; and v¥ and make up a general F. We will enforce

inequivalent at quadratic order on Minkowski. The result is

P P2 B3

F :ngODiCli + Oég(pAQO + OégR(g)QO + M—QZDICMAQD + M—QZQDA2QD + M—%R(g)AQO
p p p
M i 2 2 3 3 5(3) A2
—D'a;\ —pA — DN,
+ M AN M;‘l(’o ¢+ M ©

(4.6)

where A = D,; D?. This list is exhaustive given our above restrictions, since terms
such RZ(?)DiDj © are equivalent to other terms via integration by parts (IBP) and
the Bianchi identity, and others such as R® D;p Dy are ignored since they vanish

at quadratic order on Minkowski space.

These expressions can also be re-written using the Stiickelberg formulation. Again,

as with gravity, the action is simpler in this formalism, and can be written

1
S, = /d4a:\/—g {—Eg’“’vﬂgovugo —V(p)—F|. (4.7)
where F' is now
F =0,¢D,a" + aspD'D,p + asRep + B—gDua“D”Dygp + 6—2290(2)“2)#)230
Mpl Mpl
1+ 3 RpeD, o+ JLD,a (DD, e + 2 o(DVD, ) + 2 R(D'D, %,
Mpl Mpl Mpl Mpl
(4.8)
where we have introduced the spatially projected covariant derivative,
Dinl.“jn N 'DMXO“"'O‘" _ '7::'7;11 . 'Vg:VVXﬁl"ﬂ". (4'9)
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In this formalism, the recovery of the usual minimally coupled scalar field in the

case F' = (0 is clearer.

It is now possible to ask in what way the action must be constructed to avoid
any coupling to the Stiickelberg field (which one may want to avoid for reasons of
e.g. Equivalence Principle [I] or Lorentz invariance violation). In fact, it is easy
to show that the only combination of terms which does not couple matter to the

Stiickelberg field is the usual Lorentz invariant action with F' = 0.

To see this, we set % [ d*z\/=gF = 0. Strictly speaking we only require this to
vanish on-shell, but since ¢ can be coupled to a source independently of its coupling
to the Stiickelberg field, it is clear that we need to impose %5 [ d*z/=gF = 0 off-
shell in order to guarantee % = 0 in all cases. Now, because the necessary
cancellation can only occur between terms with the same power of M, and the

same number of ¢’s, it immediately follows that ay = 83 = 79 = 0, and that

(%/d‘la:\/—g [a19Da" + asRp] =0 (4.10a)
)
7 /d4x\/—g [61D,a" D" Dy + BsRD*D,0] = 0 (4.10Db)
)
56 /d4x\/—g [11D,a" (D' D, )¢ + 13R(D"D,)¢] = 0. (4.10c)

Consider equation (4.10a)). Introducing ¢ = ﬂap, this implies that

v
1 . . L _
asy/Y | Ruw — ER%V @ + terms with derivatives of ¢ = 0. (4.11)

Since this should be true for any ¢ and 7, we conclude that a3 = 0. Furthermore,
since 5%) [ d*z/=geD,a" # 0, in general, it also follows that oy = 0. Similar

arguments can be applied to equations (4.10b]) and (4.10c]) to conclude that §; =
B3 =0, and v; = 73 = 0. It now follows that F' = 0, as previously stated.

4.3.2 Gauge field

We also consider a vector field A* invariant under a U(1) gauge symmetryf] (see
also [I53]). Our analysis will run along much the same lines as for the scalar field.

The general action, invariant under Diffx(M) can be written in terms of ADM

2Considering a non-Abelian gauge field would introduce a internal index on the F, Fu, — Fj,
and thus also B; — B{'. In the action one takes a trace over these indices. We choose to focus
on U(1) since (i) our results would not be substantially altered here aside from the clutter of
additional notation and (ii) we will consider quantum corrections only for the simplest case of
U(1) symmetries.

62



CHAPTER 4: MATTER IN HORAVA GRAVITY

variables as,

Sa= % / dtd’x\/YN [%#J(Fm — FuN*)(Fy; — FyjNY) — FjFy™y7' — G] :
(4.12)
where G' = 0 in the familiar relativistic case and F},, = 9,4, — 9, A,. There is an
additional constraint on the possible terms in G since we are demanding that the
theory remain gauge invariant with respect to the U(1). In order to add higher
spatial derivatives, it is convenient to write the higher-order terms containing the

vector field in terms of the magnetic field,

) 1 ijk
Bi=-S_Fy, (4.13)

2 \/_
where ¥ is the Levi-Civita symbol. The magnetic field corresponds to the only
gauge invariant way that higher-order spatial derivatives of A can entexﬂ. G can be
built therefore from B?, D; RS’), a;,v”. Assuming P and T symmetry again, the

terms inequivalent at quadratic level on Minkowski and up to scaling dimension 6

are
i i B P i DBs i Ba ;
G=uo10;B"+ ayB;B" + M2 a;ANB* + M2 —=B,AB"+ M2 (D B ) + WR DzB
N BA% + 2 BAB + 2 (D,D,BI)? + £R<3>ADiBZ.
M4 M4 M M

(4.14)

In order to also write the vector field action in the Stiickelberg approach, we need
a 4-vector expression for B;. The appropriate expression is

1 evne
\/— pauu

The Stiickelberg field couples here via the normal 4-vector w,. Proceeding as

B = (4.15)

before, our action is now the familiar
Sy = / d*zy/—g [——F’WF G] : (4.16)

By making the substitutions B, — B,, D; — D,, a; — ay, Rg’) — R, and
v — ~4" into (4.14)), the general expression for G can be written in this formalism.
In this case, the Stiickelberg field couples through the projection operator to the
matter field, as well as to the magnetic field through the normal. As with the
scalar field, repeating the same procedure informs us that the only way to prevent
a coupling between the matter field and the Stiickelberg field is to set G = 0 in

our action.

3The electric field corresponds to time derivatives, so additional electric field terms result in
higher-order time derivatives.
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4.4 Quantum corrected scalar fields

We now turn to our second major topic in this chapter: quantum corrections to
relativistic matter Lagrangians. In particular, in this section we consider one loop
corrections to the relativistic scalar field action with mass m and a ? interaction,

1 1
S;ree _ /dtd?)x\/__g [—ﬁng,ﬁOVUs@ _ §m2902 — %@4 . (417)

Gauge fields are considered in Section [£.5]

Since we are interested in the role played by the Lorentz violating gravity sector,
we will include loops of gravity fields, and expect these to induce some Lorentz
violation in the scalar field theory. We will concentrate on corrections to the scalar
field propagator, including the contribution from higher-order spatial derivatives,
in contrast to [I00] who only considered constant corrections to the light cone.
Our method also differs to that in [I00]: they fix the gauge and work with non-
diagonal propagators, whereas we integrate out the constraints and work directly
with the dynamical degrees of freedom. This method has the advantage of allowing
us to work with diagonal propagators, but is not without its subtleties as we will
illustrate by means of a toy model in the next section. Note that the effective action
we obtain is consistent in that the resulting classical dynamics is independent of
the order in which we impose the constraints i.e. before we compute the equations

of motion, or after.

4.4.1 Toy model

As a warm up to the main event we consider the following toy model of a dynamical

scalar, ¢, coupled to a non-dynamical scalar, A.
1 1 1
L= —5(@@)2 — §AAA — 577@2142 + Ap*A, (4.18)

where A = 0;0". Our interest lies in the one-loop corrections to the propagator
for ¢. We can compute this in two ways: directly from the Lagrangian by
defining a propagator for both ¢ and A, or by integrating out the non-dynamical
field, A, and only working with the dynamical degree of freedom, ¢. We will

compare the two methods, beginning with the former.

The Lagrangian (4.18]) gives rise to the following field equations

% / d*zL = O¢ + 20pA =0 (4.19a)
5% d'rL = —(A+m*) A+ \p* = 0, (4.19b)
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and the set of Feynman rules shown in Figure [£.1} At one loop the correction to

the ¢ propagator comes from the Feynman diagrams shown in Figure

¢
p p
—1 —1
P —pl"+ o7

Figure 4.1: The Feynman rules for the Lagrangian (4.18|)

i

(a) 1PI contribution (b) Tadpole contribution

Figure 4.2: One-loop diagrams for the ¢ propagator

The

one-loop correction contains a one-particle irreducible (1PI) contribution and a

tadpole contribution. In contrast to QED, here the tadpole contribution need not

vanish. Indeed, from Figure we find the 1PI contribution to be

—i\? dip —i —i
1PI=(— ) (2i\ 2/ —
<k2> (2iA) (2m)4 p? —\k—p|2+m2
ey !
k) @)t p2 (— [k —pf* +m2)

whereas from Figure [£.2b] we find the tadpole contribution to be

1 - 2 4 I 2 2 4 1
tadpole = 5 (—1) (21)\)2/ dp —i7i A p

k2

Cr)ipm? k) @n)ipm?

(4.20)

(4.21)

Now a non-vanishing tadpole is the same as saying that the vacuum expectation

value (vev) of the field A is non-vanishing. One could add a counterterm to

the Lagrangian of the form AL = (constant)A in order to eliminate this, and

therefore eliminate the tadpole. The spirit of this discussion is particularly relevant

for matter loops in Horava gravity to be studied in subsequent sections.

The

point is that in Horava gravity matter loops also endow the gravitational fields

with a non-trivial vev because the theory offers no solution to the cosmological
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constant problem. By inserting a bare cosmological constant into the action as a
counterterm one can eliminate the vevs of those fields. In the subsequent section
we will assume that this has been done by neglecting the tadpole contribution

from the relevant diagrams.

To be able to neglect the tadpoles, we need to understand how they manifest
themselves when we integrate out the offending fields. To this end we integrate
out the field A in the Lagrangian using the constraint (4.19D]). Substituting
the constraint back in we obtain

)2
2

1

AT (4.22)

1
Lreduced = _5(@}L¢>2 + ¢2
where the term containing the inverse of A is formally defined using a Fourier

transformation. The resulting equation of motion is given by

- =0+ 2220——— ¢ = 4.2
5¢ /d :C‘Creduced ¢+ A ¢A +m2¢ 0 ( 3)

Note that one obtains exactly the same equation from substituting the constraint
into the ¢ equation of motion , thereby illustrating the consistency
of our method. The Feynman rules for the reduced Lagrangian are now
shownE| in Figure , along with the only one-loop contribution to the propagator

correction. Computing our solitary Feynman diagram, we obtain

(b)

— iz2 1
(a) 1721 17 0:€{pP1,P2,P3,P4} —|o1+02[+m?Z (c)

Figure 4.3: (a) and (b) The Feynman rules for the reduced Lagrangian (4.22)); (c)
One-loop diagrams for the ¢ propagator.

1/=i\> [ d* (—1) ix2 1
- = — | = , 4.24
2(k2) /(%)4 p*) 2 2 — |ps + pa|* + m? (4.24)

perms

where p3 and p4 take values in {k, —k, p, —p}. Before proceeding further, we need

to consider all the permutations. Essentially, we need to find all the permutations

4Note the permutations of o, # oo across the set of p;s.
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pairing elements of the set {p1, p2, p3, p4} with {k, —k,p, —p}, the momenta of
each leg of the vertex in the relevant diagram. Eight permutations result in ps +
ps = p+k, four in ps+ps = p—k, four in ps+ps = —p-+k and eight in p3+p4 = 0.
Using the fact we are integrating over p and only care about the modulus squared,
we can rewrite these as sixteen giving k — p and eight permutations giving 0. So,

the one-loop correction to the propagator gives

—\2 dp 1 4 2
— —. 4.2
kA / (277)4]72 {—|k—p|2+m2 + m2 ( 5)

Clearly, the first term in (4.25)) is equal to the 1PI contribution derived
earlier, while the second is equal to the tadpole contribution (4.21)). Therefore,
if we want to neglect the tadpole contributions for the reasons described above
we need to take care with “bubblegum diagrams” with the generic shape shown
in Figure £.3d In particular we should not include permutations that lead to
vanishing combinations of momenta in the relevant 4-vertex. Upon integrating
the non-dynamical field back in we now understand this as vanishing momenta
being transferred to a loop by the propagator for the non-dynamical field in the
tadpole diagram. We keep this in mind when computing bubblegum diagrams in

Horava gravity.

4.4.2 Reduced action for a scalar field

Our goal is to identify one-loop corrections to the relativistic propagator for a
scalar field coupled to Horava gravity. At tree level, this theory is described by
the following action

S = Syrav + Sgee, (4.26)

where Sy, is given by the action for Hotava gravity (4.1)) and S7* is given by
the relativistic action (4.17)) for a scalar field of mass m and potential ¢*, coupled

to the spacetime metric. The Hamiltonian and momentum constraints for this
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theory are

58 3 . .
Cy = N MZIW [—Kin” +AK? + R® — adla; — QOzDZ»aZ]

+7 lAl(REf))Q + Ap(RP)? + Ay (R@)Diai - %A(NR@))
il B,(D:RDV? 4 By(D.ROV? 4+ By ( ARD D + -~ A(NAR®
—|-M—2[ 1( Z'Rjk)—i- 2( iR)—l-g R ia+N( R)
P

L in N2 Lnion L oo o 1 4
0S iy . . . .

We need to establish the form of the reduced action for the dynamical fields,
having integrated out the constraints up to the appropriate order. To this end,

we begin by perturbing our ADM fields about Minkowski,

N=1+en (4.28a)
N, =¢€(0;8+S)) where 9'S; = 0 (4.28Db)
€ €

where GZV’ = 81112] = hz = 0,

where we have introduced the expansion parameter €, and we have assumed units
in which the emergent speed of light ¢ = 1. Note that once this expansion has
been made, we will not be concerned with distinguishing between upper or lower
indices, since they will all correspond to coordinates on flat space. For the matter
sector we have to ensure we replace ¢ — €p, since we are also considering these

as leading order perturbations to a vacuum Minkowski background.

Having performed a helicity decomposition on the metric components it is conve-
nient to introduce projection operators,
0,0, 1

1
A §Hij|kl = 5 (27Ti(k7Tl)j — 7Tij7rkl) y (429)

which project out the transverse and transverse-traceless components respectivelyﬂ.
When we switch to Fourier space, these will have a vector as a superscript, e.g. ij

in which case one replaces 0; — k; in the above expressions. We will also find it

5Note that the factor of % in the definition of II;;;; has no significance beyond notation.
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useful to define A3 1.2 . Baid
1—-45k*+ 5k
fl) = T (4.30)

Ag 12 4 Bajd’
o+ Mﬁlk + M;llk
Some of the unphysical metric degrees of freedom can be removed by gauge fixing,
others we will have to integrate outﬁ. It is clear from the foliation preserving

transformations (2.8)) that we may choose the gauge conditions
Vi=0 FE=0, (4.31)

without losing knowledge of our constraints. We have now reduced our expansion
of v;; to the physical scalar and tensor. The pieces arising from N and N; will
be removed only when we integrate out the corresponding constraints. Expanding

the action order by order in €, we find that
3

4
S =250 4 ]\;—pls@ + 1\64_215(4) +0(), (4.32)
P

where

S@ — / dtd®x

1 1 Aq By
¥ (=0} + LA —m?) o+ his (af + A+ M—%N — mﬁ) hij
p D

A B 1
+M2n (m — M—‘;N - M‘;A?’) n = My(1 = N)BAB + o My S;AS;
pl pl
(6A1 + 16A2)
M2

(631 + 16B2)

+3(1 = 3A)C% — 2 AC + CA%C — VE CA3C¢
pl

+nC’](\}) + niC’i(l)} , (4.33)

1 . 1.
SG) — /dtd?)x{;)Cst — 5C0ip0' e — gm%@Q +5hY 00050

+ O‘M;?l [—(&nam + 2Mpm8m8m] — 4A3ACOndin — 4%A2C6ﬂ”&8¢

pl
+ Ay [((An)z + 2Mpm(An)2 —20;Coin\n + 4Mpl8m8mAn]
B
+ oy [2Mu AR (AR + 2V A (D) + 20y A Dinin)

pl
+ CANA*n — 8;C0nN*n — 8;C0;Anln + 2AnNA(CAn) — AnA(@iCOm)]

+2M3n (0:0;8)° — 2M3An(AB)? — 2Ma(1 — BA)CnAB + 2M3nd(;S;0;5;
+ AMn0;0;80;S; + M7C(0:0;8 + 8:57)) (0:0;8 + 0;S;)) — MaA((AB)?
+4M20:C(0;8 + S7)(0:0; B + 9:S;)) — 2Ma(1 — N)iC(9:8 + Si) AB

+ M, (nC](\?) + niq@)) } _— (4.34)

6Recall in EM, one can obtain an action in solely the two degrees of freedom by removing
the longitudinal part with the transverse gauge fixing 8’4; = 0 and integrating out the non-

dynamical field Ag, at the expense of losing manifest locality and Lorentz invariance.
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3 1 .3 3
S = /dtd3x{4(29b2 + 56000 = TP + D ChI 000

1 g 1 g 1 ., . 1 g
— —hijh @ + ~hiih" g pd e — ~h*hl0;p0;0 + —m?h¥ hjp?
—EMQnQ'Q—Mznni'a —1M2ninj3' 0. —lMQ 4
2 pl ‘2 pl 4% 1% 92 pl P05 P 4! pl/’LSO
4013 (nC 4+ mic) } i
and “...” denote terms which are irrelevant to our subsequent calculations, and

the constraints are expanded as Cy = eC](\}) + 6201(\?) + ESC’J({;’) + O (e*) and C; =
Y+ 20 + 0P + O ('), Note that we do not need to consider interactions
beyond fourth order since for 1-loop corrections to the propagator we will only

encounter up to four point vertices.

We now integrate out the constraints by setting oWV = —eC’J(VQ) — EQC](\:;’) — 6301((,1) +
O (") and €Y = —eC® — 2C® — 3C™ 4 O (), or more specifically,
AN ByN? A3\ Bg/A?
2eM? | —a+ "0 — | An=4deMy [ 14+ o + —— | AC
’ ( My My ) ’ My My
2

e . ;
+ 5 (97 + 000+ mP%) + 2 H (4.368)

. 1 ..
_ & [me + 0000+ Shi 00056,
+ (Ot p| + EHy + O ()

2eMpy(1 = NA?B = 2eMp(1 = BN)AC — €0 (¢0ip) + € Py

A . A (4.36b)
+ 30 (Dip0j (&’ B+ 57)) + P+ 0 (64)
eMyAS; = 19 o + €Qa; + €Qs, (4.360)
. . C
+ émy <8Jg08kgo(8k5 + Sk)> +0 (e
where
' (1 6Sya
Hy = Hy (hij,C,n, B, 5;) = ~Ta (55—]\7) . (4.37a)
- d? (N~ 08
P =P - N — gt ij grav A
= (b Conof.) =05 (et )| (4.370)
i __ ) B N i J grav
Qq - Qq (h’L]7 C7 n, B7 Sz) =T deq < q‘ —5Nk ) -, (437C)

Of course, we obtain three equations from the two constraints as the momen-
tum constraint can be split into its transverse and longitudinal parts, yielding
two equations. Note that H,, P, and (), contain n, 8 and S;, which can be re-
moved iteratively to any desired order by re-substituting into the resulting

expression.

We now use the equations (4.36)) to eliminate the non-dynamical field n, 5 and S;

from the action, thereby arriving at the reduced action for the dynamical fields,
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hij, ¢ and .

1 g 1 1
Sreduced - /dtdgx 62 |:§hij01]|klhkl + §COCC + 590(_@752 + A — mQ)QD
+ € Vigz + Ve + .. ]+ € [Vou + Vigge + Voo + .. + O (€°) (4.38)

where OY* and O¢ denote complicated operators for the leading order kinetic
terms for h;; and (. There are two important three point vertices and three
important four point vertices: the h;;p* vertex denoted by Vj,2, the (p* vertex
denoted by V.2, the p* vertex denoted by V4, the h;jhyp? vertex denoted by
Vize2, and the (%p? vertex denoted by Viz,2. Again, the “...” correspond to terms
that will play no role in the 1-loop correction to the scalar propagator, namely

pure gravity Verticesﬂ

Feynman Rules

The precise form of these operators is best expressed in terms of the corresponding
Feynman rules. Working in Fourier space with four-momentum k* split into energy
wk and three-momentum k, we have the following tree-level propagators, as shown

in Figure [4.4}

. 1
iA? (k) = 4.39a
(k) —w? + \k[2+m2 ( )
1Hk 1
Al (k) = ”"“l Hk. iAP(k 4.39b
(A5w)” : (2~ a) I — (g + 445) KL
i _ 4 (A o) =L
o+ 5 K+t [k|* My,
k[° k[* oK™ (4.39¢)
+ (4B — By + 243) —; —4A3B3— + 2B —
M, °MS, M,
3N —1
- )\ _ 1 w12(7

where the indexless A" has been introduced to allow us to separate the projection
operator and the Green’s function. The relevant vertices are shown in Figure 4.5
Our convention is that all momenta point into the vertex. The detailed form for
each vertex is presented in Appendix [A.3]

4.4.3 One-loop corrections to a scalar field propagator

We are now ready to compute the one-loop correction to the scalar propagator.

To this end, the relevant 1PI graphs are shown in Figure As usual, the

"In addition, the p2¢ h;j vertex is not pure gravity but cannot contribute at one loop, as the
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A (k) ’ Al (k) AS(k)

Figure 4.4: Propagators for the dynamical fields

k‘g k2
Vij(k1, k2, ks) ks, ij V (ki ko, ks) W=-=- ks
k?l kl
(a) Vh‘ﬂz (b) ‘/CSDQ
k?n Z.] k4
kl?kZ)k.?},kZl Ukl k17k27k371€4 V(k17k2,k3,k4>
\\\
Ky, Kl s
(C> V<P4 (d) Vh2@2 (e) ‘/&2@2

Figure 4.5: Three and four-point vertices for the dynamical fields. The precise
form of these is presented in Appendix .

renormalised two-point vertex for the scalar T = I'7¢— %, where I'J¢° = (A#)~1

is the tree-level vertex and ¥ is the self energy (at one loop).

Let us now compute the contributions to the self energy for each diagram. Our ex-
pressions will be given in terms of the integrations over internal momenta, although
we will explicitly drop terms that will obviously vanish when this integration is

performed (such as terms linear in wp).

We begin with the pure scalar bubblegum diagram shown in Figure The
appropriate contraction of the legs introduces a symmetry factor of two, so we

internal legs cannot contract all their indices appropriately.
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Figure 4.6: 1-Loop corrections to the scalar propagator

Figure 4.7: The pure scalar bubblegum diagram with a ¢? vertex

find that the contribution to the self-energy is given by X4, where

A w k7_k7p7 —D
M2 0 = M} / dwpd*pA?(p) ( 5 )
3 R 1 wﬁw%+(k-p+m2)2
= dwpd pA (p) - 5 P} Ay 1 B, 6
Oéfp-i-k] +W|p+kl +m\p+k\
p P
) (1 ) W e o)
k + p|” 2(1 - \) k + p|* 2P
(4.40)

Note that since we are computing a bubblegum diagram we have taken care to
neglect the ‘tadpole-like’ contributions as discussed in Section [4.4.1]

p

. U

k k—p k

Figure 4.8: Diagram containing two h;;p? vertices.

Next we consider the diagram containing h;;¢? vertices, shown in Figure As
this is not a bubblegum diagram we don’t need to worry about tadpole effects.

Taking into account the symmetries we find that the contribution to the self energy
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is Yjp 2, where

M2y = My, / dwpd®pVij(k,p — k, —p)Via(=k, k — p,p) A% (k — p) Al (p)

1 . .
= / dwpd®p {—iﬂgwkikjkkklA‘f’(k— p)A"Mp)|. (4.41)

Figure 4.9: Bubblegum diagram with a tensor graviton in the loop and a h;;he?

vertex.

Now we consider another bubblegum diagram, this time with the tensor graviton
propagating around the loop, as shown in Figure 1.9 The diagram contains a
hi;hre?® vertex and, given the symmetry factor of two, contributes a self-energy

Yip2p2 Where

1 ~
M2 52, =§M§l/dwpd3PVijkl(k, —k;p, —p) - A?jkl<p>
(4.42)

. 1

k k—p k

Figure 4.10: Diagram containing two (¢? vertices

The diagram with the (y? vertices is shown in Figure |4.10, With the appropriate
symmetry factors this gives a self-energy contribution ¥.,» where

M}?IECQDQ :M}?l /dwdePV(kvp - k? —p)V(—k’, k — pap)Aw(k _p)AC(p)

= / dwpd® AP (k —p)AS(p) | (3+2f(p)) wi (wk — wp) — (1 —2f(p)) k- (k — p)

2
1—3)\ | w? WpWk
— (3—=2f(p))m?* + Tx [‘I)sz-k—F ’;‘2 (|p2—2p.k>” :

(4.43)
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Figure 4.11: Bubblegum diagram with a scalar graviton in the loop and a (%p?

vertex

Finally, we consider a third bubblegum diagram, shown in Figure 4.11} This has
the scalar graviton running through the loop with a (2¢? vertex. Taking care to
neglect ‘tadpole-like’ contributions, we find that the contribution to the self-energy

is given by X.2,2 where

Mﬁwwﬂﬁ/mw%N@thmrm

_ / dwpd®pAS(p) % (3+8f(p)*) wi + % (1 =8f@)] K" (44
1-3\\° ,(k-p? 3
—2(1_)\)w12)(|p|12) +§m2.

We cannot hope to solve these integrals exactly, but we can get a handle on
their schematic properties by making some approximations. We will examine
the leading order behaviour at low spatial momentum k& < M, and assume for
simplicity that the scalar potential vanishes (m = p = 0) and that |a| ~ |1 -\ <
1. In each case we Wick rotate to Euclidean signature, and perform the integration
over wy, followed by the integration over p. For the latter, we approximate |k +
p|? = |k|? + |p|?, so that we can integrate out the angular components. We also
split the integration over |p| into different régimes, approximating the integrand
accordingly. This will hopefully be evident from the example we will work through
shortly. Before doing so, however, let us quote some useful integral formulae, in
particular [154) 155]

& 2™ Al 14+n 1—n
I, = d = r r . 4.45
et ()R e
For even integer values of n = 2N, this integral gives
-1 NAQN—I
Ly = ()% (4.46)

whereas for odd integer values n = 2N + 1 it is divergent. We can regulate the

divergence using dimensional regularisation, such that

] OolereZ 22N+1 N 2N 2 ,LL2
b =lm | — = m = ()7 A L:+m<mm>—ﬂ’ (4.47)
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where 7 is the Euler-Mascheroni constant and p is the renormalisation scale. We

will also make use of the following integral which is finite for integer values of N

o0 2N 1)V [AZN-1 _ gaN-1
/ do g = (=1 |- (4.48)
0 (224 A?)(22 + B?) 2 A2 - B

Let us now work through the simplest example to illustrate our methods. Consider
Yh2,2 as given by the integral expression (4.42). Schematically, we write this as

1 1 1
znz[#w?/dw dPp— +#]k|2/dw d*p— ]
Ny TR T T+ X () PP ez +IpPX(p])
(4.49)
where # denotes (not necessarily equal) numbers of order one, and X (z) = # +
#Mz + #M4 with M, ~ M la1/4 being the scale of Lorentz violation in the

tensor sector [I17]. Here we are obviously being sloppy with tensor structure and

have used the fact that, upon Wick rotating the energy, w, — —iwp, we have

AR — #
A"p) = ZzrpiExaeD:
over wp, and then do the angular integration yielding

o me (w2 [ Pl we [~ p|
B <#w“/o el + # ), e X(!p!)) 450

Now for |p| < M,, we have X ~ #, whereas for |p| > M, we have X ~
#|p|*/M;}. Thus we split this integral up into two domains and approximate it as

We begin by using equation (4.46|) to do the integration

follows

[Cani R [ apip e [ ap sy
P—F————~ PlIP Pl .
0 VX(lp)) 0 VA
Note that fﬂo/;; d|p||MTf‘l2 ~ M [ d|p|‘p|2lf’r‘M2— OMh d|p||p|, and so using the formula
(4.47) for N = 0, we obtain
M2
Yh2p2 & i <# + R + #> (#wp + #[K]?) . (4.52)
pl

This reveals a logarithmic divergence and finite pieces that simply renormalise the

constant part of the light cone, but by an amount that is suppressed by a factor
of a = My
= 37

Using similar techniques, we arrive at the following approximations for the other
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contributions to the self-energy

St A (#+#1 +#+#H3(#ﬁ+#mﬂ (4.53a)
QN[#ﬁa#1||1JEE (4.53D)
M2 | M? ’
2

s (#+#1 L ')(#wk+#wk|k|2+#|k|)
e (4.53¢)

+a( +#In +#> (wi + #[k[?)

2
Seage (#+#mﬁﬁ+#>d

(4.53d)

+u+#w(#+#mkp+#)mf

where we have set wy = 0 in the denominator of the integrands for ¥j,2 and X2,

corresponding to equations (4.41]) and (4.43) respectively.

The first thing to note is that we have at most logarithmic divergences on account
of the fact that we have used dimensional regularisation. Focussing on the finite
terms it is clear that we generate terms of the form

1 A 0? 1 A

— — — R —¢ by + b1— A 4.54

i R Ve v R L vis v, (454)
where we have neglected the contribution from the In M‘2 terms as they are not

expected to be important when we properly take into account infra-red corrections
arising from a non-trivial potential (i.e. m # 0, # 0). There are a number of
important features to dwell upon. The first is the potentially large leading order
correction to the light cone, of order §c? ~ (ag — bg)/av = 107. This large factor
is a direct result of the strong coupling between matter and the scalar graviton
and suggests an unpalatable amount of fine tuning of the light cone for different
particle species. Of course, the effect may be reproduced in exactly equal measure
for all particles in which case there is nothing to worry about. It is beyond the
scope of this work to establish whether or not such an optimistic scenario occurs.
This point is discussed further in Section 4.6

Beyond the leading order terms, we have higher derivatives with an additional
Planckian suppression. This is the relevant scale because the scalar graviton prop-
agator, A¢ only feels the z = 3 scaling at beyond the Planck scal. Higher spatial
derivatives were anticipated in Section [4.3] and may have been expected from the

quadratic divergences that appeared in [100]. Because they were seen to remove

8From equation (4.39¢) we see that the scalar graviton propagator behaves roughly as AS(k) ~
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these divergences, it has been suggested [152] that the inclusion of terms such as
(D;K1)?* will help suppress these operators in the UV, beyond the scales M, and
M. However, our integrals are evaluated for low momenta k& < M, so we do not

probe the very high energy corrections in this work.

In contrast, we did not anticipate the terms 15— goAgo and 4,08fg0 in Section
even though they are compatible with the Diff ;(M) symmetry. This is because we
did not endeavour to generalise to terms involving temporal derivatives, consistent
with the original formulation of the gravitational action. However, we now see that
such terms are generated by loop corrections, and that they alter the temporal
part of the propagator in the UV. This is dangerous and will generically lead
to ghosts. Indeed, the fourth-order time derivative can be identified with a new

degree of freedom corresponding to an Ostrogradski ghost [67].

Let us consider this fourth order time derivative more closely. It stems from the
Y¢2 contribution to the self-energy, and in particular the piece proportional to
Wi
1 _4 _ ~x ~x 2
szD§E@w5/¢%pr%k—pM¥@M3+2ﬂpD (455)
p

where the @ indicates explicitly that we have performed a Wick rotation w — —iw
on all internal and external energies. In our rough evaluation of this integral, we
set wx = 0 inside the scalar part of the loop. One might worry that this eliminates
an important correction, so let us see what happens when we leave it in. The

Wick rotated propagators have the approximate form

1

A?(k — p) ~
U GV P

AS(p) ~

(4.56)

[0
wZ + c2(|pl)Ip|?

where ¢(|p|) is given in footnote |8 Using the Feynman trick, then integrating over
wp we obtain,

3+2/(p))’

b aw de | &p (

e 4M2 k/ / 2(|k = p[2 +m?) + (1 - 2)c(|p))|p[? + (1 — 2)&]¥2
(4.57)

Since we are interested in the role of higher-order time derivatives, we may as well

set the external 3 momentum to vanish, k = 0. Now performing the integration

W where
1 k| < M,
c([kl) ~ ¢ M2/|k|> M, < k| < M,
k|?/Mp; k| > My
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over x and then the angles, we obtain,

22 _4/0°°d|p| [p| 3 +2f(Ipl)* (/PP + m? + |e(lp))llp|)

Diggr D Ay -
M e(lp])[v/Ipl? + m2((\/IpP + m? + |e(|p])l[pl)? + &)

_2mi NI
= M—glawk 2 an, (458)

where in the last line we have performed a Taylor expansion about wi = 0, with

n [ Ip| 3+ 2£(p|))*
In = (-1 d (459
Y /0 |p|IC(\p\)Mp!2+m2(\/!p!2+m2+ c(|p|)||p|)2n+t (4.59)

Now the crucial point is that, generically, each of the Z,, is finite so the Taylor

expansion is valid in some neighbourhood of @ = 0. This suggests that the higher-
order time derivatives are a real phenomena and not some artifact of our rough
approximationsﬂ We will discuss the pathological implications of these higher-
order time derivatives and how they may be avoided in more detail in Section
4.0l

4.5 Quantum corrected gauge fields

The Standard Model of particle physics contains three gauge fields, twelve fermions
and one scalar field. The existence of the vectors and fermions has long been estab-
lished, but many years passed with no fundamental scalar fields being discovered.
In July 2012 a new particle, thought to be the Higgs particle, was discovered at
the LHC [156, [157]. This particle is a boson and most likely spin-0 [I5§], but
further measurements are required to confirm its spin. It remains possible that
there exist no fundamental scalars in nature, in which case: what can be made of
the analysis in Section [£.4 Even if the particle is confirmed as a scalar particle,
the data on its properties are nowhere near as precise as the well known vector
and fermion fields. This motivates us to consider a gauge ﬁeldm, specifically the
U(1) of electromagnetism, coupled to Hofava gravity, and investigate the resultant
effects of the one-loop corrections to the propagator, with greater certainty of the

physical relevance.

9This is basically saying that the expansion of the integral about @2 = 0 does not contain

negative powers of @ that cancel off the overall factor of @i
10We do not consider fermions due to the extra complications in the analysis — one cannot

simply minimally couple the flat space action, but instead is required to introduce vierbeins.
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4.5.1 Reduced action for a gauge field

Our tree level matter action is now
S = Sgrav + St’"ee, (4.60)

where .
Shyee = - / dtd*x\/—gF,, F". (4.61)

Again, we will integrate out the constraints to work directly with the dynamical
degrees of freedom. This will also be necessary for the matter field in this case

since it carries a gauge symmetry.

The Hamiltonian and momentum constraints along with that from the vector field

component Ag are

Cy = (?]f/ l\/_ [ K ;K7 + \K* + R® — adla; — QOzDZ-ai]
+ V7 {Al(RE?))QJrAg(R N2 + A, (R Dia’ + A(NR ))
VY (3))2 @iy L (3)
+ M Bi(D;R}))? + By(D;R®)? + By ( AR® Dya’ + TONARY)
+B, (DiaiADjaﬂ' + %A(NADW) + %A%NDﬂf))}
07 2 ii i
B % [WV 7(Fo; — FriN®)(Fo; — FyN') + Fw’F]} (4.62a)
Ci= ; ]i =2M72\/7 (D;K7 — AD'K) — %Fﬂ (Foj — FyyN") (4.62b)
_ S o (Vi

We perform an expansion about Minkowski, given by ([4.28]). For the vector field,
we work in the gauge A, — €A,. We work in Coulomb gauge, so our full set of

gauge conditions is
Vi=0 E=0 9A =0, (4.63)

meaning A; is purely transverse. This will reduce our expansions of ;; to the phys-
ical scalar and tensor, and of A; to the physical vector. The pieces corresponding
to N, N; and Ay will be eliminated when we integrate out the constraints .
Expanding the action order by order in €, we find that

3
S =57 4 ]\;—ls< + WS SENIG (4.64)
p
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where

S@ — / dtd3x

M2

Ay
—A; (07 4+ N) A+ h”< O+ A+ N2 M4A3>h

Ay 1
+Mmn (m — WAQ e A?’) n = My(1 = N)BAB + o My SiAS;

(6A; + 16A) (6B; + 16Bs)

B BN = AACH TR AN S T A
p p
1
5040 +nCY +mCf) + AOCS)} , (4.65)

1 1 . 1 1. .
56 = /dtd3x{2CFo2¢ - §h”F0¢F0j + ZgFl?j + §thFijFik

B
— aM?2 [(Omdm — 2Myumdmdin] — 4A3 A — 4M—zA2C8m@m

pl
— Ay [20,C0iCOn — ((An)? — AMpy Andmdim — 2Mpun(An)?]
B
- 1\74 [—3¢AnA + 8;COmA n — 20,C And; An — 20((An)?
pl

+20;0,¢0;0;nAn — 2MynAnN*n — 2Myudindin/A*n
—8 M 0inAnd; An — 2Mpy (An)* — 4My (9;0m)* An]
+2M3n (0:0;8)° — M32Xn(AB)? + 2Mymd(;S;0;5;
— 2M2(1 = BA)CnAB + AM3n0;0;80;:S; + M2 ((9;0;8)°
— MZEN(AB)? + MpCO;S70:S; + 2M 2 (0;0;80;5;
M208;¢0;80;0;8 + 2M20;(S;0;0;8 — M2(1 — N)9;C0iBAB
— M2(1 = NOiCS;AB + 2M70;¢0;80;S; + 2M20:¢S;0;5;

+nCY +n,0? + Aocff)} T (4.66)
(4) 3 Loo o0 Lo o 1.4
S = dtd’x< — iMpln FOi - ZC FOi + §<h FOiFOj 8h]kF0Z

1 . . 1
+ ihmhiFmFoj — 3MJn( Jﬁ + S;) FjiFoi — §M2lnjnijiFki

D
- %CQFEJ- ChRFy Fy, +1 h ihjlhfFijFik
1 .. .
— Ehlkh]lFiijl + TLC](\?) + nZCZ(?’) + AQC(Ag)} + ..., (4.67)

13

and as before, “...” denote terms which are irrelevant to our subsequent calcu-
lations, and the gravitational constraints are expanded as Cy = EC](\}) + 6201(\?) +
SO + 0 (") and ¢ = € + 0P + SCP + O (). We expand the gauge
field constraint as C4 = 601(41) + eQC’f) + O (%), since we will not be sensitive to

O (€*) terms. Again, we do not need to consider interactions beyond fourth order
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since for 1-loop corrections to the propagator we will only encounter up to four

point vertices.

We now integrate out the constraints by setting cy = —eC’](\?) — 620](\?) — 630](\?) +
O ("), O = —eC? — 2P — 30 +0 (¢*) and O = —CF 20V +0 (6%,
or more specifically,

Ay By? AN BsA?
2€Mp2l <—a S )An = 4eM,, <1 + ﬁ + ]\344) A
pl pl

1 g
+ 5 <FQ¢FOZ + 2FijF”> + 62H2 + 63H3
(4.68a)

. y 1 ..
— 63 |:(C + n)FQiFOZ + F()iFﬂnj + §hZ]F0iF0j
g 1 .
+FYF¢ + iFijF’w h;} +0 ()
2eM3 (1 A28 =2eMy (1 = 3NAL — 207 (FFyy) +€Py
+ 39 (2CﬂjF0j + hijikFOj + Fiijjnk> (4.68b)
+eP;+ 0 (64)
EM]?IAS,- = (ijF0j> + Qo

+ iy (20, Foj + W' B Fo; + B Fignl) - (4:68¢)
+ 63Q3i + O (64)

(4.68d)
— &(( — n)azA() + hijaiajAo] + 0O (63)

where H,, P, and @, are defined as in (4.37).
We now use the equations (4.68]) to eliminate the non-dynamical field n, 5, S;, Ay

from the action, thereby arriving at the reduced action for the dynamical fields,
hij;c and Az

1 g 1 1
Sreduced = /dtd3x 62 |:§hij0”|klhk;l + §COCC + §AZ(—@2 + A)AZ
+ € Viaz + Vear + .. ]+ € [Vas + Vigaz + Vezae + .. + O (7)) (4.69)

where OY* and O¢ denote complicated operators for the leading order kinetic
terms for h;; and (. As before, there are two important three-point vertices and
three important four-point vertices: the h;; A A; vertex denoted by Vj, 42, the (A; A,
vertex denoted by Va2, the A;A;A;A; vertex denoted by Vs, the hjjhyAnA,
vertex denoted by Vjz242, and the (?A;A; vertex denoted by Viza2. Note that
integrating out introduces an A* vertex, which appears absent prior to integrating
out. This also occurs in QED coupled to matter, if one works with just the

dynamical degrees of freedom and is not problematic for the theory.
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Feynman Rules

Working in Fourier space with four-momentum k* split into energy wy and three-
momentum k, we have the following tree-level propagators, as shown in Figure
412k

iAA (k) = & =: &AMk 4.70a
1]( ) —w12(+]k|2+m2 17 ( ) ( )
Ah (k) = 1H5"“’ : 1 AR (k) (4.70D)
i (A) : (2 o) kP — (s +4ay) L
- - - - 4 3) 30
a+ Ik\ + 2% |k| M
k[° Ik o [k['
+ (4B — By +243) = — 4A3B; +2B2——
M} M, M,
3A—1
~ 51 wi, (4.70¢)

where the indexless A4 and A" have been introduced to allow us to separate the

projection operators and the Green’s function. The relevant vertices are shown in

A 7 .
AL(k) Al (k) A (k)

Figure 4.12: Propagators for the dynamical fields in the vector case

Figure [4.13] Recall our convention that all momenta point into the vertex.

4.5.2 One-loop corrections to a gauge field propagator

We are now ready to compute the one-loop correction to the vector propagator.
To this end, the relevant 1PI graphs are shown in Figure As usual, the
renormalised two-point vertex for the vector I'¢} = I'%5 —%, where I'[ = (A4)~!
is the tree-level vertex and ¥ is the self energy (at one loop). We have used the fact
that the propagator will remain transverse (since we have maintained rotational

invariance) to write ¥;; = m;;%, and reduce the number of indices to wade through.

Let us now compute the contributions to the self energy for each diagram. Our
expressions will again be given in terms of the integrations over internal momenta,
explicitly dropping terms that will obviously vanish when this integration is per-

formed.
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k?aj k?aj
Vijiki (v, ko, ks) ks, kl Vij(ki, ko, kg) p==--- ks
klai kl,i
(a) VhA2 (b) VvCAQ
ko, j ky, 1 ko, j ks, kl ko, j k4
/
J/
Wijkl(klu k?a k37 k4) V;jj|klmn(klu k?a k37 k4) : sz(k:h k27 k37 k4)
\\\
k‘l,i kg,k k‘l,i k4,mn k‘l,i kg
(C) VA4 (d) Vh2A2 (e) V<2A2

Figure 4.13: Three and four point vertices for the dynamical fields in the vector

/\\

\

case.

/

- \

7N \/
TN Y VNNV S

Figure 4.14: 1-Loop corrections to the vector propagator

Begin with the pure vector bubblegum diagram shown in Figure The appro-
priate contraction of the legs introduces a symmetry factor of two. We find that
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Figure 4.15: The pure vector bubblegum diagram with a A} vertex

the contribution to the self-energy is given by X 41, where

Wijkl(k7 _kupa _p)
2

leEAur%‘j = Mgl/dwpd‘gpﬁﬁl(p)

= / dwpd3p7rzkm7r;-<n7r,§lﬁ‘4(k)

{ 1 |:W12(w12;5mn5kl + (k- POk — Pmky) (k- PO — Prky)
2 k 2 g, lktplt | p [ktpl®
alk +p[? + Ay M, + By M

wg <5mz5kn k| + 5mnkkkz> + wi (5mz5nl pI> + Pmpn5k1>
k +p|*

N (1 . 1 ) w2 | (1P + k- P) i — Pk] [ (1P + K- D) 0 — Pk

k+p|*

k+p|*
(4.71)

where we again take care to neglect the ‘tadpole-like’ contributions.

Ai&Aj

k k—p k

Figure 4.16: Diagram containing two h;; A? vertices.
Next we consider the diagram containing h;; A? vertices, shown in Figure 4.16 As

this is not a bubblegum diagram we don’t need to worry about tadpole effects.
Taking into account the symmetries we find that the contribution to the self energy
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is Yjp 2, where
M EhA”T gl/dwpdgp‘/ik|mn(kap - k7 _p)‘/jllpq(_k7 k— p7p)AIkL:‘l(k - p)Afrmpq( )

9" mnlpg

/dwpd3p7erT ;‘Sﬂ'};rk pr Ak —p) A (p)
{ |:5rm5nk [wk(wk + wp) —-k- (k + p)] — Orkkmky, + 2km5n(7~pkz)}

[5sp5ql [wk(wk +wp) — k- (k+p)] — dakky + 2kp5q(spl)} }

(4.72)

Figure 4.17: Bubblegum diagram with a tensor graviton in the loop and a h;A?

vertex.

Now we consider another bubblegum diagram, this time with the tensor graviton
propagating around the loop, as shown in Figure [4.17 The diagram contains
a hfjA? vertex and, given the symmetry factor of two, contributes a self-energy
Y2 42 Where

1 ~
MEZy g0 =5 M5 [ diond®DViamn . ~i, ~9) - Bl

/ dwpd’ i, 9 Hgllmnﬁh(p)

1 1
{Wﬁ <5pk5qm5ln - 45pq5km5ln) + Z5pq5km5ln |k|2 (4.73)
— Oin (6pk5qm |k|2 + 5qukkm> — 6pk (5qlkkkl — 5qulkn)
Wy
N
k+pP kKm0 }

Note that the final term in the above equation comes from integrating out the Ag

constraint.

The diagram with the  A? vertices is shown in Figure [4.18] With the appropriate
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p
//’-\‘
/h “A‘\JMAJ\;VV.A
k k—p k

Figure 4.18: Diagram containing two ( A? vertices

symmetry factors this gives a self-energy contribution 342 where
My pomly = M / dwpd®pVig(k,p — k, —p)Vii(=k, k — p, p) Afy(k — p) A (p)
:/dwpd?’pwgﬂr}fngfkﬁ"‘(k —p)AC(p)
{ (1+2f(p)) [0sjwi(wk + wp) + k- (k + p)ds; — kik;]

1 -3\ wp
1—X |pf?

[wp(k -pdij — pik;) + wi(2k - pdi; + |p|? 6i; — pikj — pz‘pj)} }

{ (1 + 2f(p)) [5klwk(wk + wp) +k- (k + p)5kl — kkkl]

1-3\w
~ T ﬁ [wp(k - PO — Prkr) + wi(2k - P + [P O — prky — pkpz)} }
(4.74)
p
2T
-
</
A; ANAAANA A]
k k

Figure 4.19: Bubblegum diagram with a scalar graviton in the loop and a (?A?

vertex

Finally, we consider a third bubblegum diagram, shown in Figure 4.19] This has
the scalar graviton running through the loop with a (*A? vertex. Taking care to

neglect ‘tadpole-like’ contributions, we find that the contribution to the self-energy
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is given by X242 where

M Se pemy = ;/dwpdgpAC<p)Vij(k,—k;p, —p)

/ dwpdgpﬁszkAC@)
{ L (U 85 (p) — 7 p)) i — 23+ 57(p)) Ikl
_ 202
_2(1 3/\) ’ ;i P (k- p)*o z+!k|2pkpl}—||lfL_C;T25m}-
(4.75)

The above expressions can all be marginally simplified by multiplying through by

and using 7« = 2, if one desires.
i 1]

We are again interested in calculating these integrals, and do so by approximation
methods similar to those adopted for the scalar in Section obtaining the

following expressions,

(# ) (#wp + #[K|?) (4.76a)

2 4 2 2 4
S ~ (#+#1 L |)|k’ (#+#1 L >%
pl

. K

'S

M2 ) M2 M2,
(4.76b)
(# t +#> R HE |k|
M2
Speaz A i (# F#m 2 7 #) (#wi + #Ik\Q)
e (4.76¢)
+ o (Fwi + # k[
1 |k|2 4 211,12 4
YA %W (# +#1In 2) (#wk+#wk|k| + #|k| )
" e (4.76d)
P (Bt ) Gk )
2
Y Ra (ﬁ +#1n% + ﬁ) wi
¢ e o (4.76¢)
+ (14 #a) (# 44 L 7 +#> k.

Comparing with the scalar field case in (4.52 , -, we see that the broad pattern
of these is unchanged in the vector case. The only additional terms are those in the
tensor graviton h vertices, due to the fact that our matter field carries a spacetime
index. These terms are subdominant to those in at any rate, so are not

expected to lead to new effects.
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The matter field still couples strongly to the scalar graviton (, as can be seen
in (4.76d]). This suggests that the vector field will also experience large correc-
tions to the light cone. These are not necessarily observable, if all light cones
are renormalised in the same manner. Indeed, [I00] argue that most large correc-

. . 2 2 . o, .
tions cancel out if one compares ¢, ;. — 0C5aiars Provided some additional terms

are added into the potential (these will be discussed further in Section [4.6). Un-
fortunately, our approximation scheme loses specific numerical coefficients so we
cannot independently verify this, but a naive hard cut-off analysis of our results
suggests no disagreement with [I00]. It would be interesting to repeat the analysis
for fermionic fields, to investigate whether the light cone fine tuning is resolved in

that case.

An unexpected feature of the scalar field result was the presence of higher time
derivatives. Are these dangerous terms still present in the vector field case? Yes,
and in fact in our case there are contributions from both the scalar graviton
as before and also the tensor graviton (4.76b|). For photons, not only are
the Ostrogradski ghosts dangerous, but experimentally the other higher derivative
terms may be too, as future experiments may be able to push the limits of the
suppression scale of dimension 6 operatorﬂ on the photon above M,. Similar

restrictions do exist for the spin—% sector, which we discuss in the next section.

It appears that regardless of rank of the field, coupling Hofava gravity to matter

runs into the same, serious problems.

4.6 Discussion

Horava gravity has attracted much interest in its gravitational sector. However,
the knottier issue of matter in the theory is still relatively new. In this chapter
we have looked at both classical and quantum effects of Hotava gravity coupled

to matter.

Having reviewed pure Horava gravity in Section [4.2] we investigated Horava-like
matter theories in Section 1.3, We constructed the most general (at quadratic or-
der around a Minkowski background) Diff z(M) invariant action of matter coupled
to gravity, obeying the usual power-counting renormalisability conditions used in
Hotava gravity and assuming the temporal derivatives are as in the relativistic
theory. This corresponds to all the terms which can be generated if the theory is

renormalisable. We constructed these fields both in the usual ADM composition

UNote that the standard terminology for the dimension in this case includes the dimension
of the field, so since [¢] = 1 when canonically normalised and [A] = 2, the term pAZ%p is of

dimension siz in this language.
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and the Stiickelberg formalism. Using this, it was easy to demonstrate that the
only way of coupling matter to gravity but not the new mode (in order to evade
Lorentz invariance or Equivalence Principle violations) is the standard Lorentz

invariant matter action.

Up to this point, we worked classically. However, in Sections[d.4and [4.5] we consid-
ered the quantum corrections. In particular we studied one loop corrections to the
propagator for scalar and vector matter fields. Our approach differed somewhat
from that of [I00] in that we integrated out the constraints and worked directly
with the propagating degrees of freedom. We also used dimensional regularisa-
tion to (roughly) evaluate our loop integrals thereby eliminating the quadratic
and quartic divergences that appeared in [I00]. These divergences now manifest

themselves as large momentum dependent corrections.

This analysis has revealed some potentially worrying features. The first is the large
renormalisation of the light cone (~ 1/a = 107) at low energies and momentum.
This arises because the scalar graviton couples so strongly to the matter sector
and was not noticed in [I00] since they only focussed on divergences. Whether
or not this means light cones for different particle species must be fine tuned to
one part in 107 remains to be seen. What we can say is that the situation can
probably be improved by modification of the Hofava action to include terms such
as (D; K jk)2, provided they are introduced sufficiently far below the Planck scale.
Such terms were originally proposed by [100] to alleviate quadratic divergences in
the the relative light cones of different species. Here they will act to modify the
propagator for the scalar graviton such that it becomes more weakly coupled to

matter with increasing momentum.

The consistency of including these terms can be questioned, however, since they
correspond to scaling dimension-8, and so the gravitational potential should be
modified to include dimension-8 terms. It is also not clear that these are the
only terms to be added — it may be that two-loop calculations imply a need to
introduce dimension-10 terms, and so on for all loop orders. In addition, [T00]
only consider terms of the form (D;K%)? to avoid modifying the tensor graviton
kinetic piece. However, this is an artificial restriction, and since terms of the form
(D;Kj;)? are permitted by the symmetries, one expects them to be generated
quantum mechanically. A full analysis of the theory with these additional terms
included would be very interesting, particularly as the matter actions would also

gain new pieces.

Another important issue may be the effect of having interacting matter fields, since
then the RG flow can lead to corrections pushing both fields towards the same light
cone [159]. The strength of these corrections depends on the strength of the force,
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meaning there is no reason in Hofava’s theory to expect gravity to experience the
same light cone as matter, despite the ~ 1% experimental constraints from binary
pulsars [100].

The second significant feature revealed by our analysis is the generation of higher-
order temporal derivatives. These are perfectly compatible with the Diff z(M) sym-
metry, but are generically associated with Ostrogradski ghosts [67]. Higher-order
time derivatives are also generated in perturbative General Relativity although
the corresponding ghosts have Planckian mass and so do not propagate when the
effective theory is valid. In contrast, Horava gravity is touted as a UV complete
theory, rather than an effective theory only valid up to some cut-off, so we can

always get a ghost to propagate because we can go to arbitrarily high energies.

Can we avoid this problem by modifying the gravitational part of the action? This
seems unlikely since the origin of the higher-order time derivatives term can be
traced back to the relativistic matter Lagrangian with minimal coupling to gravity.

Indeed, consider the standard action

S ~ /d4x\/—gg"” .00, , (4.77)

If one expands ¢, = N + MLZhW, then one obtains for the hm,goz vertex VA =
P
MLZ [k: gt — Zk(“q”)}, where k, g are the energy-momenta of the scalars and p
p
is the energy-momentum of the graviton. Working through, one arrives at the

contribution to the scalar propagator of

1 _
~ [ AR = DA ), (4.79)
pl

where V7 (k, p) = [k - g — 2kWg”] [k - g — 2klPg?)] and AZZ%(p) is some
generalised graviton propagator (which may be a sum of different helicity propa-

gators, e.g. spin-2 tensor and spin-0 scalar gravitons), and g = k — p.

If one splits the spacetime indices (i, v, p, o) into temporal (0) and spatial (4, j, k, )
indices, then V¥ 1700 and Y0900 contain wit. This suggests that fourth-order
time derivatives will generically be generated, though we cannot rule out the
possibility that the details of the graviton propagator may be such that the w?
dependence disappears from the integral. Given the discussion at the end of the
previous section, it seems a little optimistic to expect that this could be achieved

by a small modification of the gravitational action in Hotrava gravity.

Can we avoid the higher time derivatives by modifying the matter action? Naively
one might be a little more optimistic for the following reason. Consider the of-
fending contribution to the self-energy given by equation (4.55)) but with the Wick
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rotated scalar propagator given by

~ 1

A?(p) ~ m, (4.79)

Working through the analysis as at the end of the previous section we find that

2%y [ pl 3+ 2f(Ip])* (12(Ip])| + le(Ip])IIp])
200 g Pl eDTateDIISe + lepDlph? + o 50

If we imagine that both propagators have a pure z = 3 scaling i.e. Q(|p|) ~ Qo|p|?,
c(|p))|p| ~ colp|® and take f(|p|) ~ fo, constant then the integral evaluates as
o 1/@g, so that the higher-order time derivatives are eliminatedE. Of course,
given that such terms are generated anyway by quantum corrections perhaps it
is natural to consider matter Lagrangians that include an explicit z = 3 scaling
in addition to the leading order relativistic piece. However, the leading order
relativistic piece will almost certainly spoil the neat cancellation we have just
described which relied on exclusively z = 3 scalings. This question deserves fur-
ther investigation, not forgetting the phenomenological implications of introducing
Lorentz violating contributions to the classical matter action. Along similar lines,
it would be interesting to calculate the one-loop corrections to the gravity propa-
gators, to investigate whether the generation of Ostrogradski ghosts occurs in the

gravitational secton”}

It would also be interesting to investigate whether fermions also have light cones
which can avoid fine tuning in the same manner as scalars and vectors, or not.
In addition, [136] has argued that Crab Nebula synchrotron radiation forces the
scale of Lorentz violation in the fermionic sector to be Planckian, a result which
they argue also applies to higher-order operators. For both our scalar and gauge
fields, it appears from and that the relevant scale of suppression
is M, not M,y. If this also holds in the fermionic case, it suggests we also need
an additional mechanism to suppress these corrections. These issues indicate that
extending our analysis for the case of fermions, while technically more involved,
would be fruitful.

Our analysis has revealed dangerous issues for matter in Hofava gravity, and points

towards a need for more detailed studies which may help rule out or save the theory.

12This pure z = 3 theory is equivalent to calculating corrections for 1 4+ 1 gravity, which is

renormalisable, as can be seen by making the substitution |p|® = |q| inside the integral.
13Najively this seems reasonable — if terms of 2z are present in the matter sector, they should
also appear in the gravitational sector.
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Cleaning up the cosmological

constant problem

We now move on to consider a theory of gravity motivated by the need to alter
cosmology and low-energy physics. We introduce a class of models which resolve
the cosmological constant problem, before demonstrating some properties of an
explicit example. Note that in this chapter, the physical spacetime metric is
denoted g,,, with g,, reserved for a fundamental spin-2 field. This chapter is

based on the paper [2].

5.1 Introduction

Small scale physics is not the only indication that we need to alter our theory of
gravitation. On the largest scales, the expansion of our universe indicates a need
for new physics. Observations ranging from supernovae [55 56] to the cosmic
microwave background [160] indicate that standard model particles make up only
5% of the universe. The rest is in the form of (roughly 25%) dark matter and
(roughly 70%) dark energy [38]. This can be explained within general relativity,
but at a cost — one must introduce some new particles to explain dark matter,

and add a cosmological constant to account for dark energy.

While there is significant motivation (supersymmetry etc.) for introducing new,
stable, heavy particles into our fundamental theories, which may then also be able
to account for dark matter, accounting for dark energy is more troublesome. The
cosmological constant, and the associated accelerated expansion of the universe,
can be explained simply by adding a cosmological constant into the Einstein-
Hilbert action. Recall from our discussion in Section [I.3.2]that such a cosmological
constant results in a horrendous degree of fine tuning. The observed cosmological

constant is given by A = Apye + Asy. Now, Agyy ~ M%, but A ~ HZ ~

pb
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(10733eV)2. This means that Ay, must cancel Agys in its first 120 digits!

If we choose to worry about this ‘cosmological constant problem’; then we want
some mechanism to explain the discrepancy between the vacuum energy from
particle physics and the vacuum curvature of the universe. A nice approach would
appear to be finding some mechanism to set A = 0 exactly, and then generate the
acceleration via another mechanism; a scalar field or modified gravity for example.
Unfortunately, methods of forcing A to zero tend to fall foul of Weinberg’s ‘no-go’
theorem [57], ruling them out. However, as with all no-go theorems, there is a
silver lining. It doesn’t only prohibit theories, but points you towards how to
create a theory where the issues may be evaded, giving the potential for viable

self-tuning theories.

What principles does Weinberg’s no-go theorem rely on? It assumes that your
theory that avoids the cosmological constant problem is based in four spacetime
dimensions and uses scale invariance to set A to zero. In such a theory there is no
scale, so a cosmological constant (which is dimensionful and hence corresponds to
a scale) cannot be generated. However, there must exist a goldstone boson from
breaking this scale invariance (which clearly is broken at some level, since we do
observe particle masses). In terms of quantum corrections, there is nothing to
stop an exponential potential term being generated for the goldstone boson — the
presence of such a term would drive the boson to an infinitely large value, corre-
sponding to unbroken scale invariance. While the cosmological constant is zero in
this case, we also have unbroken scale invariance, ruled out by experiment. Hence
one concludes scale invariance cannot be used to fix the cosmological constant
problem. If scale invariance is not responsible for setting A = 0, but a different
mechanism, the theorem can be evaded. An example is the supersymmetric large
extra dimensions (SLED) proposal [161], where SUSY is responsible for the can-
cellation of the cosmological constant. Other assumptions in the no-go theorem
include Poincaré symmetry in the scalar sector, which is broken at the level of the
solution in the Fab Four [162] proposal. There are also several other approaches
in the literature [163HI67].

However, it is notable that most attempted resolutions of the cosmological con-
stant problem seek to explain why the cosmological constant is smaller than ex-
pected. We intend to ask instead why it gravitates less than expected. This shift

in viewpoint forms the basis for our proposal.
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5.2 A novel way to screen the vacuum energy

The idea for avoiding the cosmological constant problem can actually be framed
quite simply. All matter is coupled minimally to a physical metric, which we
denote g,,. This is actually a composite of fundamental fields, which we denote
%EI so that g = G (@a, 0e, 00¢,, . ..). Note that here we suppress the tensor
rank for brevity, and so the ¢, are not all spacetime scalars. In particular, {¢,}
contains a fundamental metric g,,. Unless otherwise stated, we raise and lower

spacetime indices with the physical metric in this section.

We start with the observation that all the contributions to the effective cosmo-
logical constant in the action, both from the bare value and the various particle

physics contributions take the form

/d4x —§ X const. (5.1)
This can be prevented from having any influence on the dynamics if
52 /d4x —g=0  Vfields ¢,. (5.2)

It is only possible for us to satisfy this equation if g, is not a fundamental field, but
is instead a composite, with v/—g a topological invariant and /or total derivative of
the fundamental fields ¢,. In fact, this demonstrates that this proposal is not for
a new model, but rather a new class of models, corresponding to different choices

of {¢,} and the various topological invariants one can build from them.

Since the vacuum energy completely drops out of the dynamic equations, the
vacuum curvature (the curvature of physical spacetime) is now completely distinct
to the vacuum energy and can be chosen arbitrarily. We then no longer need to
concern ourselves with worries about stability of the vacuum curvature against
radiative corrections in the Standard Model sector! It is worth stressing that the
exact value of A is not explained by this proposal, however within it, one does
have the freedom to arbitrarily choose the cosmological constant to agree with

observation with a clean conscience.

To illustrate the idea more concretely, consider the case where g,, and g,, are

conformally related, so that

guu - Q(gbaa 8¢a7 8a¢a>guw (53)

with > 0, which transforms as a scalar. Since /—g = §%,/—g, one could achieve
the required property of a total derivative by choosing ? = ﬁ@u(\/— gA*). Not

1As in GR, we assume that at least some of the fields do not admit a locally conserved energy-
momentum tensor. This ensures that we evade the no-go theorems presented in [168], i.e. the

fact that we already have a tensor means we are not building tensors out of lower spin objects.
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that one does not necessarily have to choose metrics of the form (5.3)), disformal

metrics [I69] could alternatively be considered.

Choosing the appropriate constituents and form of \/—g is only actually half the
story. We have proposed how the action should be built for the matter sector, by
simply minimally coupling it to the physical metric g,,, but have not commented
on how to build the action for the gravity sector. One could choose standard kinetic
terms for the ¢,, but the resulting theory would modify gravity in ways that are
highly constrained by a variety of observational and theoretical considerations,
particularly solar system tests. To evade these tight constraints, screening effects
such as the Vainshtein effect [74] and chameleon mechanism [78| are often vital to

suppress the modifications to gravity.

One obvious way to ensure compatibility with solar system tests is to take the
purely gravitational piece of the action to be the Eintein-Hilbert action, built out
of the physical metric, [ d*z\/—gR(g). Thus, if g, is any solution of GR with
an arbitrary cosmological constant, it will also solve this theory, since it will also
extremise this action. Since (de Sitter) Schwarschild is an excellent approxima-
tion to our solar system, this suggests that we can easily meet the observational
constraints. Unfortunately, this convenient choice comes with a price to pay — in
order to satisfy , Gy 1s required to depend on derivatives of the ¢, (or be uni-
modular gravity, see below). It is thus likely that /—gR(g§) contains higher deriva-
tives, and is afflicted by Ostrogradski ghosts [67]. However, we will show later that
(at second order in perturbations on maximally symmetric backgrounds), ghosts

can be avoided by choosing the conformal factor appropriately.

The proposal therefore contains a wide class of theories, dependent on your choice
of v/—g and kinetic terms for ¢,. From this point onwards, we will consider more
specific examples of theories in this class, but we first discuss unimodular gravity

and its relation to this proposal.

5.2.1 Unimodular gravity

We now compare and contrast this model with unimodular gravity [I70]. Unimod-
ular gravity relies on a similar idea, but approached from a different angle. The
symmetry group of the theory is restricted to those diffeomorphisms that preserve
the volume elementﬂ /—gd*z, whereas we remain fully diffeomorphism invariant.

This results in a theory where the curvature of the vacuum is arbitrary.

20ften referred to as restricting the volume element to unity, although in fact the real re-

striction is to coordinate transformations where the Jacobian is one.
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Unimodular gravity can be derived by considering the action

167TG/d4x\/_[R 2+ (V=g = VT + Salg 9], (54)

where p is a Lagrange multiplier, f,, is a fixed metric and S5,,[g, ¥] is a matter

action. The Euler-Lagrange equations deriving from this action are

0S V=3
69 167G

{GW STGTH + (]\ - %u) gW] =0, (5.5)

along with the constraint /—g = y/—f. By taking the trace of (5.5)), one can

eliminate pu, resulting in

a o . .
0507 = 23w ) |G — 8nGT™ | = 0. 5.6
167rG g“ g " (5.6)
This just tells us that the traceless part of Einstein’s equations must vanish. Note
the disappearance of A from the equations of motion ([5.6). Now, one obtains
an equation for the trace by acting on (5.6) with the derivative operator V, the
covariant derivative associated with g. From the Bianchi identity and energy

conservationﬂ this implies that
V(R + 87GT) = 0. (5.7)

Then the combination R+87GT is constant. In other words, the value of the trace
of Einstein’s equations just corresponds to a boundary condition, and picking this

boundary condition specifies the cosmological constant.

Our proposal can actually be considered as a generalisation of unimodular gravity,
as it includes unimodular gravity as a special case. To see this, one can set () in
. to Q2 = where fuv 1s a fixed metric. In this case, one obtains a theory
with a fixed Volume element since \/—g§ = /—f, which is precisely unimodular
gravity, and \/—g is clearly a topological invariant (as it is a constant). This is,
however, just one possibility and so the proposal describes a wide class of models

which are mostly new but also reduces to unimodular gravity in this specific case.

This relationship between the theories is useful as there are interesting results
concerning unimodular gravity, which gives one hope these will hold in our more
general theory. For example, it is argued that the Hamiltonian is non-zero in
unimodular gravity, resolving the problem of time [I7I]. There is also evidence
that not only does unimodular gravity solve the cosmological constant problem at
the quantum level, but it may also have an UV completion via a full RG analysis

[172]. The relevance of these results to our proposal merits further research.

3Energy conservation cannot be derived from the action since we do not have full diffeomor-

phism invariance — it must instead be imposed by hand.
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5.2.2 Conformally related theories

Until now, we have considered the proposal in full generality. We now wish to
specialise to the case where the physical and fundamental metrics are conformally
related, as in ([5.3)). Explicitly, consider an action of the form

S[ba; Uy] = 16G d*2\/=GR(§) + SmlGuw: Va), (5.8)

where S,, is the matter action describing matter fields ¥, minimally coupled
to the physical metric g,,. From this, we can calculate the equations of mo-

tion. To do thls we make use of the chain rule for functional derivatives 3 ¢ ( y =

[d yég‘ss 69”“ . One can then calculatl that ‘?;a—”((f)) = Q6505 =39 ) 6gaﬂ((xy))+

5 \/_T}g,w 5 qsf(m)‘/ g(y). Turning the handle yields

= /=30 (E“V Ly ) %95” + %OG(E) —0, (5.9)

(5%

where Y .
B = = = |G — srGT] 5.10
/=G 00 167G 4 ( )
and E = E’lj = g“”E’W. Again, I emphasise that we are raising and lowering with
the tilded metric, g* and §,,. Note that the first term in (5.9)) only appears in

the g, equation of motion, and no others, since

8gW _ 1 ¢a = G
efon 0 ¢, = all other fields

(5.11)

TH = \/Lgigm is the physical energy-momentum tensor. The final piece of .

to mention is the linear operator O,. It acts on scalars, and is defined as

0u(Q) = [ 90 555 v/=i) (5.12)
o VT 0 (o VT | 0 (o 0vTiE)
= Q@) " o (Q( )aéugba(:v)) * own (Q( )(‘9@6”%(@)

It is then clear that for any constant c,

O,(c) =

- % / SN 10) (5.13)

by use of the condition ([5.2)). This is vital in eliminating the vacuum energy

from our equations. Note that (5.9)) clearly reduces to the equations of motion of

unimodular gravity (5.6]) in the case Q? = %.

4We use the product and chain rule for functional derivatives, and our other intermedi-

v dguv w 602 3 w 5V=§ 8
ate steps include g‘ = [dly [Q e Sy gfja} [d*y { S Q\Iﬁ ( (}{#? 3{,;) QW}

noted here to aid followmg the calculation.
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We now explicitly demonstrate how the vacuum energy drops out of the dynamics,
showing along the way that any solution of Einstein’s equations (with any value
of the cosmological constant) satisfies . Now, to begin, we split up the energy
momentum tensor into the vacuum energy contribution og,, and the fluctuations

above the vacuum 7,,. We use

G =T — N, 87GT = T + 00y, (5.14)
where A and o are constant, to satisfy the field equations. The first of these is
simply Einstein’s equation sourced solely by the fluctuations above the vacuum
with an arbitrary cosmological constant A, note that this is not related to the
vacuum energy o. The second is our splitting of the energy-momentum tensor
into its vacuum energy and fluctuations above the vacuum. Clearly with this
choice E,, = t25(A + ) and E = -2-(A + o), which is just a constant.
Thus (’)a(EN) = 0, and also clearly E~W — %LE@W = 0, which clearly satisfies .
Therefore, any solution of Einstein’s equations with an arbitrary cosmological
constant is a solution of this theory, and the vacuum curvature is independent of
the vacuum energy. To simplify the equations, we consider only SWGTW = T,
neglecting the vacuum energy o since we have shown it does not contribute to the

dynamics.

We can therefore choose ACDM solutions with an arbitrary cosmological constant
with a clean conscience — there is no fine-tuning involved in the value of the
cosmological constant. I reiterate that since we can regain all GR solutions for
Gy, vacuum solutions, such as (de Sitter) Schwarschild also solve this theory. This

ensures that we see no discrepancy from GR tests in the solar system.

Indeed, at first glance, we do not expect to see any deviations from GR, since
the physical metric can always just match the GR solution. However, there are a

number of points to note about this.

Firstly, GR solutions are not necessarily the only solutions of . Whilst in
unimodular gravity, the equations of motion turn out to be equivalent to Ein-
stein’s equations (modulo a cosmological constant), that will not in general be
true for this proposa]ﬂ We can consider both the classical and quantum stability
of these branches of solutions to investigate the observation consequences of the
extra solutions. This may have implications for Birkhoft’s theorem [I73]. This is
important because the theorem provides evidence that it is reasonable to extend
our Newtonian notion that the gravitational effect of a sufficiently distant masses
is negligible, and therefore we can treat Minkowski space as the weak-field limit of

GR [63]. In Chapter[6] we will go to consider these extra solutions from a classical

®Sufficient conditions for the only solutions for g,, to be those of Einstein’s equation are
proved in Chapter |§| and Appendix @
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perspective.

Secondly, since g, is not a fundamental field, the perturbative structure of the
theory may differ from GR. Of particular concern is the potential presence of Os-
trogradski ghost modes, arising due to the potential existence of higher-derivative
terms in the theory. Not only that but perturbative GR is very well tested, for ex-
ample in calculating energy loss from binary stars [27]. Altering the perturbative
structure by having extra modes (even if they are not ghostly) raises doubts as to
whether these successes of GR can be matched. In the next section, we consider the
perturbative structure of a particular realisation of our proposal, and demonstrate

that it is not pathological (at quadratic order on maximally symmetry spaces).

5.3 Avoiding Ostrogradski ghosts: an example

Now, we investigate the perturbative structure of the theory, in particular whether
the theory is ghost-free. Overbars will be used to denote background quantities
in this section. In this section, we will raise and lower indices with the untilded

metric g,,. Our interest is restricted to the case of conformally related metrics
E3).

Consider perturbations about a maximally symmetric vacuum, with physical Rie-
mann curvature R,,,”(§) = % (gw,ég — gy,,dg) . For Simpliciiy, assume that the
conformal factor has a constant background value, 2 = Q = constant. We

can then write the Riemann tensor of the fundamental metric as R,,,”(g) =
% (gup@‘f — gyp55) , where A = QA.

5.3.1 General perturbative result

Following a lengthy calculation, full details of which can be found in Appendix
[B.1], we obtain an expression for the perturbative action to quadratic order

1

5QS =0 525@}{[9] + 167G

d%M—gAﬁ] , (5.15)
where 2S¢ is the expansion to quadratic order (in dg,,) of the usual Einstein-
Hilbert action with a cosmological constant, Sgrlg] = === [ d*z/—g (R(g) — 2A),

167G
with R(g) the Ricci scalar built from g,,,. We will denote the fluctuations in the

metric as 0g,, = hy,,. The second term in (5.15) is a perturbative correction

arising due to our modification of gravity,

2 2
AL =-— (253(9) — §Df? - 2A5_£2) , (5.16)
40 2 0 Q
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where 0R(g) = V,V,, (W — hg"”) — Ah is the linearised Ricci scalar, h = hf; and

V denotes the covariant derivative using the metric connection for g, .

5.3.2 A ghost-free example

The above equation (5.15)) holds for any choice of Q2 satisfying (5.2]) and (5.3).
Let us now consider the following specific case,

Res(Z, g)
2 GB » g
Q — T, (5.17)

where g is some mass scale and

—_— 1 V1 — 12532 —
RGB(:,Q) = Z(sm MRMHZ ! 2(:JQ)RM3H4 ? 4(:79) (518)

[ Z RIS
is the Gauss-Bonnet combination. The generalised Kronecker delta is given by
OpL A = n!5ff/11 . -55:],

metric, from which we construct the corresponding Riemann tensor,

and =%, is a torsion free-connection independent of the

Ruuaﬁ = gAaRMuAB(E) = g)\a (_28[MEBV])\ + 2EK>\[ME/BV]“) : (519)

V—9Rcpr(E, g) is the well-known Gauss-Bonnet invariant. In 4D, this is a topo-
logical invariant and so (5.2) is satisfied. Note that this remains true in spite of
the fact we are considering a Palatini variation where the Riemann tensor is not

built from the metric connection, but from an independent one.

The full equations of motion are

1 43S 1 "
=5, = | 00§ = 705" ) E* 5.20
V=990, ( a%8 = 9epd ) (5.20a)
5S 1 P L N v
5o = 5920 (Gas %) = 5/(ga5E 'B)(STA g (5.20b)
=2 =,

Before moving on to perturbations, we make some comments about the back-
ground solutions. It is clear from that the traceless part of Einstein’s
equations holds (for the physical metric g,,). Note that cosmological constant-
like terms will never enter into this traceless piece. One can apply 6# (the co-
variant derivative with respect to the metric connection of g,,) to (5.20a). Since
@ME‘“’ = 0 by the Bianchi identity and energy-momentum conservation, one is
left with 8N(§QBEQB) = 0, or the traceﬁ of Einstein’s equations is constant. In
fact, the arbitrary integration constant arising from the previous equation gives
precisely the arbitrary cosmological constant present in the theory, which is also

exactly what happens in unimodular gravity. Thus, the g,, equation of motion

6Tn this case, with respect to the tilded metric.
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(5.20a)) leads necessarily to Einstein’s equations with an arbitrary cosmological
constant for g,,. The Z*,, equation of motion (5.20b)) is automatically satisfied
from this requirement for any =*,,, since O,(c) vanishes for constant c. Let us

A

then assume that the connection =%, coincides with the metric connection on the

background, E/\/w = F)\HV = %g“)‘ (a,ugwc + 81/9#5 - an.g/ﬂ’)'

Moving on to perturbations, the gauge invariant fluctuation of = can be written,

§(Zr, — TP =B .. (5.21)
Tt then follows that 0 = %, and
5? 1

where y* = B*, — B,**. So, the additional contribution to our perturbative
action ([5.15) that arises from modifying gravity can be written

A= 30 (28R(9) ~ JVPV,0 - 200 ) 4 AOR(G) + T~ 200, (5:23)

where ) is a Lagrange multiplier fixing the newly-introduced v to coincide with
.
Now, the perturbative structure of the theory can only differ from GR in the
scalar sectoxﬂ. So, we have two healthy spin-2 modes and none of spin-1, but
the behaviour of the spin-0 modes may cause us some concern. In fact, for the
specific case we have chosen in , the scalar modes are not pathological and ,in
fact, are absent! This statement is true to at least quadratic order on maximally
symmetric spaces. To see this, note that we can rewrite our perturbative action
as

025 = 7 62 G(SQSGR[eWg] + / d*z/=gA\OR(g) + VX" — 2A0), (5.24)

understanding v to be small. That the effective action could ultimately be written
like this is obvious given the form of the full non-linear theory (5.8)). Taking the x*
equation of motion immediately yields 0,A = 0, and so (assuming asymptotically

vanishing boundary conditions), it follows that A = 0. Hence the above action

(5.24)) reduces to

Q
167G
This is now just the effective action for metric fluctuations of the Einstein-Hilbert

528 = 02Sar[e??g). (5.25)

action, with a cosmological constant, on a maximally symmetric spacetime. The

"While the penultimate term in (5.23)) looks like it may be a vector, note that the derivative

operator ensures only the transverse scalar component is picked out.
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scalar ¢ serves to renormalise the scalar modes, but does not alter the fact that
none of them propagate, as is shown explicitly in Appendix [B.2] This means
that, to this order at least, the theory has the same perturbative structure as
GR, with just two propagating tensor degrees of freedom and no ghost. Thus, we
have potentially a ghost-free theory of gravity which can evade the cosmological

constant problem and pass all solar system tests.

Unfortunately, it remains possible that for the specific model in , if one
considers non-maximally symmetric spacetimes, or goes higher than quadratic
order in perturbation theory, the presence of ghosts could be revealed. Such a
scenario is precedented, for example in massive gravity when the ghostly sixth
mode makes its presence known on non-trivial backgrounds or at higher order in
perturbations [70]. In fact, the idea of being able to remove an Ostrogradski ghost
using constraints to all perturbative orders has been questioned recently [174]. It
is a matter for future work whether the constraint procedure which exorcises the

ghost here is able to remove them to all orders or on all backgrounds.

5.4 Discussion

A novel way to clean up the cosmological constant problem has been proposed. By
coupling matter to a composite metric, g.,(¢, 09, . . .), satisfying the property ,
we have been able to eliminate the troublesome vacuum energy from contributing
to the dynamics of the system. Thus one ought to be able to choose the vacuum
curvature to take on an empirical value, as dictated by observation, with a clean
conscience. The challenge is now to build a model incorporating this idea into a

viable model of gravity.

To this end we have proposed a model that exploits the neat idea, and at the same
time ought to be ghost-free and compatible with solar system physics and cosmo-
logical tests. This example contains a fundamental metric g,,,, and an independent

torsion-free connection, =*,,. It is described by the action (5.8) with

a2 — Bes(E:9)

" (5.26)

guu = quw

and the matter fields ¥, are minimally coupled to the composite metric g,,. Note
that this choice of 2 is far from unique. One is free to add a whole host of terms to
its definition without introducing any unwanted pathologies. This includes terms
proportional to Rgp(I, g), and the Pontryagin term R A R. Indeed, all we need is
for the conformal factor to contain some sort of ‘auxiliary’ field whose equation of
motion constrains the Lagrange multiplier to vanish. (In the example presented

here, the role of the ‘auxiliary’ field is played by the independent connection, Eﬁy)
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If that is the case, the perturbative analysis goes through untroubled and there are
no ghosts, at least not on maximally symmetric spaces. On more general spaces,
one may expect ghosts to (re)appear, however this requires further investigation.
One is able to consider far more exotic examples of theories satisfying than
the conformal theories mentioned, which may remain ghost-free via alternative

mechanisms.

It was demonstrated that this theory can be considered a generalisation of uni-
modular gravity. While we considered the theory at the purely classical level,
recent (and not-so recent) results in the literature about the quantum behaviour
of unimodular gravity [I71], [172], including the possible existence of a UV comple-
tion via the renormalisation group, gave us hope that our proposal may be valid
when thinking fully quantum mechanically (modulo questions of ghostly patholo-
gies). While the inclusion of a spin-3 field might seem at odds with the results of
[168] about the consistency of higher-spin theories, note that approaches such as
Loop Quantum Gravity are able to treat the connection as an independent field.

Questions of quantum behaviour of the theory deserve further investigation.

As we have seen, any solution to GR, with an arbitrary cosmological constant, is
a solution to this theory. However, it is possible that the reverse may not be true
and a generic realisation of the theory is expected to permit solutions that are not
present in GR. For the model given by , we noted from that no further
solutions exist, and the extension to GR is fully encoded by the arbitrariness in
A. This suggests that the number of propagating degrees of freedom should be
equivalent to GR. More general models may yield more exotic solutions containing
interesting and potentially testable new features. Chapter [6] considers the effect

these new features may have in cosmological scenarios.
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CHAPTER 6

Cosmology and new solutions with

generalised unimodular gravity

In Chapter [0} a mechanism to evade the cosmological constant problem was pro-
posed. This was demonstrated to be in some sense a generalisation of unimodular
gravity, opening up a new class of potential models. In this chapter, a specific
realisation of the idea will be discussed, and the cosmological behaviour of the
theory considered. The background cosmology of the theory will be determined,

considering both the GR solutions and the new, non-GR solutions available.

Even the GR solutions require work beyond the usual GR result. While the
physical metric solves the usual Friedman equations (ensuring that observations
agree with GR), we will also be concerned with the dynamics of the fundamental
metric. Unlike GR, the physical and fundamental metric are different objects, and

so can exhibit different dynamics.

This chapter is based on [4]. Note that we raise and lower indices throughout with

the physical metric g, .

6.1 Determining the model and solution possibili-
ties

For simplicity, we follow our work in Chapter [5| and work only in the case where

the physical and fundamental metrics are conformally related, g,, = €g,,. We

now wish to consider theories which possess additional physical metric solutions

to those in GR and get a feel for their behaviour. To understand how to choose

such a model, it is instructive to prove the following statement:

Statement. If \/—g contains no derivatives of g, and Vi”, then the only so-
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lutions for g, correspond to FEinstein’s equation with an arbitrary cosmological

constant.

Proof. Begin by writing out the operator Oy, (Q) (for sufficiently differentiable
Q) explicitly,

4 0V—g
0,.(Q) = / air Qé—
Guv
Gt 0 (U5t g) + 00 (V)
— 0, —_— 0,0 _
TR Gt ) RSO Ce v il
V=g =g ( /=g )
8,005 (=Y "9 ) ...
(aag;w) (8 aﬁguu)+2 QB a(aaaﬂgw/) "

where the dots indicate higher derivatives of v/—g, and going from the second to
the final line, we have used that fact that \/—g is a total derivative. Clearly, the
last line tells us that if there are no derivatives of g,, in /=g, O,,,(Q) = 0.

~0.Q 55— + 0a05Q

From (5.9), if Oy, (Q) = 0 VQ, then the g,, equation of motion can be written

_.Vf_Xz(ﬁwy 4E9W> = 0. (6.1)

Since the metric is non-degenerate and the conformal factor non-zero, we can di-

5guu

vide through by /—gf2. Therefore the traceless part (nine of the ten components)
of Einstein’s equations must necessarily be zero. Recall from Chapter 5| that we
can apply the operator V to the traceless Einstein equations, to obtain the re-
sult that the trace is a constant, provided that we also enforce energy-momentum
conservation, V ,T"".

This is then equivalent to all ten components of Einstein’s equation being satisfied,
up to the arbitrariness of the cosmological constant. We have had no freedom in
our choice of this, and so this is clearly the unique equation which g, must

solve. =

Remark. One could alternatively, as shown in Appendix[B.3] weaken the condition
(still only a sufficient condition) to ((52‘(55 — igu,,gaﬁ) @QOQW(Q) = 0. However, it
is harder to get a handle on the meaning of this, and it is not at all obvious that
it is possible to construct a theory such that the weaker condition holds but there

are derivatives of g present.

Remark. Note that this does not imply a uniqueness of the solutions for the funda-
mental fields. In fact, the opposite is true, since for E = constant, the equations
of motion ([5.9) will clearly be satisfied identically for arbitrary choices of all fields

in {¢a} \ {gmx}'
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What is the importance of this statement? Well, it highlights the fact that a
sufficient]!] condition for there to be no solutions in addition to those in GR is if,
as in the theory , no derivatives of g,, appear in the conformal factor. So,
since we are interested in a an understanding of the solution space beyond the
GR solutions, we must consider a theory where derivatives of g,, appear in the

conformal factor €.

In order to construct a theory with O, (Q) # 0 we, analogously with (5.17),
consider adding a Gauss-Bonnet term to the conformal factor €2. In this case,
we add Rgp(T, g), the Gauss-Bonnet term built from the metric connection Ff;l,

associated with g,,. By choosing a conformal factor

0 = [Ron(2.9) + cRon(T. ) (6.2

where € is some dimensionless number, we obtain a theory exhibiting additional
solutions for g,, to GR’s provided € # 0. The work in Chapter [5|suggests that the
constraint arising from Rgp(Z, g) may also be able to ensure this theory is ghost-

free, assuming that = is equal to the metric connection of g on the background.

The full = equation of motion resulting from (6.2)) can be written

1 .
2 _losB)=0
0=y 2 (6.3)

=  0=0\E (—2R*"), — ARM™§) + 4RM16Y) + g™ 5)R — g6V R)

where the Riemann and Ricei tensors above are built from the connection =. This

demonstrates that for E = const., the non-metric fundamental fields are arbitrary.

Meanwhile, the full g, equation of motion isﬂ

0S
00w

~ 1 -~ 2 ~
=/ —gf) (E‘“’ — ZE@‘”’) + —i\/—gP“"”’BVaVBE =0, (6.4)
i
where P*P is the double—dua]ﬂ of the Riemann tensor,

prvaB — _ puraB 4 QRu[agB]V _ QRV[agB]u _ Rg”[o‘ B]V7

! In fact, we conjecture that it is a necessary and sufficient condition that /=g contains
no derivatives of g,, in order for g to only possess solutions which also solve the Einstein
equations. We know of no counterexample, i.e. a theory with derivatives of g which does not
permit additional solutions. Intuitively, this appears reasonable as it seems odd that a quantity
built from g should be covariantly constant with respect to the connection compatible with a
different metric g. For the purposes of this chapter, we will not be concerned with the necessary

condition at any rate.
2A convenient shortcut is to use the equations of motion for Vringo 1N [175], provided one is

careful with signs.
3That is, one takes the Hodge dual of each of the pairs of indices in the Riemann tensor,
prral e“”"“eaﬁ”ARﬂmA. Its trace gives the Einstein tensor [12].
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with the curvature tensors here built from the metric connection I' associated with
guv- It is clear to see that this equation is consistent with Einstein’s equations
Em for Guv, being satisfied up to an arbitrary trace (our arbitrary cosmological
constant). Note that acting on the right-hand most term of with @u results

in a non-zero answer, so there are additional solutions to those in GR present.

We now go on to consider solutions to the theory and their cosmology. In
Section [6.2] we investigate the cosmology of the GR-like solutions of the theory, in
particular the behaviour of the fundamental modes. Having gained this insight in
the simplest case, we move on in Section to consider the non-GR solutions of
the theory and the effect on physical cosmology as well as the fundamental modes.
We conclude in Section [6.4

6.2 GR-like cosmology

Now that we have the full equations of motion for our model (6.2)), given by (6.3)
and ([6.4]), we can begin investigating different branches of solutions in the theory.
We start with an analysis of the branch familiar to us from GR, which is always

also a solution here.

Cosmology is our concern here, so we focus on homogeneous and isotropic solu-

tions. The physical metric can then be written

ds? = a? (—d772 + + r2d52> : (6.5)

1 — Rr?
where a is the physical scale factor and we work, for now, in conformal time. This

makes life easier at this stage since we are dealing with the two conformally related

metrics.

A quick aside on notation: Derivatives with respect to conformal time will be
denoted by ’ and H = %, For simplicity, we will make use of the symbol ~,,,
defined by §,,, = @*7,,. Cosmic time will also be used, with derivatives denoted by
“and H = ¢
the tildes: a is the scale factor, H = %/ and H = % Our universe will be filled with

a perfect fluid, with stress-energy tensor given by TW = a*diag (—p, p,p, p) (Wit

[<Hi=1}

. This convention carries over to the fundamental metric, just without

p # —p). Since the two metrics are related by g, = €g,., the scale factor a for
the fundamental metric will be related to that of the physical metric by a = vQa.

To gain a first understanding of solutions of the theory, start with the GR solution

(for the physical metric). The traceless part of the Einstein equations are satisfied,

4This requirement is made simply because p = —p corresponds to vacuum energy-like contri-

butions, which we know will not affect our dynamics.
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and the trace E is a constant which, for easy comparison with GR, can be set to

E = %. Combining these traceless and trace equations (and taking some linear

combinations), we obtain the usual conformal time Friedmann equations,

H:+ R = ?Zﬂﬁ (6.6a)
- ArG
H=— 7; i (5 + 3p) , (6.6b)
where p = p + % =p+prandp=p— ﬁ. In addition, since @Mf’“”’ =0,

o +3H(p+p) =0, (6.7)

for our fluid. If it is made from several (non-interacting) components, p = pa,

then the above energy conservation equation holds for each component.

Combining and , one obtains the usual background results in cosmology
and in particular, with judicious choices of fluid and A, can match observations in
our universe to very good accuracy [38]. However, this is not the full story since
we have only determined the solution for the physical metric. We really want to

understand the dynamics of the fundamental degrees of freedom, = and g.

In terms of solutions for Z, it is clear from that since E = const, the =
equation of motion will be satisfied for any connection! Motivated by our work in
the previous chapter, we choose the solution where = coincides with I', the metric
connection for g,,,. = is then fully determined by the solution for g,,. Even though
the physical metric is clearly well behaved, we want to ensure that there are no

hidden singularities in the cosmic evolution of the fundamental fields.

Determining the solutions for g is equivalent to understanding the dynamics of
the fundamental scale factor a. Since a is conformally related to a, we use our
knowledge of a and the behaviour of the conformal factor to determine a. Since we
have made a FRW ansatz for g, it follows that Rep(T, g) = M’ (H? + k). Since
we are considering the solution where = coincides with the metric connection for

g, the conformal factor (6.2)) becomes

1 24(1
d4 — 92a4 — ( /j;e) RGB(F,g)a/4 — (T—i—e)r}_[l (HQ + /i) ) (68)

Since a is known, we can (with appropriate boundary conditions) solve this ODE
to obtain the behaviour of a. This equation also demonstrates that the sign of
1 + € is physically irrelevant, since the change a — 1/a will compensate for such
a sign change. We restrict to 1 + € > 0 from now on. Note that rearranging
reveals that for k > 0, H' > 0, so H is monotonically increasing in conformal

time.
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Having derived our equations in conformal time, it proves easier to actually solve
them in cosmic time. In particular, the physical interpretation of the time coordi-
nate will be simpler in this case. Our system of equations to solve can be rewritten

in terms of cosmic time derivatives as,

H? = ? (p7 - g) (6.9a)
=21 p) (6.9)
py = —3Hp, (6.9¢)
4 3
H= m (% - %H) , (6.9d)
where F is a constant, which can be written in terms of the usual cosmological
constant as E = ﬁ and p, is a fluid with equation of state v = ’)Vpﬂ.

6.2.1 Analytic cases

We cannot solve for general cosmologies in closed form, but we can consider some
simple cases of single ﬂuidsﬁ with v # 0, or alternatively consider universes con-
taining a pure cosmological constant, and calculate the consequences. This will
allow us to gain an understanding of the general behaviour and appropriate initial
conditions before we solve more complicated (realistic) theories numerically. For
simplicity, we restrict to spatially flat universes, x = kK = 0, which are in good

agreement with observational data [3§].

By re-arranging , we obtain,

4
m — (H+ HH)H”. (6.10)
Since the left-hand side is positive,the right hand side must always be positive.
In particular, we note that if H changes sign, H2 — 0 at some point in our time
evolution. This means that H — oo at some finite time to maintain the relation
(6.10). Since this means that a ¢ C*(R), we choose to exclude this possibility by
demanding H > 0. Of course, the same conclusions would be reached by working

in conformal time from (§6.8)).

We use the initial conditions a(t = 0) = 1, H(t = 0) = H(0), H(t = 0) = H, to

obtain the behaviour for the fundamental Hubble factor H in the case of a single

5Tt is also possible to determine some multiple fluid behaviour, but the analytic forms are

less instructive, especially since the late-time behaviour will always take on single field form.
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fluid with equation of state v # 0, —QE

1 4 3 - -2/
H3 = (H(0)3 S a ) (1 + —7H0t)
12Hy(2 + 7)1 + ¢ 2

1 pt 3 -
+ — 1+ SvyHot ). (6.11)
12Hg(2+~) 1 + € 2

While for a pure cosmological constant,

1 4 5 1 4
H? = (H(0)3 I ) R (6.12)
24Hy 1+ ¢ 24H, 1+ €

The initial value of H always decays away, and the late time dependence is either
just proportional to t'/3 or constant, so the late time behaviour is of exponential

form in both cases,

s 4 \VB a3 "
exp |5 (m) <F) t 7#0
a ~ ) i 1/3 (613)
exXp W <H—O> t:| s v = 0
or in terms of the conformal factor,
L \8/37 1/3 , ,\1/3
(Fot) ™ exp [—% (%) (&) t4/3} ¥ #£0
0? (6.14)

. ) 13

Alternatively, one can solve for a in terms of @ in order to determine that, for

7 > 0 and at late times

/3
1 4 1 ~2

exp (12(v+2) (1+i)Hg> 2y 7} >0
a~ ) LoNUB (6.15)

exp (ﬂ_u_(1+e)f1§) In a} , v=0

with the conformal factor looking like
~4 _ 1 pt 1/3 2 ~2y =~ 0

0 a - exp 12(v+2) (1+e)HE 74 v (6.16)

" A 1/3 B
exp 411 — (ﬂm) Inal . ’VIO

6Considering more general fluids than v € [0, 2] will be helpful when we come to consider the

non-GR solutions. For v = —2,

pt 1 log(1 — 3Hqt)

H3 = H(0)*(1 — 3Hyt) — _ _
(0)°( ot) 8(1+€) Hy 1-—3Hut
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These explicitly demonstrate that H is, as we expected, a growing function with
time, as is a. The fundamental scale factor and the conformal factor are both
clearly well behaved for the lifetime of the universe in the theory — blow-ups only
occur when H diverges or @ goes to zero, which can occur if e.g. v < 0, or if there

is negative energy density.

The above equations only hold for a single contribution to the energy-momentum
of the universe. However, when the universe has multiple non-interacting fluid
components, the universe’s late time behaviour will be governed by a single com-
ponent (since p oc a=*7), and so the behaviour of H at late times can then be
determined by or for the appropriate component. For example, if
there is any contribution to the energy-momentum tensor with v = 0, this will
dominate the energy budget of the universe at late times, so one expects H to
obey at late times. If a universe just contained radiation (y = 4/3) and
pressureless dust (v = 1), then with v = 4/3 would describe the early-time
behaviour, and with v = 1 would describe late-time behaviour. Our calculations
in this section then demonstrate that H will be well behaved throughout the his-
tory of the universe. Numerical support for this will be demonstrated in Section
0.2, 3

6.2.2 Dynamical systems analysis

Before moving on to consider more general cosmological systems, we re-write our
system in an alternative form, using the tools of dynamical systems to determine
critical points in phase space and their stability. The advantages of this formalism
are not readily apparent in this case, but it will prove very useful when we consider

non-GR solutions to the theory.

Start from our expression for the Hubble parameter (in cosmic time), . In-

troduce the following dimensionless quantities,

87GE 4eH? -
v =2 =0, (6.17)
6H? Iz
and divide by H? to obtain the constraint equation
8tG
This can be re-written €2, + €2, = 1, where the density parameters (2, and (2, are
given by
8t
N = ﬁp’y Q* = T. (619)
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Point | z Eigenvalues 2, | Stability
A 0 3(71+2) (3% —%(’Y + 2)) 0 Saddle
B |1] 3 (<37,-3) | 1 | Stable

Table 6.1: Critical points for the set of equations (6.20)).

It is now possible to use our equations to determine that this system evolves as

dx
i 1 — 2
N 3yx(l — x) (6.20a)
dz 1 3
= _3x—Zhx(1— 2
N =3 3z zﬁyz( x), (6.20b)
d d 1_d
where AN ~ dlna  Hdlna"
We are interested in the critical points of the theory, i.e. ;—Jf[ = j—]f, = 0. These
can be easily calculated to be (z,z) = (0, m>, which we denote Point A,

and (z,2) = (1, %), which we denote Point B. The stability of these points can
be determined by calculating the eigenvalues of the stability matrixﬂ Negative

eigenvalues indicate stable directions, positive eigenvalues indicate unstable ones.

As is clear from Table [6.1} Point A is a saddle point and Point B is a stable
point. Physically this is easy to understand. Point A corresponds to a universe
containing solely the matter density p., and no cosmological constant, while Point

B corresponds to a cosmological constant dominated universe.

If there is a non-zero cosmological constant (z # 0), this will dominate at suf-
ficiently late times over the matter p,. This means that Point A is unstable in
this direction, but Point B is stable. For v > 0, both points are stable in the z
direction. This is reasonable, as can be seen from our result for H? in (6.11]). The
late-time behaviour clearly tends to constant z, and moving in the z direction does
not introduce any cosmological constant. Thus Point A has stable and unstable
directions, and is hence a saddle point, while Point B is stable in all directions,

and we thus expect it to be an attractor.

Again, note that this has not necessarily given us any new information to that
in Section [6.2.1] but it has demonstrated an alternative approach to deriving the
behaviour we obtained in that section. In Section [6.3.3 when we consider non-GR
solutions, it will turn out that we are not be able perform the equivalent analytical
calculations to those in Section [6.2.1 but we will be able to gain insight into the

behaviour of the theory using the dynamical systems approach.

"One performs the expansion = Z + dz, z = Z + 6z to first order on the right-hand side of
dx

£ ox

(6.20), and writes the resultant equations as a matrix equation (‘g ) =M (5 ) One then
L4z z
dN

determines the eigenvalues of M.
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6.2.3 Numerics

It is also possible to consider more general cosmologies via a numerical approach.

In Figure[6.1] we plot the behaviour of various objects in the theory in a realistic

0.05 -
_ 4 2
Y= 3 , Q CNL )
0.04 N =1 10 e
0.03
e
dt
0.02 ) ~
o | H
0.01 10
Q" 9=0 H
0
0 0.1 0.2 ~ 0.3 0.4 0.5 2 6 8 10
H()t [j[()t
(a) (b)

Figure 6.1: Numerical results for a universe with {2, = 0.3 and Q) = 0.7.
(a) The time derivative of H? (blue line). The other lines show the analytic results
for specific values of 7.

(b) The evolution of various quantities with time in this universe.

cosmology made up of 70% cosmological constant and 30% pressureless matter.
At late times, this universe is fully dominated by a cosmological constant. Fig-
ure , shows the derivative of H? against time, and shows that at late times,
the behaviour mimics that of a cosmological constant, as expected from our ear-
lier discussion. Figure shows the evolution of various quantities with time,
demonstrating that the physical cosmology is as expected (F[ — const. at late
times) and that the quantities introduced by the presence of the fundamental
field, a, H and 2 remain well behaved, not only having singularities, but also

being smooth.

A wider range of numerical results shows agreement with our expectations from
the analytic case, a and H are smooth, increasing functions of time. The physical
cosmology is, of course, in line with what is expected from ordinary cosmologies
(with a cosmological constant) in all cases, since this is insensitive to the funda-

mental field dynamics.

6.3 Behaviour of new solutions in the theory

Now that we understand the behaviour of the GR-like solution of the theory, we

investigate how the cosmology differs for the additional, non-GR solutions present
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in our theory (6.2). We begin by going back to (6.2), and no longer work under

the assumption that F must be constant.

6.3.1 Behaviour of &

Since we are still considering cosmology, we again substitute in our FRW ansétze

for g, and g,,. The only non-zero components of the P tensor are
L 1 .. . 2 ..
0:05 __ 7, 2 ikjl 7 Nkt

and components related by symmetry. Using these, we can write

Eogoo (E> = _EE _Q(HQ + /{)IHE, (6.22&)
1 .2 ¢ i i
590, (E) = E%v”\/ —9 [(2?[’ —H? — k) HE + (H? + &) E”} (6.22b)

Since O,,,(E) is clearly not traceless, we can obtain an evolution equation by
taking the trace of (6.4]). The resulting equation is

7_[/

E' = —9HE' )
7 H2+ Kk

(6.23)

Note that if ' = 0 at some time, then using the above equation (and differentiat-
ing), all higher derivatives of E are also zero at that time. Thus if E' = 0 at any
point, £ = constant from that time onwards. So if at any point in its evolution
E' is zero, it will remain fixed, and so the theory will behave like Einstein gravity
with a cosmological constant. In fact, as we shall see once we have determined
the conformal factor in Section a non-zero E’' will be driven towards zero in

general.

This conclusion should be tempered somewhat, since it only holds in cosmic time
if H > 0, since the left-hand side of will pick up a HE piece. Thus F
will only be opposite in sign to £ if H > 0. This does not, however, seem too
restrictive — every case we considered in Section had this property, and the
observed universe today certainly obeys it, but it is a caveat we will need to bear

in mind and return to later.

The traceless part of (6.4) becomes, with the appropriate ansétze substituted in,

~1I

- 1 -
4H — 2% + 2k — 87G(p + p)a’ — % H(H? + k) (—-167G)E' =0,  (6.24)

452

which we rewrite as

~

4H - 2% + 2k — 87G(p + p)a® = 0, (6.25)
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where p = p + py, p = p + psx and

16 .
Pt .= ——%’H(Hz +K)E (6.26)

a4

The ‘starred’ contribution to the energy-momentum tensor corresponds to our
modification of gravity. Note for consistency that if E = constant, p, = —p, and

the additional contribution is just a pure cosmological constant.

Next, use our expression for F,

- 1\ 1 i’ ~2
E= (— 167TG) = (—6 z +8rGa(p — 3p)) : (6.27)

Rearranging, and introducing p, and p, again, we determine using ((6.26)) that

E 12 _
pr=o - aéﬂE’ (H? + k) (6.28a)
E 4 .

where E evolves according to (6.23). Rearranging shows that ~, = p*p%
can take any real value, including being infinite at E = %E’ (with the sign
determined by the direction of approach). Of course, this ~, is a function of time
in general, but we will be most interested in situations where it mimics a fluid
with constant equation of state, which will happen to be at critical points of our
dynamical systems analysis. It is also clear that our work is consistent with our
previous work in Section , since when E’ = 0, v, = 0 and this is just GR with

a cosmological constant.

We now write the Friedmann equation

H2 + k= %&25 (6.29a)
drG _,

H = a(p + 3p). (6.29b)

If we make the (usual) assumption that the fluid is made from several non-

interacting components,

Py = =3H(pa + pa) (6.30a)
p. = —3H(p. + 1), (6.30D)

where p, + p, can be determined from the equation of state ,, or from (6.26)
for the starred component. These equations also need to be supplemented by an
equation for the evolution of E, which is given by (6.23).

As before, these equations are sufficient for us to understand the evolution of

a. It obeys the usual Friedmann equations from GR, but also contains an extra
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fluid component due to the modification of gravity. We also need to understand
how the fundamental fields behave. Again, we restrict ourselves to spatially flat
spacetimes, k = k = 0 from now on. The important equations for us to understand
our fundamental fields are and our = equation of motion, (6.3)).

6.3.2 Behaviour of =

The key equation for = to solve is, of course, its equation of motion (6.3)). It will
be easiest to separate = into the metric connection of g and the difference between

the two connections, a tensor &,
2 =T+ (6.31)

We are only concerned with background quantities, and so by the symmetries of
our theory, we immediately deduce that gy = €%, = 0. Since we assume & = 0,
it follows that &', = 0. We introduce the following scalars to help us parametrise

£,
Co=A oy=68B ¢ =5;C (6.32)

where A, B, C are (yet to be determined) functions of 7.

Since we are looking at non-GR solutions, we must assume that @LE # 0, and so
the remaining terms in (6.3) must sum to zero. It only makes sense to consider
the ) index = 0 pieces of these, since the A = i pieces are multiplied by 8;E which

is identically zero since we are working with a homogeneous and isotropic system.
The two equations we obtain are

H? —2H —2B'+2AB —2B*+ BC +2HA—-HB+HC =0  (6.33a)
3H? —2H' — 2B’ + 2AB — 2B* + 3BC + 2HA + HB + 3HC =0.  (6.33b)

Note that there is still a degree of arbitrariness here — we have two equations for
three unknowns. At first it is unclear how to tackle this. If we try and replicate the
symmetry of the Levi-Civita connection case across A, B, C'then A= B =C =0,
and so necessarily H = 0, too. Unfortunately, this means that the conformal factor
will be zero (since Rgp(Z,9) = Rap(l', g) = 0) and the theory is singular, so we
avoid this possibility.

To make progress, we rewrite A, B, C as
A=0B B=B C =~B, (6.34)

where § and «y are functions of conformal time. Taking the difference of (/6.33]),
the resultant quadratic yields solutions for B of B = —H and B = —H /7.
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Both of these cases lead to the Riemann tensor (of =) vanishing, and so Rgp(Z, g) =
0. This is a perfectly valid background solution, since the conformal factor €2 has
a contribution from Rgp(I', g) too, and so will not necessarily vanish. However,
Res(Z, g) = 0 may be problematic if trying to construct a ghost-free theory, since
our demonstration of the absence of ghosts relied on Z’s conformal factor being

non-zero (and, specifically, a Levi-Civita connection).

This demonstrates that the dynamics of = decouple from the rest of our prob-
lem, so we are unaffected by the remaining arbitrariness in the solution. We can
now discuss a and a independently of =’s behaviour. We will however, return to

discussing = in our conclusions in Section [6.4}

6.3.3 Behaviour of «

We now want to understand the dynamics of a. Start by considering the equation
a = v/Qa. Our expression for ©, (6.2)), can now be simplified to Q2 = ﬁRGB(F, 9)
since Rgp(Z,g) = 0. Since with our ansatz for g, Rgp(T, g) = 2H'(H? + k), we

can determine a by solving (remembering that we set k = 0),

at = %H’HQ, (6.35)
with appropriate boundary conditions, assuming a is known. As in Section [6.2] we
can use the fact that a* and H? are greater than zero to determine thatﬂ H >0,
or H+ HH > 0. As before, taking H > 0, tells us that £’ will tend to
zero regardless of the original sign of E'. Tt is easy to see that this also holds for
the cosmic time derivative E under the assumption that H > 0. This is helpful,
since it tells us that given enough time, the additional fluid should approximate a

cosmological constant.

Now we have all the equations, we attempt to proceed as before and solve the
full system of equations. Previously, we could solve for the physical scale factor a
before worrying about the fundamental field behaviour, but the way the equations
are coupled prevents that approach working in this case (except for E' = 0).
We can gain some intuition for the behaviour of H from our equations
and , since these cover all v € R, even though v, is non-constant. We
expect the fundamental field’s Hubble parameter cubed H? to have (once any
transient has decayed away) an linear relationship with time, ~ At + B, unless
an effective cosmological constant dominates, it which case, H will just exhibit

constant behaviour.

8We consider € > 0, which is sufficient to capture all the dynamics since a change in sign in

€ is equivalent to changing a — 1/a.
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The relevant equations for us to solve are (6.23]), (6.29)), (6.30) and (6.35]), as well
as needing to use (6.28)) for our ‘modified gravity fluid’. For clarity, these can all
be viewed together as a group in Appendix B.4 As before, we will find it most

useful to work with the cosmic time equations,

-, 81G E B
= WT <p7 +5 - 3JE) (6.364)
2 8t 2
H=-=F (yp7 - 4JE) (6.36b)
py = —3Hp, (6.36¢)
= i3 1 ~
E=-E(—+H 6.36d
(35 +1) (6.364)
.1 .
J =5 —3JI, (6.36¢)

where J = %H 3 a combination which has been defined for convenience.

Dynamical systems analysis

We cannot perform a straightforward analytical calculation of the solutions of the
theory as we did before, though we can formally write the solutions to the above

equations. Note in particular

~ t t
IO = T I D[ sy, (6.37)
0
and . ) -
E(t) = B(0)e b (st 7). (6.38)

These confirm that H > 0 and E — 0 as t — 0o, as well as the rapid decay of any
initial transient in H, under the assumption H > 0. Unfortunately, solving this
system in full generality will not be possible, so to gain further insight, we use a

dynamical systems approach.

Introduce the dimensionless variables

_ 87GE _ 8TGJE

T =% z=JH = EH?uff, (6.39)

and, as in Section obtain a constraint equation by dividing (6.36a)) through
by H?2, resulting in

87Gp,
r+y+ — = 1. 6.40
YT (6.40)

If we make the (reasonable) assumption that p, > 0, then (6.40) implies,

r+y<Ll (6.41)
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Point | 7 | ¥ 3 Q, Vs
A 010 ﬁ 0 | undefined
B 110 g 1 0
C |eilail w |1 7

Table 6.2: Critical points for the set of equations (6.45). Their stability is given

in Table @

Our density parameters for the components in our theory are given by
_ 8nGp,

BV E
and, clearly from (6.40), €2, + Q, = 1. This also makes it clear that if we demand

Q. > 0, then we obtain the constraint,

Q. =zx+y, (6.42)

r+y=>0. (6.43)

Since we are treating the modifications to gravity as an effective fluid component,

we can define its equation of state,

Ay
=3y (6.44)

So if y = 0, then v, = 0 and it behaves like a cosmological constant. If y = 3z,
it behaves like a matter component since v, = 1, and so on. In general, since x
and y will change with time, 7, will change with time, though it will take on fixed

values at the critical points.

By taking the time derivative and again introducing a dimensionless time N via
d d 1d

(and assuming H > 0),

W:dlna HE

dx Y

T = g TAay 3yl —y) (6.45a)

dy _y

N =5~ Wy 43w —a—y) (6.45b)
1

5_; Sg TR E ;72(1 —Toy) (6.45¢)

Note that if we restrict ourselves to the surface in {z,y, 2z} space defined by y = 0,
these equations coincide with those we obtained for the GR branch in (6.20)).

We are again able to find the critical points of this system, which we display in
Table along with their stability in Table In addition to the two points on
the y = 0 plane which we observed previously, A and B, whose stability properties
remain unchanged, there is also a new saddle point introduced, Point C. This

corresponds to a tuning of E and E such that their ratio to each other and to the
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Point Eigenvalues Stability
A (37, =6+ 77, =3 (v +2)) Saddle
B (—37v,—-3,-3) Stable
C | (-22+VT),3(-2+V74),-2(—=6+77)) | Saddle

Table 6.3: Stability of the critical points listed in Table for the set of equations
(6.45)).

Hubble parameter H remains fixed. This is, unsurprisingly, a saddle point since

moving away from the point breaks the tuning.

Since we have a point (B) whose stability matrix eigenvalues are all negative, it
is tempting to conclude that we have an attractor in the theory corresponding to
the modification to gravity behaving like a cosmological constant at late times,
regardless of the initial conditions. Unfortunately, this is not necessarily true.
The stumbling block is our assumption that H > 0 throughout the universe’s
evolution. H < 0 causes us three problems. In order to change sign and go from
positive to negative, H = 0 at some point, and it is easy to see that our variables
2,y blow up in this limit, meaning our approach breaks down. In addition, since
H < 0 changes our direction of time (N — —N), the time variable we chose
for the system is non-monotonic. This reversal of the time direction also means
that we should reverse the eigenvalues of our stability matrix. Stable points thus
become unstable ones, and so point B is no longer an attractor in this case. We
will alter our formalism to try and get around these problems. First, however,
we illustrate a specific example of initial conditions which lead to H > 0 and the
behaviour we expect, as well as highlighting the regions in initial condition space

which correspond to such an evolution.

Consider Figure where we numerically evolve a universe with initial conditions
and H > 0 throughout. Figure shows a projection onto the z—y plane and
the behaviour of the values of x,y,z with time is shown in Figure [6.2b] Figure
makes it clear that the system reaches the stable point B, and does not evolve

from there.

Figure is more complicated and contains a number of lines, points and shad-
ings which need to be explained. The black square indicates the projection of the
initial conditions chosen onto the z—y plane, and the system’s evolution follows
the black line. The red, green and blue circles denote Points A, B and C respec-
tively. Given this, it can then be seen that the system’s evolution is from the

initial conditions at (3, —%) to the attractor at Point B.

The red lines mark our assumptions on the non-negativity of {2, and €2,. The
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(a) A projection onto the z—y plane of (b) The evolution of z (blue), y (green)

phase space. and z (red) with time.

Figure 6.2: The evolution resulting from the initial conditions (z,y,z) =

(3:=5:5):

region to the top and right of the dashed red line corresponds to x +y > 1, or
2, < 0, which is considered unphysical (although good late-time behaviour can
still be obtained in some of this region!). The region to the bottom and left of the
dot-dashed red line corresponds to x +y < 0, or €2, < 0. We do not necessarily
have as good a motivation to demand that this region is avoided, since €2, is just

some effective fluid rather than a true ond’l

The remaining shadings represent different late time behaviours obtained by start-
ing the system in different regions of the x—y planﬂ Evolution starting in the
light green region will end at the attractor, Point B, and have H > 0 through-
out. Outside this region, H becomes negative at some time. In the yellow region,
the sign of H oscillates, and it ultimately ends up at Point B. In the unshaded
region, H — —co in finite time, and so a big crunch occurs, and Point B is not
approached. The behaviour of these two regions will be demonstrated in the next

section.

A more traditional phase portrait is shown in Figure[6.3] To produce this, we have
restricted our dynamical system to the z = % plane. This kind of representation
of the phase plane can be misleading because of our restriction to the z = é plane.
Whilst we could calculate the directional trajectory for any point in the {z,y, z}
space, displaying this information graphically in a clear manner is non-trivial. To

avoid potential confusion, we instead use our projections onto the {z,y} plane, as

9For example, it is not inconsistent for the density parameter for the curvature, Qz = 7#
to be negative.

10T obtain these colours, one also has to make an assumption about the initial condition of
z. Here z = 1/9 initially. The choice of z will slightly move the borders of the regions, but make

no qualitative change to the discussion.
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Figure 6.3: A phase portrait of the z = % plane in {x,y, z} space. The red spots

indicate fixed points, the blue lines are the evolution of the system from a selection

of initial conditions. The orange and pink lines are nullclines. The arrows indicate
dx

the projection into the z = % plane of the gradient vector 7%, evaluated for various

points in the z = % plane.

in Figure However, this diagram is still informative since it still accurately
displays the flow directions over much of the phase space, in particular the stability

properties of Points A and B are clear from this diagram.

Dynamical systems analysis in new variables

The evolution for all starting points in the green shaded region of Figure [6.2a] can
be well-described using the formalism we have detailed, but for the remainder of
phase space, it will prove useful to define new variables which remain finite as
H —0.

We introduce the dimensionless variables,

2F 2 7F 5 ]
x=—rt oy AIE g w=2 (640
6 <H2 + H§> <H2 + Hg) H,
where Hy = H(t = 0). These are related to our original variables by
1+ W2 14+ W2
T = WX Y= Y 2=WZ. (6.47)

W clearly has no analogue in our original variables. Clearly, H — 0 = W — 0,
and in this limit X, Y, Z and W are all well-behaved, whereas x and y blow up.
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1
H

ups and our time coordinate being non-monotonic. To combat this we introduce

We also encountered a problem with % = % changing sign, resulting in blow-

a new dimensionless time
T = Ht, (6.48)
which is clearly monotone for monotonically increasing ¢.

From this, we write down the evolution equations for the system {X,Y, Z, W},

le_)T( = _GXZ +AWXY +39WX (1 ZV;W —X - Y) (6.49a)
% - 6£Z —AWY(1-=Y) +39WY (1 E/;VQ —X - Y) (6.49b)
Z—i = % —3WZ (6.49¢)
C;_‘;/:_(HWQ) {zy+;7(1f/;/2—x—y)] (6.49d)

Our stable point BH corresponds to a critical line along the W axis in these
coordinates as (X,Y,7) = (%,O, #) Working in the subspace orthogonal
to W, this looks like a point, and so we carry out the standard linear stability

analysis. For fixed W, the eigenvalues of the stability matrix are

—3W
(—SW, —3m W) .

This point is stable if W > 0, but unstable in all directions if W < 0. This agrees

with our earlier observation that Point B was only an attractor if H > 0.

As a first stage in our analysis, we now repeat the calculation leading to Figure
in these new variables. These are shown in Figure[6.4] Note that, as shown in
, the critical points and the red lines drawn in will move as the system
evolves and W changes, so we do not plot the red lines or the Point C to avoid
cluttering the diagram. The X-Y phase plane plot in Figure [6.4a] demonstrates
the same features as before. The system evolves from its starting black square

to the (moving) green circle representing Point B. This interpretation can also be
W2

1+w?2»

and W — const, at which point the system stops evolving and becomes stable.

obtained by considering Figure |6.4b, where we see X — Y -0, 7 — #

We now move on to consider the unshaded region in our z—y or X-Y plots, and
consider its intersection with the 0 < z +y <1 ‘tramlines’ of Figure where
2, > 0 and €, > 0. The evolution of a universe with initial conditions in this
region is shown in Figure 6.5 where we show the behaviour of 7, alongside the

diagrams we have previously shown. As is clear from Figure m, H becomes

"Ppoints A and C are not stable points in this system.
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(a) A projection onto the XY plane of (b) Evolution of X (blue), Y (green), Z
phase space. (red) and W (black).

Figure 6.4: The evolution of the same system as Figure . but in our new

variables. The initial conditions are now (X,Y, Z, W) = (¢, — 15, é, 1).
1 ; 3 10
‘ ‘ : 2
05 AT 5
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Figure 6 5: The evolution of a system with initial conditions (X,Y,Z, W) =

( 673’9’ )
(

a) Shows a projection onto the X-Y plane of phase space.

(b) Shows X (blue), Y (green), Z (red) and W (black) evolving.

(c) The evolution of the effective equation of state -, (blue) and density parameter
€2, (green).

negative in the evolution, before diverging to —oco in finite time. Figure
shows that the system never reaches Point B. Point B ‘moves’ along the X-axis
to the origin as W — 0, before moving away from the origin as W? grows with W
having passed through zero. Figure shows that the effective fluid never has a

constant equation of state.

At this stage, we have demonstrated that there are regions of phase space where
either Point B is reached with H > 0, or else H becomes negative and diverges to
—oco in finite time, producing a big crunch with H < 0 throughout. The former
provides a good fit to our A dominated universe, while the latter does not describe
our universe well, especially since we know H > 0 presently. As previously alluded

to, there is a third region, coloured yellow on the z—y and X-Y planes such as
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Figure , where H becomes negative during its evolution, but still ultimately

reaches Point B. We now consider this possibility.

As we approach the yellow region in the z—y plane, the trajectories is phase space
start to loop before reaching the attractor at Point B, as can be seen in Figure

. H > 0 throughout so we can use our original variables z,y, z to express this.
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Figure 6.6: The evolution of a system with initial conditions (z,y,z) =
1 _8 1

(=5 —259)-

(a) Shows a projection onto the z—y plane of phase space.

(b)

(

c¢) The effective equation of state 7, (blue) and density parameter €2, (green).

Shows z (blue), y (green), z (red) evolving.

While H < 0 initially, H — 0 and the system does not pass through H = 0.
However, if instead we move our initial conditions away slightly, into the yellow
region, H will become negative at some point in the evolution. We can no longer

describe this using our (z,y, z) variables.

Such a scenario is demonstrated in Figure [6.7], which shows snapshots at various
times in the system’s evolution. In this case, we performed our numerical cal-
culations using the {X,Y, Z, W} system. However, since the resultant pictures
are clearer, the phase plane plotted is the x—y plane, not the X-Y plane. These
variables have been reconstructed using the relations . The time evolution
in this plane is still the monotonically increasing 7. Interpretation is simpler
in this plane since the critical points do not move. The contents of Figure
clearly show that the system undergoes decaying oscillations in H, as well as E
and J. Over time, the magnitude of these oscillations weakens, and over very long
timescales, the system eventually reaches the attractor at Point B. The presence
of these oscillating solutions the phase space is interesting and they do not offer a

physically accurate match to the observed universe.

We have thus seen that there exist three régimes of solutions in this theory, based
on initial conditions in the x—y plane. Regardless of whether one imposes the
constraints of one or both of the red lines in our x—y diagrams, around half the

phase space results in a viable, cosmological constant dominated, cosmology. This
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at least suggests that one does not require fine tuning to exhibit cosmological
constant-like behaviour in these non-GR solutions of the theory, although, of
course, one must pick a more restrictive region to obtain a value for this cos-

mological constant consistent with observations.

6.4 Discussion

We have investigated cosmology in a generalisation of unimodular gravity, con-
sidering non-GR cosmologies and their qualitative behaviour. Having derived the
equations of motion of a model we know possesses non-GR solutions, we first
determined the cosmological behaviour of the system (fundamental and physical
metrics) for the GR-like solutions in the model. We demonstrated that in this case,
the system behaved like GR plus a cosmological constant, and the fundamental

metric was well-behaved.

Having gained this insight, we moved on to the non-GR solutions. It transpired
that there were three classes of solutions. One régime led to late time cosmolog-
ical constant-like behaviour, with v — 0 as ¢ — oo, mimicking the GR solution
of the theory. We understood this as corresponding to an attractor in the theory.
However, this critical point was only an attractor in the case that H > 0. The two
other régimes involved the physical Hubble parameter H becoming negative, and
resulted in wildly different cosmologies. One resulted in an oscillating cosmology,
and the other in a ‘big crunch’ cosmology. Both of these are considerably differ-
ent cosmologies to what we observe. However, around half the parameter space
appeared to exhibit late-time cosmological constant-type behaviour, meaning that
despite the presence of extra solutions, it does not appear that unreasonable fine
tuning is necessary to obtain A-like behaviour, at least at the level of background

cosmology.

These extra solutions arise by not imposing the condition E = const. Unfor-
tunately, this turns out to also affect the connection Z we introduced. With
E # const, = can no longer be chosen arbitrarily, but instead is chosen dynam-
ically. This results in a solution with Rgp(Z,g) = 0. This is problematic, since
our demonstration of the ghost-free property depended on the form of =, and so
we have no reason to expect that this theory is ghost-free. However, this may not
be the case with all ghost-free variants of the theory, which may be able to remain

viable despite the fact that E # 0. This issue deserves further consideration.

Ultimately, it appears that while there is naive similarity between the GR and
certain non-GR solutions, at a deeper level the additional solutions allow patholo-

gies such as ghosts to enter the theory. One might want to restrict the theory
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to the GR solution with a Levi-Civita connection for = by setting E’ = 0 by fiat,
but there is no good reason for forcing this condition to hold. It appears that the
most promising approach may well be to construct theories which do not have any
additional solutions to those in GR (such as those without derivatives of g in €2),
which are guaranteed to match Einstein’s equations with an arbitrary cosmologi-
cal constant, and the freedom that exists to choose the fundamental fields other
than the metric may help permit a viable theory to exist. An alternative approach
may be to attempt to identify some symmetry or other mechanism for ensuring

that only the GR solutions of the theory are ever realised.
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Discussion

7.1 Summary

This thesis has discussed models of modified gravity, in the quantum and classical
régimes. Even as GR approaches its centenary, there is no obvious candidate for
a usurper. The two specific examples of modified gravity considered here both

indicate in their own ways how hard finding viable alternatives to GR is.

In Chapter [I] we highlighted the successes of General Relativity, at both a theoret-
ical and observational level. We then moved on to discussing its flaws, in particular
evidence from both the high and low ends of the energy spectrum that GR must
ultimately be modified. The perils of such approaches were then discussed, in
particular noting that the additional modes present in alternative theories often

prove dangerous for the viability of the theory.

In Chapter [2, we introduced a modified theory of gravity for the quantum realm,
Hotava gravity. The set-up of the model was given, showing how Lorentz invari-
ance can be broken in the gravitational sector in order to improve quantum be-
haviour. Loop corrections diverge less, since there are higher order spatial deriva-
tives in the propagator, but Ostrogradski ghosts are avoided by remaining second
order in time. While the potential for good quantum behaviour is exciting, we
also highlighted some of the downsides of such a model, particularly focusing on
the behaviour of the additional mode which arises due to the breaking of diffeo-
morphism invariance. By reviewing the literature, we suggested that the ‘healthy
extension’ was the variant of the theory with the most promise, avoiding strong
coupling, tachyonic and ghostly instabilities, and issues with matter coupling and
cosmology. But there remained disputes in this theory about the presence of strong

coupling and the necessity of introducing a hierarchy of scales.

In Chapter [3| we set out to resolve these disputes. By using the Stiickelberg trick
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and employing a decoupling limit we were able to isolate the behaviour of the
extra mode from the general relativistic behaviour. After showing that we could
recover previously obtained results in our limit, we then demonstrated that not
only was it necessary to introduce a hierarchy of scales to evade strong coupling,
but that avoiding strong coupling was not possible if the theory possessed our
decoupling limit. Having obtained a formalism where the Stiickelberg dynamics
were easier to work with, we used this to our advantage, explicitly demonstrating
that Horava gravity violated the Weak Equivalence Principle. This potentially
pathological issue has not been noted previously, and raised the prospect of being

able to use Equivalence Principle tests to constrain the theory.

In Chapter [l we considered the effect of adding matter into Hofava’s theory.
Working at a classical level, we constructed actions for scalar and gauge fields
consistent with the Diffz(M) symmetry of Hofava gravity. We then proved that
these actions would lead to violations of the Equivalence Principle unless the new
terms permitted by the reduced symmetry vanished. While at a classical level it
is permissible to set coefficients in the action to zero by fiat to remove unwanted
terms, this isn’t true quantum mechanically — unless protected by a symmetry,

quantum effects can (and generically will) re-introduce such terms.

Motivated by this, we moved on to calculate quantum corrections to a tree level
Lorentz invariant matter (scalar or gauge) field coupled to Lorentz violating grav-
ity, focusing on one-loop corrections to the propagator. We elected to work with
the propagating degrees of freedom: the matter scalar, tensor graviton and one
scalar graviton. To achieve this, we expanded around Minkowski space, performed
a partial gauge fixing, and integrated out the remaining non-physical modes using
the constraints. Despite the fact that we were forced to approximate the answers
to the resultant loop integrals, we were able to find interesting features. The large
coupling between the scalar graviton and matter sector resulted in a 1/a ~ 107
correction to the light cone. Unless replicated for all particles, this would result
in a fine tuning to ensure all particles see the same speed of light. We saw that
generically, higher order spatial derivatives would be generated, with a suppres-
sion scale M,. This was expected since these were consistent with the symmetries
of the theory and by the old adage of quantum theory: “if it’s not forbidden, it’s
compulsory” they would appear. Unfortunately, they were joined by higher or-
der time derivatives. The Diff (M) symmetry was designed precisely to protect
against these sort of terms and the associated ghosts. We argued that their gen-
eration might be related to the fact we did not have a purely z = 3 theory — if
the only terms across the matter and gravity sector were scaling dimension 6, we
could rewrite the action as a 1 4+ 1D model, which is conformally invariant, but

this was spoilt by the presence of scaling dimension 2 and dimension 4 operators.
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In Chapter [, we moved on to discuss a classical modification of gravity. In
particular, a new model to tackle the cosmological constant problem was proposal.
By coupling matter to a composite metric, we were able to remove any contribution
to the gravitational field equations from the vacuum energy by making the volume
element a total derivative. The value of the cosmological constant just arose as an
integration constant, and could be freely chosen without any worries about fine
tuning it against particle physics contributions. By constructing the gravitational
action as the Ricci scalar of the composite metric, we also saw we could obtain
a theory whose solutions for the physical metric were equal to those of Einstein’s
equations, ensuring it passed solar system tests. After demonstrating that this
idea could be considered a generalisation of unimodular gravity, we derived the
equations of motion in the case that the composite metric was conformally related
to a fundamental one. Since it appeared that our proposal had a generic risk of
encountering Ostrogradski ghosts, we calculated a specific example in which (to
the second-order action on a maximally symmetric background) this was not the
case. By considering a theory with an additional, independent connection =, a
constraint arose which was able to exorcise the ghost, and the remaining degrees

of freedom were just the same as GR.

In Chapter [6] we moved on to discuss cosmology and non-GR solutions in this pro-
posal. While a solution of GR is always a solution in this theory (for the composite
metric), the converse does not necessarily hold. We proved a sufficient condition
for a theory’s solution space to match that of GR, using this to help motivate a
choice of model with non-GR solutions. Wanting to understand the effect of these
new solutions on the physical cosmology and the fundamental fields, we consid-
ered the GR-like solutions to gain some relevant intuition. Having understood
their properties, and demonstrated that the fundamental field was well behaved,
we moved on to the non-GR solutions. Over roughly half the phase space, the
fundamental field was well behaved and the effect on physical cosmology was con-
sistent with adding a cosmological constant. Unfortunately, choosing to consider
non-GR solutions came at a cost, since it forced us to break assumptions on the
connection = that we used to derive the ghost-free property of the theory. We
concluded by suggesting that restricting to a theory with only GR solutions may

be the safest approach to accurately describe our univese.

7.2 Future directions

While, as previously mentioned, modifying gravity (successfully) is very hard,
the models here are able to tell us something about the viability of different ap-

proaches. In fact, since the same features are generic, occurring across multiple
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different theories, further investigations into these are likely to be able to tell us

about more general modified gravity models.

Research in Horava gravity would benefit greatly from additional phenomenologi-
cal work. Recall that the avoidance of strong coupling and solar system tests place
upper limits on M, , while Equivalence Principle and Lorentz Invariance violations
can place lower limits. It is possible that tightening these limits will lead to an
inconsistency of the two bounds, ruling out the theory. An example of this would
be to use our work on loop corrections to ordinary matter in Hofava gravity, and

calculate the resultant size of Equivalence Principle violations.

Lorentz violation is also a looming spectre for Hofava gravity, and the results may
turn out to be applicable in other Lorentz violating theories of gravity. Many
of our best tests of Lorentz invariance involve fermionic systems and so it would
be a very worthwhile exercise to repeat our analysis of Chapter {4| for fermions.
This procedure will be more involved than our calculation, due to the necessity of
introducing vielbeins, but the results (and their comparison with those for scalar

and vector fields) may be directly able to rule out the theory.

It has been argued schematically that adding terms like (D;K)? to the theory
would help avoid the fine tuning of light cones and it would be interesting to
repeat our analysis and that of [I00] to determine whether this effect really does
resolve this issue. We would also like to determine whether it has any effect on
the higher dimension (particularly time) operators. Altering the Lifshitz scaling
in this manner also permits additional terms to be added to the action. We could
investigate which new terms are consistent with the symmetry classically, and
which terms generated by quantum corrections. For example 9207 terms in the
tensor gravity or matter sectors may be generated, and it would be interesting to

see if the presence of these terms can be made consistent with observation.

The parameter \ and its renormalisation group flow is very important in Hotrava
gravity. It is desired that it flows under the RG to 1 in the IR (though it should not
take the value A = 1 precisely), but this has never been demonstrated. This may
be possible in the context of holography, by considering a 441D Lorentz violating
version of Randall-Sundrum II, where varying the size of the extra dimension

corresponds to varying the energy.

The proposal for cleaning up the cosmological constant also has a number of inter-
esting directions. It would be interesting to try and work with the full (non-linear)
degrees of freedom by using the Hamiltonian. By trying to keep as much gener-
ality as is practicable, it may be possible to understand what conditions on the
proposal allow one to obtain a ghost-free theory. This may be a particularly useful

approach, since far more exotic models than the conformal ones we considered are
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possible. Disformally related metrics may prove a fruitful avenue, or considering
alternative kinetic terms to avoid the ghost (and rely on non-linear effects to pass

solar-system tests). All of these merit further investigation.

The theory has only been considered classically thus far, but quantum effects
must ultimately be investigated to know whether the proposal is a viable model
of the universe. The analogy with unimodular gravity may be highly useful in
this context. It would be particularly interesting to understand whether, as in
unimodular gravity, a renormalisation group analysis reveals the potential for a
UV fixed point.

Understanding the extra solutions of the theory, by either proving or finding a
counterexample to our conjecture about GR solutions would be a helpful step. It
would be very useful to know whether allowing non-GR solutions always ruins your
ghost-freeness property and whether the existence of a large region of parameter
space where the theory mimics a cosmological constant, even in a supposedly non-
GR solution, is a generic feature. In addition, we have considered only background
cosmology thus far. Theories which mimic ACDM at the background level can have
differing predictions at the level of perturbations. While ACDM can be matched
when the degrees of freedom are the same as those of GR and we consider GR
solutions, working with the non-GR solutions and extra or differing degrees of

freedom may result in this not being the case.

Investigating these non-GR solutions outside the realm of cosmology would be
very interesting. For example, is there any additional effect which occurs when
considering the analogue of the Schwarschild solution for the non-GR branch? Do
Birkhoff’s theorem or the non-hair theorems still hold? This could have direct
phenomenological consequences for observations of stars or black holes. The ar-
bitrariness of = in the case where we had a GR solution, F = 0, suggests the
presence of some sort of symmetry. Understanding the precise nature of this sym-
metry might be a interesting avenue, in particular whether it is able to help provide
a mechanism to restrict us to the GR solutions when they are not necessarily the

only possible ones.
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Horava gravity calculation details

A.1 Derivatives of potential terms

Below are the first derivatives of the potential 1, used in chapter

Wi _ya,(@%a))a" + 240505, (A1)
day,
+ 2B, (K, K — K2)a@" + 2By(K oK — KK,,)a"
d
i< —=Ag(aPa,)nt" + 2A3(af ) + 24,6
day,,
+ B3(K,,K7° — K*)n (A.2)
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g L =2B, (K™ — Kn"™)ala, + By (2KW6Y) — " K,y — K6V'62))ala”
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LBy — K™}, 1 ACH (R K2 — R2)(RM — Ko™
1 20,(2KY) — RS — R\ (REKS — KR) (A3)

A.2 Determining the strong coupling scale

In section [3.4 we stated that the appropriate strong coupling scale was given
by the interaction term in equation ([3.35)), leading to a strong coupling scale of
Ay ~ icg/ ?. Here we will demonstrate that this is the appropriate scale, by virtue
of having the highest power of ¢;. Recall that the scales at which the various terms

become strongly coupled are given by equation ([3.48]), repeated here,

1 e 1 1 141
Al = 7 A = AL =T B

la (an) — la an) — la

Let us begin by considering the A‘(’a terms, We want to identify the terms with

n)

the highest powers of ¢,, which will result in the lowest strong coupling scale, since
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Figure A.1: The exponent of ¢, to which various potential strong coupling terms

in A?a n) are raised.

cs < 1. It is also necessary to bear in mind that n, a are restricted to be integers
and that not all the ‘possible’ terms appear in the perturbative expansion. The
exponent of ¢y in the A?‘M) terms is plotted in Figure . It is clear that the
strongest coupling would be given by the term (a = 0,n = 3), but this is not
present in the expansion. Instead, the two terms corresponding to (a = 1,n = 3)
and (a = 0,n = 4) have the greatest exponent of ¢, of any terms present and
so result in the lowest energy scale A?LB) = A(O‘Q 5 = Age ~ icg/ ?. Furthermore,
it is clear from equation that that is the smallest scale, since min A’(fm) =
ici/ > = A,./c, and min AXM) — icf:’/ 6 = Asc/c;l/ % will always be larger than A,,
for ¢, < 1.

Thus the terms which lead to strong coupling, and set the strong coupling scale,

are the (a = 1,n = 3) and (a = 0,n = 4) terms from S(";m).

A.3 Scalar Field Vertices

This section contains the explicit form of the vertices shown in Figure[4.5] repeated
below as Figure for convenience. In some cases, the permutations will be done
explicitly. In other cases, this will not be done (for clarity). Where it is not
performed, a summation ) is written explicitly, with the explicit permutations
m written under the vertex. Recall that all momentum k; are ingoing. In this
section only, M, has been set equal to one, it is trivial to restore these factors by

dimensional analysis.
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]{32 k-2
‘fij(kl’kQ’k?’) k37ij V(kl,kg,k‘g) —_— - k3
k‘l kl
(a) Vh@z (b) ‘/0)02
ko k4 ko ks, ij ko kea
/
/
W(k17k27k37k4) ‘/;jk;l(kl,k:27k37k4) :V(k17k2,k3,k4)
\\\
ky ks k1 ka, Kl ky ks
(C> V<,04 (d) Vh2¢2 (e> {/&2902

Figure A.2: A repeat of Figure Three and four point vertices for the dynamical
fields.

Three point ph vertex — V.

The diagram for the h;;¢? vertex is shown in Figure where

Vij(ky, kas k) = —kakay) (A.4)

Three point ¢C vertex — Vi
The diagram for the (p? vertex is shown in Figure [4.5b, where

V(lﬁ, ]{72; kg) = —3&)1&)2 + k1 . k2 - 3m2 - 2f(k3)(¢d1&)2 + k1 : kg - m2)

1—3X W3
—(k; + ko) - (wi1ks + wok A5
) ke k) (A9
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Four point ¢ vertex — V.

The diagram for the ¢* vertex is shown in Figure [4.5¢, where

W k1, ko, k3, ky) = — x 1 (L"l"“Q kl ko — 2) (W3W4 + k3 - kg — m2)
1, v2, N3, v4
‘kS k4|2 o+ M l2 |k‘3 -+ k4’ —+ M l4 |k,3 k4|4

4 Y Z ’k w1W3(k1 + kg) 'kg(kg + k4) -ky

1 k3+ky
=) T——wiwsmkaky; —
Z ’k3 + k ’2 =4
where ) means you sum over all permutations of {1,2,3,4}.

Four point ph vertex — Vj2.
The diagram for the hl-jhklgoz vertex is shown in Figure , where
1
Vijki(k, ko; ks, ka) :§5i(k5l)j (W1w2 — ki -ky + mz) + 6 (kikoy + kipks;)
1
<H2> (w1w2 + k1 . kQ — m2)

|k3 +ky|” (A.7)
(k1 4+ ko) - (kowy + kjws)(Ps)

1 )\
+2(wika,, + waki, ) (Qa)m]
and
1
(Ma) = 70i00; [—wsws — Ay ks | |y |* + Biks - ky [ks)? k)]
+ — 25 k5l |:|k3| —+ k3 k4:| |:]_—A3|k3—|—k4|2+B3 |k3+k4|4)}
3<—>4
1
-7 > [1— As|ks + Ka|* + By ks + ka|")] ks (A.8a)
34
1 . 1
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Four point ¢( vertex — V2,

The diagram for the (2p? vertex is shown in Figure , where
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where ) means you permute over {1,2}{3,4} and

(Hz) = —

1— 1— ks - ky)?
wawa |14 3\ + 1_3/\)‘<( 3 ki) —/\>

L=A k3| [ka|?
+ 4o [f(kg) <|k3|2 + ks -k4) ¥ f(ks) f(ka) (2 ks — ks - k4)}

1 2
+35 > (4]ks|” + 6ks - ky)
34

1
T2 { = [ks” [kal* (541 + 1645) — A1 (ks - k)
34

o+ Ag 41kl (kaf” + ks ks ) = 8F(ks) (Kal + ksl [kal)
+ |k3 + k4|2 (—6k3 -ky — 16 |k3|2 — Sf(kg) ‘k4|2) :|

o+ Ag [4f(s) ol (ks - s = [kal®) +4£ ko) £ heo) (2 sl = ol )

+ 4f (o) ks + (ko - = 2k ) + 8 (ka) £ (k) ks + ke ey - e }

1
5 D7 kg k| ksl [Kal” (581 + 16Bs) + By (ks - k4)?]
2 34

By =12 [kal® — 4k - Ka Kl + 8 (ks) (k" ks — [Kal”)
ks + Kl (=87 (k) [kal "+ 8 k| = 4k - K ka?)
+ |k + ka|* (6k3 kg + 16 |k4|2> ]

+ By {4f(k3)(3 k|® — ks - Ky [ka|") + 4f (ks) f(ka)(ks|” [ka|* — 2[k4]®)
+2f(ks) ks + ka|?* (8 |ks|* — 2ks - ky [ks|?)

+2f(ks) [ks + ka|* (4 [ks|* — 2ks - ky)

+8f(ks) f(ka) [ks + Ka|* (— [ka|* — ks - k4)} } (A.10a)

(Py) = % > m{ 11__3;\f(k3) [ — 2|ks + ku|” + 2 (ks + k) - k4)2]

1-3\ 1
72[—2(k3+k4)'k3(k3+k4) ks + (1— ) ks + ky|* ks - k4}
1= X [k
-3
+ (2ks — (1 = 9N)ky) - (ks + kq) + T )\(k3+k4) (kg — 3k3)
_2>\<3 : 3)‘) ks + kg |? } (A.10b)
Zw”ksm{ l1—3Ak4 (k3-2|—k4)_2+31—3>\1
24 1-A k4] 1—A
1—3X
+kaj | 2f(ks)ka - (ks +ka) + T ks (ks + ka)
1—-3X ks -ky
+(1=9)\) — A.10c
1oy =¥ w]} (A100)
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APPENDIX B

Cleaning up the cosmological
constant problem calculational
details

B.1 General perturbative result derivation

We consider the vacuum case of the theory and so E# = —ﬁ(é’“’ + /~\§]‘“’) and
E = L (R — 4A). Recall that for the relevant work we raise and lower with the

untilded metric. Using the equations of motion (5.9)), we obtain|

1
167G

1 = 1 3 1 3 ;
. ~ [ ~po~vp ~off ~uv
555 = 5 -0 —q (g“ gt — Zg g,u ) (5Eaf3(5gw, + 5 - 5¢a0a<5R)] )

(B.1)
where 6F,53 = ((5@’&5 + Aégaﬁ), using the relation between A and A to remove

the tilde on g,, in the last term. We have also used the linearity of O, and the

fact O,(const) = 0. Next, we use the relation

> 5 [ 90.0.@ - > 5[t -d [os(vg). @2

which follows from the definition of the functional derivative, to rewrite the quadratic
action (introducing dg,, = h,.) as
Q

0 = o [_\/_—gmv(; (G + Mg ) + %5&5 <\/—_g>} . (B3)

!Making use of a convenient shorthand way for calculating a quadratic action,

1 : 6S
628 = 22@:/ ) <5¢> .
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where H,, = h,, — ig,wh. Expanding the Einstein tensor, using the fact that H*”
is traceless and that H*"dg,, = QH""h,,,, we rewrite this as
5,5 = VEGH™6 (R = Agu) + L 5Rs (v=3) (B.4)
20 — 397G g uv Guv 25 g . .
It will be useful to consider how this compares with the perturbative action aris-
ing from the Einstein-Hilbert action Sgr = 155 [ v—9(R — 2A), which by the

standard calculational techniques can be shown to be

1
m V=gh" 5 (G + Aguw)

= VN7

028¢r = —

where l_zw = hy — %guyh.

Next, we introduce Ay = 167TG(625 92S6Rr). This will then tell us the way in
which this action deviates from GR (and remove some messy factors). From (B.4))

and ,

1

NS / [—\/—_g ("0 R — B™6R,, ) + V=gAh® + %5&5 (\/—_g)] .
(B.6)

Now, using the standard expressions for the Ricci tensor and scalar of conformally

related metrics (see e.g. [20]), we can write

1V,V,002 1 0602

(5]%#,, =0R,, — §T - Zguu? (B.7a)
- 0602 0602
5R = (53 3O g2 ) , (B.7h)
Q 2 0 Q

using the fact that Q = const and being careful to vary the factor of 1/ appearing

in the general expression for R. We will also make use of

= —2 00 1
5( —g) S o " ( = h) (B.8a)
. /1 602
0Gum = <29;w = + h#,,) . (B.8b)

Manipulating the first term in the square brackets in , including an integra-

tion by parts, we obtain

1 50?2 1592

—v—g ( HS Ry — I V(sR,w) = —\/_< hoR=3 =,V h’“’+§Q—Dh+Ah2

(B.9)
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Clearly, this results in the Ah? term in being cancelled off. Moving on to
the remaining part of the square brackets in , we get

1 - — 1 3602 1002

0?5072 02\* 1,607
J3 00 () _Lg ) (Bao)
19" 9 Q 2.0

Putting this all together, we obtain

1 1
ANo=— [ /=g |=(0 Jh —0Oh — AR - -—0 —
2 2/ g 2<R+Vuv )52 452 QQ ﬁg
(B.11)
Noting that 0R = V,V, " — [Oh — Ah and recalling our definition of A, trivial

algebraic manipulations allow us to rewrite this as

502 3602 692_A(5§22)2

_ 1
525 = 528@13[9] + — d4l’\/ —gA,C s (B12)
167G
with 1602 30002 502
AL = i (253(9) T2 g 2A O ) 7 (B.13)

as stated in Section B.3.11

B.2 No extra scalars propagating in de Sitter

After (5.25)), it was stated that the scalar modes of the perturbations are simply
renormalised relative to GR, but there are no propagating spin-0 modes, this will

be demonstrated here.
Scalar perturbations of de Sitter metric (in flat FRW form) can be written as
gudatdr” = —(1 + a)?dt* + e2"'e® 6,5 (dx' + V' Bdt)(da? + VIBdt),  (B.14)

where H? = %, V, is the covariant derivative associated with the spatial metric
and V? is the spatial Laplacian. The gauge has been chosen (without loss of
generality) such that dg;; is a pure trace, thereby dropping terms of the form

(V,V, — %(L-jvz)u, where v is the non-trace scalar perturbation in g;;.
For the conformally related metric
g, datde” = —(1 4 &)2dt? + €2Hte2£5ij(dxi + ViBdt)(de’ + VBdt), (B.15)

where

[N

I

o

+
|-
e

. B=3, (B.16)
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CALCULATIONAL DETAILS
are the renormalised scalar modes. We can then write the perturbative GR action

of the conformally related metric as
02Sarle?g) = / dtd®zeHt [—652 —2e M2 GH%G + 12HaE
BV v 4He*2Htav25] (B.17)
%; and

As usual, we can use the Hamiltonian and momentum constraints, & =
A= —% to integrate out & and 3 (the lapse and shift). In doing this, we note
| (B.18)

that the action (B.17)) reduces to
~ |~ 1 = 1
6 P/2 :_Q/dtd?) Htx—>2 - -
2Sarle™"y] re” "V E+ H§+ H§

Performing some integrations by parts on the final term, one can manipulate it into
¢ _¢ v25 , and so the action completely vanishes.

the form th%V2é — eflt (—
Thus there are no propagating spin-0 degrees of freedom.

B.3 Proof of more general condition on the oper-

ator O

Here, we prove a more general condition to ensure that only solutions for g,, that

satisfy Einstein’s equation are permitted.
Take the trace of (5.9). Since the traceless part of Ewv necessarily vanishes, this
(B.19)

imposes the on-shell condition
GOy, (E) = 0.

This is an on-shell condition, i.e. imposed by the equations of motion, not a

condition which we must impose in the the theory ourselves. With this on-shell
condition, and after dividing through by /—gf2, we rewrite (5.9) as
1 . 1 .
st — —gmg N (EP 1+ —— 0, (E)) =0. B.20
Applying \V/ ., and using the Bianchi identities and enforcing conservation of energy
to determine @uE’“’ =0,
. (0, (E
V., gagz( )> =0 (B.21)

(

1o - 1 1
— ZLV“E + W = (5 a9y — Zéugaﬂ)
Now, in order for the unique solution to (B.2I) to be E = const., a sufficent
(B.22)

condition is clearly
v o~ 1 v~ v
5(agﬂ)u B Zéugaﬁ vV,
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for all sufficiently differentiable @), implying that (B.21]) simply reduces to 8“E~’ =
0. Substituting E = const. into (B.20), one obtains that the traceless Einstein
equations must also vanish, which is the result that we require.

This is more general than the condition derived in Chapter [6] but it is less clear
how to gain a feel for the equations using this; and so it is less useful than the
other condition in gauging what sort of model we need to get a feel of the solution

space.

B.4 System of differential equations

In this section, we explicitly state the ODEs which we solve in Chapter [6], in order

that all the relevant equations can be clearly seen together. We use the notation

ﬁzzapaﬂLp*, Vazl%'

B.4.1 Conformal time

The ODEs are
~ 4rG _,

H = g (p+3p), (B.23a)
P = —3HYapa, (B.23b)
P = %7:[&7;[3 E' (B.23c¢)
E" = —2E’%’, (B.23d)
H = QMT;Z_Z’ (B.23e)
with the auxiliary equations
H = ?a%, (B.24a)
Py = g — %Z—jy (B.24b)
Py = —g — %g—fE’. (B.24c)

Clearly, p, and p, can be eliminated from this system of equations by using (B.24b))
and (B219).
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B.4.2 Cosmic time

From the conformal time equations, we can derive the following cosmic time equa-

tions,

with the auxiliary equations

Again, we eliminate p, and p, using (B.26b)) and (B.26c]).

H = —47G (p+p),

Pa = —31{[(1 + Wa)Pa,

. 4A8¢ HHB -
p*:F?’
O +3HH
F=_-p—— """
H M
Y gy
H=" — _
24¢ H? ’
. SrG
2_ ~
_~3 p?

E 12 2
pe== — —HE,
2t

E de 4=
p*:_E__4
I

147

(B.25a)
(B.25h)

(B.25¢)

(B.25d)

(B.25e)

(B.26a)

(B.26b)

(B.26¢)



1]

2l

3]

4]

5]
(6]

17l

8]

9]

[10]

[11]

References

I. Kimpton and A. Padilla, “Lessons from the decoupling limit of Horava
gravity,” JHEP 1007 (2010) 014, arXiv:1003.5666 [hep-th].

[. Kimpton and A. Padilla, “Cleaning up the cosmological constant,” JHEP
1212 (2012) 031, arXiv:1203.1040 [hep-th].

I. Kimpton and A. Padilla, “Matter in Horava-Lifshitz gravity,”
arXiv:1301.6950 [hep-th].

I. Kimpton and A. Padilla, “Cosmology and new solutions with generalised

unimodular gravity,” (in press) (2013) .
I. S. Newton, Philosophice naturalis principia mathematica. 1687.

B. Carroll and D. Ostlie, An introduction to modern astrophysics.
Addison-Wesley, 1 ed., 1996.

J. G. Galle, “Account of the discovery of Le Verrier’s planet Neptune, at
Berlin, Sept. 23, 1846, MNRAS 7 (Nov., 1846) 153.

U. Le Verrier, “Théorie du mouvement de mercure,” in Annales de
I’Observatoire de Paris, vol. 5, p. 1. 1859.

A. Einstein, “Erklarung der perihelionbewegung der merkur aus der
allgemeinen relativitatstheorie,” Sitzungsber.preuss. Akad. Wiss. 47 (1915)
831-839. and trans. by B. Doyle in The Collected Papers of Albert Einstein
: The Berlin Years: Writings, 1914-1917.

F. Dyson, A. Eddington, and C. Davidson, “A Determination of the
Deflection of Light by the Sun’s Gravitational Field, from Observations
made at the Total Eclipse of May 29, 1919.” Philos.T.R.Soc.Lond. 220
(1920) 291-333.

A. Einstein, “Die Feldgleichungen der Gravitation,”
Sitzungsber.preuss. Akad. Wiss. (1915) 844-847. and trans. by A. Engel in
The Collected Papers of Albert Finstein : The Berlin Years: Writings,
1914-1917.

148


http://dx.doi.org/10.1007/JHEP07(2010)014
http://arxiv.org/abs/1003.5666
http://dx.doi.org/10.1007/JHEP12(2012)031
http://dx.doi.org/10.1007/JHEP12(2012)031
http://arxiv.org/abs/1203.1040
http://arxiv.org/abs/1301.6950

REFERENCES

[12] C. W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation. W.H.
Freeman, New York, 1973.

[13] E. Noether, “Invariante variationsprobleme,”
Klg-Ges. Wiss.Nach. Géttingen, Math. Physik (1918) 235-253. trans. by

D. H. Delphenich as Invariant variational problems.

[14] D. Hilbert, “Die Grundlagen der Physik. 1.,” Gott.Nachr. 27 (1915)
395-407.

[15] R. Arnowitt, S. Deser, and C. W. Misner, “Canonical variables for general
relativity,” Phys. Rev. 117 (Mar, 1960) 1595-1602.

[16] D. Lovelock, “The uniqueness of the Einstein field equations in a
four-dimensional space,” |Arch. Ration. Mech.An. 33 (1969) 54-70.
http://dx.doi.org/10.1007/BF00248156.

[17] S. Deser, “Selfinteraction and gauge invariance,” Gen.Rel. Grav. 1 (1970)
9-18| arXiv:gr-qc/0411023 [gr-qc].

[18] S. Deser and M. Henneaux, “A Note on spin two fields in curved
backgrounds,” |Class. Quant. Grav. 24 (2007) 1683-1686,
arXiv:gr-qc/0611157 [gr-qcl.

[19] C. Will, Theory and Experiment in Gravitational Physics. Cambridge
University Press, 1993.

[20] R. M. Wald, General Relativity. University Of Chicago Press, 1984.

[21] I. I. Shapiro, “Fourth test of general relativity,” Phys. Rev.Lett. 13 (Dec,
1964) 789-791.
http://link.aps.org/doi/10.1103/PhysRevLett.13.789.

[22] C. M. Will, “The Confrontation between general relativity and
experiment,” Living Rev.Rel. 9 (2006) 3, arXiv:gr-qc/0510072 [gr-qc].
http://www.livingreviews.org/lrr-2006-3.

[23] R. V. Pound and G. A. Rebka, “Gravitational red-shift in nuclear
resonance,” Phys. Rev.Lett. 3 (Nov, 1959) 439-441.

[24] R. V. Pound and G. A. Rebka, “Apparent weight of photons,”
Phys.Rev. Lett. 4 (Apr, 1960) 337-341.

[25] D. Walsh, R. F. Carswell, and R. J. Weymann, “0957 + 561 A, B - Twin
quasistellar objects or gravitational lens,” Nature 279 (May, 1979) 381-384.

149


http://dx.doi.org/10.1103/PhysRev.117.1595
http://dx.doi.org/10.1007/BF00248156
http://dx.doi.org/10.1007/BF00248156
http://dx.doi.org/10.1007/BF00759198
http://dx.doi.org/10.1007/BF00759198
http://arxiv.org/abs/gr-qc/0411023
http://dx.doi.org/10.1088/0264-9381/24/6/N01
http://arxiv.org/abs/gr-qc/0611157
http://dx.doi.org/10.1103/PhysRevLett.13.789
http://dx.doi.org/10.1103/PhysRevLett.13.789
http://link.aps.org/doi/10.1103/PhysRevLett.13.789
http://arxiv.org/abs/gr-qc/0510072
http://www.livingreviews.org/lrr-2006-3
http://dx.doi.org/10.1103/PhysRevLett.3.439
http://dx.doi.org/10.1103/PhysRevLett.4.337
http://dx.doi.org/10.1038/279381a0

REFERENCES

[26]

27]

28

29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

D. Clowe, M. Bradac, A. H. Gonzalez, M. Markevitch, S. W. Randall, et
al., “A direct empirical proof of the existence of dark matter,” | Astrophys.J.
648 (2006) L109-L113, arXiv:astro-ph/0608407 [astro-ph].

R. Hulse and J. Taylor, “Discovery of a pulsar in a binary system,”
Astrophys.J. 195 (1975) L51-L53.

J. Weisberg, D. Nice, and J. Taylor, “Timing Measurements of the
Relativistic Binary Pulsar PSR B1913+4-16,” Astrophys.J. 722 (2010)
1030-1034, arXiv:1011.0718 [astro-ph.GA].

B. Sathyaprakash and B. F. Schutz, “Physics, astrophysics and cosmology
with gravitational waves,” Living Rev.Rel. 12 no. 2, (2009) .
http://www.livingreviews.org/lrr-2009-2.

S. Schlamminger, K.-Y. Choi, T. Wagner, J. Gundlach, and E. Adelberger,
“Test of the equivalence principle using a rotating torsion balance,”
Phys.Rev.Lett. 100 (2008) 041101, arXiv:0712.0607 [gr-qc].

S. Baessler, B. R. Heckel, E. Adelberger, J. Gundlach, U. Schmidt, et al.,
“Improved Test of the Equivalence Principle for Gravitational
Self-Energy,” Phys. Rev. Lett. 83 (1999) 3585.

V. W. Hughes, H. G. Robinson, and V. Beltran-Lopez, “Upper limit for the
anisotropy of inertial mass from nuclear resonance experiments,”
Phys.Rev.Lett. 4 (Apr, 1960) 342-344.

R. W. P. Drever, “A search for anisotropy of inertial mass using a free
precession technique,” Philos. Mag. 6 no. 65, (1961) 683-687.

M. Casals, S. Dolan, A. C. Ottewill, and B. Wardell, “Self-Force and Green
Function in Schwarzschild spacetime via Quasinormal Modes and Branch
Cut,” arXiv:1306.0884 [gr-qc].

K. Nordtvedt Jr, “Equivalence Principle for Massive Bodies. I.
Phenomenology,” Phys. Rev. 169 (1968) 1014-1016.

J. G. Williams, S. G. Turyshev, and D. H. Boggs, “Lunar laser ranging
tests of the equivalence principle with the earth and moon,”
Int.J.Mod.Phys. D18 (2009) 1129-1175, larXiv:gr-qc/0507083 [gr-qc].

G. Lemaitre, “Un Univers homogéne de masse constante et de rayon
croissant rendant compte de la vitesse radiale des nébuleuses
extra-galactiques,” Ann.Soc.Sci. Bruz. 47 (1927) 49-59.

150


http://dx.doi.org/10.1086/508162
http://dx.doi.org/10.1086/508162
http://arxiv.org/abs/astro-ph/0608407
http://dx.doi.org/10.1086/181708
http://dx.doi.org/10.1088/0004-637X/722/2/1030
http://dx.doi.org/10.1088/0004-637X/722/2/1030
http://arxiv.org/abs/1011.0718
http://www.livingreviews.org/lrr-2009-2
http://dx.doi.org/10.1103/PhysRevLett.100.041101
http://arxiv.org/abs/0712.0607
http://dx.doi.org/10.1103/PhysRevLett.83.003585
http://dx.doi.org/10.1103/PhysRevLett.4.342
http://dx.doi.org/10.1080/14786436108244418
http://arxiv.org/abs/1306.0884
http://dx.doi.org/10.1103/PhysRev.169.1014
http://dx.doi.org/10.1142/S021827180901500X
http://arxiv.org/abs/gr-qc/0507083

REFERENCES

[38]

[39]

|40]

|41]

42|

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

WMAP Collaboration Collaboration, E. Komatsu et al., “Seven-Year
Wilkinson Microwave Anisotropy Probe (WMAP) Observations:
Cosmological Interpretation,” |Astrophys.J.Suppl. 192 (2011) 18,
arXiv:1001.4538 [astro-ph.CO].

Particle Data Group Collaboration, J. Beringer et al., “Review of
Particle Physics (RPP),” Phys.Rev. D86 (2012) 010001.

R. Feynman, F. Morinigo, W. Wagner, and B. Hatfield, Feynman lectures
on gravitation. Frontiers in Physics Series. Addison-Wesley, 1995.

M. Flory, R. C. Helling, and C. Sluka, “How I Learned to Stop Worrying
and Love QFT,” arXiv:1201.2714 [math-ph]!.

M. Srednicki, Quantum field theory. Cambridge University Press, 2007.

G. 't Hooft and M. Veltman, “One loop divergencies in the theory of
gravitation,” Annales Poincare Phys. Theor. A20 (1974) 69-94.

M. H. Goroff and A. Sagnotti, “The Ultraviolet Behavior of Einstein
Gravity,” Nucl. Phys. B266 (1986) 709.

A. E. van de Ven, “Two-loop quantum gravity,” Nucl. Phys. B378 no. 1-2,
(1992) 309-366.

J. F. Donoghue, “Leading quantum correction to the Newtonian potential,”
Phys. Rev. Lett. 72 (1994) 29962999, arXiv:gr-qc/9310024 [gr-qc].

S. Weinberg, General Relativity-An Finstein Centenary Survey,
ch. Ultraviolet divergences in quantum gravity. Cambridge University
Press, 1979. eds. S. W. Hawking and W. Israel.

M. Reuter, “Nonperturbative evolution equation for quantum gravity,”

Phys. Rev. D57 (Jan, 1998) 971-985.

F. Zwicky, “Die Rotverschiebung von extragalaktischen Nebeln,”
Helv. Phys. Acta 6 (1933) 110-127.

G. Bertone, D. Hooper, and J. Silk, “Particle dark matter: Evidence,
candidates and constraints,” |Phys. Rept. 405 (2005) 279-390,
arXiv:hep-ph/0404175 [hep-ph].

M. Milgrom, “A Modification of the Newtonian dynamics as a possible
alternative to the hidden mass hypothesis,” Astrophys.J. 270 (1983)
365-370.

151


http://dx.doi.org/10.1088/0067-0049/192/2/18
http://arxiv.org/abs/1001.4538
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://arxiv.org/abs/1201.2714
http://dx.doi.org/10.1016/0550-3213(86)90193-8
http://dx.doi.org/10.1016/0550-3213(92)90011-Y
http://dx.doi.org/10.1016/0550-3213(92)90011-Y
http://dx.doi.org/10.1103/PhysRevLett.72.2996
http://arxiv.org/abs/gr-qc/9310024
http://dx.doi.org/10.1103/PhysRevD.57.971
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://arxiv.org/abs/hep-ph/0404175
http://dx.doi.org/10.1086/161130
http://dx.doi.org/10.1086/161130

REFERENCES

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

J. D. Bekenstein, “Relativistic gravitation theory for the MOND
paradigm,” Phys. Rev. D70 (2004) 083509, arXiv:astro-ph/0403694
[astro-ph]l

D. Clowe, A. Gonzalez, and M. Markevitch, “Weak lensing mass
reconstruction of the interacting cluster 1E0657-558: Direct evidence for
the existence of dark matter,” Astrophys.J. 604 (2004) 596-603,
arXiv:astro-ph/0312273 [astro-ph]|

A. Slosar, A. Melchiorri, and J. I. Silk, “Test of modified newtonian
dynamics with recent boomerang data,” Phys. Rev. D72 (Nov, 2005)
101301, arXiv:astro-ph/0508048 [astro-ph].

Supernova Cosmology Project Collaboration, S. Perlmutter et al.,
“Measurements of Omega and Lambda from 42 high redshift supernovae,”
Astrophys.J. 517 (1999) 565586, arXiv:astro-ph/9812133 [astro-ph].

Supernova Search Team Collaboration, A. G. Riess et al.,
“Observational evidence from supernovae for an accelerating universe and a
cosmological constant,” Astron.J. 116 (1998) 1009-1038,
arXiv:astro-ph/9805201 [astro-ph].

S. Weinberg, “The cosmological constant problem,” Rev.Mod.Phys. 61
no. 1, (Jan, 1989) 1-23.

S. E. Rugh and H. Zinkernagel, “The Quantum vacuum and the
cosmological constant problem,” Stud. Hist. Philos. Mod. Phys. (2000) ,
arXiv:hep-th/0012253 [hep-th].

R. Bousso, “The Cosmological Constant Problem, Dark Energy, and the
Landscape of String Theory,” arXiv:1203.0307 [astro-ph.CO].

E. J. Copeland, M. Sami, and S. Tsujikawa, “Dynamics of dark energy,”
Int.J.Mod.Phys. D15 (2006) 1753-1936, arXiv:hep-th/0603057
[hep-th].

S. Nojiri and S. D. Odintsov, “Introduction to modified gravity and
gravitational alternative for dark energy,” eConf C0602061 (2006) 06,
arXiv:hep-th/0601213 [hep-th].

T. Clifton, P. G. Ferreira, and K. Land, “Living in a Void: Testing the
Copernican Principle with Distant Supernovae,” |Phys. Rev. Lett. 101 (2008)
131302, larXiv:0807.1443 [astro-ph].

152


http://dx.doi.org/10.1103/PhysRevD.70.083509, 10.1103/PhysRevD.71.069901
http://arxiv.org/abs/astro-ph/0403694
http://arxiv.org/abs/astro-ph/0403694
http://dx.doi.org/10.1086/381970
http://arxiv.org/abs/astro-ph/0312273
http://dx.doi.org/10.1103/PhysRevD.72.101301
http://dx.doi.org/10.1103/PhysRevD.72.101301
http://arxiv.org/abs/astro-ph/0508048
http://dx.doi.org/10.1086/307221
http://arxiv.org/abs/astro-ph/9812133
http://dx.doi.org/10.1086/300499
http://arxiv.org/abs/astro-ph/9805201
http://dx.doi.org/10.1103/RevModPhys.61.1
http://dx.doi.org/10.1103/RevModPhys.61.1
http://arxiv.org/abs/hep-th/0012253
http://arxiv.org/abs/1203.0307
http://dx.doi.org/10.1142/S021827180600942X
http://arxiv.org/abs/hep-th/0603057
http://arxiv.org/abs/hep-th/0603057
http://dx.doi.org/10.1142/S0219887807001928
http://arxiv.org/abs/hep-th/0601213
http://dx.doi.org/10.1103/PhysRevLett.101.131302
http://dx.doi.org/10.1103/PhysRevLett.101.131302
http://arxiv.org/abs/0807.1443

REFERENCES

[63]

|64]

|65]

|66]

|67]

[68]

|69]

[70]

[71]

[72]

73]

[74]

[75]

T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, “Modified Gravity
and Cosmology,” Phys.Rept. 513 (2012) 1-189, arXiv:1106.2476
[astro-ph.CO]l

M. Fierz and W. Pauli, “On relativistic wave equations for particles of
arbitrary spin in an electromagnetic field,” Proc.R.Soc.Lon.Ser-A 173
no. 953, (1939) 211-232.

K. Hinterbichler, “Theoretical Aspects of Massive Gravity,” Rev.Mod.Phys.
84 (2012) 671710, farXiv:1105.3735 [hep-th]|

E. Stueckelberg, “Interaction energy in electrodynamics and in the field
theory of nuclear forces,” Helv. Phys.Acta 11 (1938) 225-244.

M. Ostrogradski Mem.Acad St Petersbourg VI (1850) 385.

R. P. Woodard, “Avoiding dark energy with 1/R modifications of gravity,”
Lect. Notes Phys. 720 (2007) 403-433,, arXiv:astro-ph/0601672
[astro-ph].

J. M. Cline, S. Jeon, and G. D. Moore, “The Phantom menaced:
Constraints on low-energy effective ghosts,” Phys. Rev. D70 (2004) 043543,
arXiv:hep-ph/0311312 [hep-ph].

D. Boulware and S. Deser, “Can gravitation have a finite range?,”
Phys.Rev. D6 (1972) 3368-3382.

N. Arkani-Hamed, H.-C. Cheng, M. A. Luty, and S. Mukohyama, “Ghost
condensation and a consistent infrared modification of gravity,” |[JHEP
0405 (2004) 074, arXiv:hep-th/0312099 [hep-th].

H. van Dam and M. Veltman, “Massive and massless Yang-Mills and
gravitational fields,” Nucl. Phys. B22 (1970) 397-411.

V. Zakharov, “Linearized gravitation theory and the graviton mass,” JETP
Lett. 12 (1970) 312.

A. Vainshtein, “To the problem of nonvanishing gravitation mass,”
Phys. Lett. B39 (1972) 393-394.

C. Deffayet, G. Dvali, G. Gabadadze, and A. I. Vainshtein,
“Nonperturbative continuity in graviton mass versus perturbative
discontinuity,” Phys. Rev. D65 (2002) 044026, arXiv:hep-th/0106001
[hep-th].

153


http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://arxiv.org/abs/1106.2476
http://arxiv.org/abs/1106.2476
http://dx.doi.org/10.1103/RevModPhys.84.671
http://dx.doi.org/10.1103/RevModPhys.84.671
http://arxiv.org/abs/1105.3735
http://dx.doi.org/10.1007/978-3-540-71013-4_14
http://arxiv.org/abs/astro-ph/0601672
http://arxiv.org/abs/astro-ph/0601672
http://dx.doi.org/10.1103/PhysRevD.70.043543
http://arxiv.org/abs/hep-ph/0311312
http://dx.doi.org/10.1103/PhysRevD.6.3368
http://dx.doi.org/10.1088/1126-6708/2004/05/074
http://dx.doi.org/10.1088/1126-6708/2004/05/074
http://arxiv.org/abs/hep-th/0312099
http://dx.doi.org/10.1016/0550-3213(70)90416-5
http://dx.doi.org/10.1016/0370-2693(72)90147-5
http://dx.doi.org/10.1103/PhysRevD.65.044026
http://arxiv.org/abs/hep-th/0106001
http://arxiv.org/abs/hep-th/0106001

REFERENCES

[76] A. Zee, Quantum field theory in a nutshell. Princeton University Press,
2003.

[77] G. Dvali, “Predictive Power of Strong Coupling in Theories with Large
Distance Modified Gravity,” New J.Phys. 8 (2006) 326,
arXiv:hep-th/0610013 [hep-th].

[78] J. Khoury and A. Weltman, “Chameleon fields: Awaiting surprises for tests
of gravity in space,” Phys. Rev. Lett. 93 (2004) 171104,
arXiv:astro-ph/0309300 [astro-ph]|

[79] C. Brans and R. Dicke, “Mach’s principle and a relativistic theory of
gravitation,” Phys. Rev. 124 (1961) 925-935.

[80] B. Bertotti, L. Iess, and P. Tortora, “A test of general relativity using radio
links with the Cassini spacecraft,” Nature 425 (2003) 374.

[81] T. Baker, P. G. Ferreira, and C. Skordis, “The Parameterized
Post-Friedmann Framework for Theories of Modified Gravity: Concepts,
Formalism and Examples,” Phys. Rev. D87 (2013) 024015,
arXiv:1209.2117 [astro-ph.CO].

[82] E. Jennings, C. M. Baugh, B. Li, G.-B. Zhao, and K. Koyama, “Redshift
space distortions in f(R) gravity,” arXiv:1205.2698 [astro-ph.CO].

[83] A. Silvestri, L. Pogosian, and R. V. Buniy, “A practical approach to
cosmological perturbations in modified gravity,” arXiv:1302.1193
[astro-ph.CO].

[84] G. Dvali, G. Gabadadze, and M. Porrati, “4-D gravity on a brane in 5-D
Minkowski space,” Phys. Lett. B485 (2000) 208-214,
arXiv:hep-th/0005016 [hep-th].

[85] A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis, and R. Rattazzi,
“Causality, analyticity and an IR obstruction to UV completion,” JHEP
0610 (2006) 014, arXiv:hep-th/0602178 [hep-th].

[86] P. Horava, “Membranes at Quantum Criticality,” JHEP 0903 (2009) 020,
arXiv:0812.4287 [hep-th].

[87] P. Horava, “Quantum Gravity at a Lifshitz Point,” Phys. Rev. D79 (2009)
084008, arXiv:0901.3775 [hep-th].

[88] K. Stelle, “Renormalization of Higher Derivative Quantum Gravity,”
Phys. Rev. D16 (1977) 953-969.

154


http://dx.doi.org/10.1088/1367-2630/8/12/326
http://arxiv.org/abs/hep-th/0610013
http://dx.doi.org/10.1103/PhysRevLett.93.171104
http://arxiv.org/abs/astro-ph/0309300
http://dx.doi.org/10.1103/PhysRev.124.925
http://dx.doi.org/10.1038/nature01997
http://dx.doi.org/10.1103/PhysRevD.87.024015
http://arxiv.org/abs/1209.2117
http://arxiv.org/abs/1205.2698
http://arxiv.org/abs/1302.1193
http://arxiv.org/abs/1302.1193
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://arxiv.org/abs/hep-th/0005016
http://dx.doi.org/10.1088/1126-6708/2006/10/014
http://dx.doi.org/10.1088/1126-6708/2006/10/014
http://arxiv.org/abs/hep-th/0602178
http://dx.doi.org/10.1088/1126-6708/2009/03/020
http://arxiv.org/abs/0812.4287
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://arxiv.org/abs/0901.3775
http://dx.doi.org/10.1103/PhysRevD.16.953

REFERENCES

[89]

[90]

[91]

[92]

193]

[94]

[95]

196]

197]

98]

[99]

[100]

[101]

E. M. Lifshitz, “On the Theory of Second-Order Phase Transitions I & II,”
Zh.Eksp. Teor.Fiz. 11 (1941) 255 & 269.

M. Visser, “Lorentz symmetry breaking as a quantum field theory
regulator,” Phys. Rev. D80 (2009) 025011, arXiv:0902.0590 [hep-th].

M. Visser, “Power-counting renormalizability of generalized Horava
gravity,” arXiv:0912.4757 [hep-th].

D. Anselmi and M. Halat, “Renormalization of Lorentz violating theories,”
Phys.Rev. D76 (2007) 125011, arXiv:0707.2480 [hep-th].

S. Mukohyama, “Horava-Lifshitz Cosmology: A Review,”
Class. Quant. Grav. 27 (2010) 223101, arXiv:1007.5199 [hep-th].

0. Gagnon and G. D. Moore, “Limits on Lorentz violation from the highest
energy cosmic rays,” Phys. Rev. D70 (2004) 065002,
arXiv:hep-ph/0404196 [hep-ph].

D. Mattingly, “Modern tests of Lorentz invariance,” Living Rev.Rel. 8
(2005) 5, arXiv:gr-qc/0502097 [gr-qcl.
http://www.livingreviews.org/lrr-2005-5.

T. Jacobson, S. Liberati, and D. Mattingly, “Lorentz violation at high
energy: Concepts, phenomena and astrophysical constraints,” | Annals Phys.
321 (2006) 150-196, arXiv:astro-ph/0505267 [astro-ph].

L. Maccione, A. M. Taylor, D. M. Mattingly, and S. Liberati, “Planck-scale
Lorentz violation constrained by Ultra-High-Energy Cosmic Rays,” |JCAP
0904 (2009) 022, arXiv:0902.1756 [astro-ph.HE].

R. Iengo, J. G. Russo, and M. Serone, “Renormalization group in
Lifshitz-type theories,” JHEP 0911 (2009) 020, arXiv:0906.3477
[hep-th].

S. Weinfurtner, T. P. Sotiriou, and M. Visser, “Projectable Horava-Lifshitz
gravity in a nutshell,” J. Phys. Conf.Ser. 222 (2010) 012054,
arXiv:1002.0308 [gr-qc].

M. Pospelov and Y. Shang, “On Lorentz violation in Horava-Lifshitz type
theories,” Phys. Rev. D85 (2012) 105001, arXiv:1010.5249 [hep-th].

J. Ambjorn and R. Loll, “Nonperturbative Lorentzian quantum gravity,
causality and topology change,” Nucl. Phys. B536 (1998) 407434,
arXiv:hep-th/9805108 [hep-th].

155


http://dx.doi.org/10.1103/PhysRevD.80.025011
http://arxiv.org/abs/0902.0590
http://arxiv.org/abs/0912.4757
http://dx.doi.org/10.1103/PhysRevD.76.125011
http://arxiv.org/abs/0707.2480
http://dx.doi.org/10.1088/0264-9381/27/22/223101
http://arxiv.org/abs/1007.5199
http://dx.doi.org/10.1103/PhysRevD.70.065002
http://arxiv.org/abs/hep-ph/0404196
http://arxiv.org/abs/gr-qc/0502097
http://www.livingreviews.org/lrr-2005-5
http://dx.doi.org/10.1016/j.aop.2005.06.004
http://dx.doi.org/10.1016/j.aop.2005.06.004
http://arxiv.org/abs/astro-ph/0505267
http://dx.doi.org/10.1088/1475-7516/2009/04/022
http://dx.doi.org/10.1088/1475-7516/2009/04/022
http://arxiv.org/abs/0902.1756
http://dx.doi.org/10.1088/1126-6708/2009/11/020
http://arxiv.org/abs/0906.3477
http://arxiv.org/abs/0906.3477
http://dx.doi.org/10.1088/1742-6596/222/1/012054
http://arxiv.org/abs/1002.0308
http://dx.doi.org/10.1103/PhysRevD.85.105001
http://arxiv.org/abs/1010.5249
http://dx.doi.org/10.1016/S0550-3213(98)00692-0
http://arxiv.org/abs/hep-th/9805108

REFERENCES

[102]

[103]

[104]

[105]

[106]

[107]

[108]

109

[110]

[111]

[112]

[113]

[114]

[115]

J. Ambjorn, A. Gorlich, S. Jordan, J. Jurkiewicz, and R. Loll, “CDT meets
Horava-Lifshitz gravity,” Phys.Lett. B690 (2010) 413-419,
arXiv:1002.3298 [hep-th]l

T. P. Sotiriou, M. Visser, and S. Weinfurtner, “Spectral dimension as a
probe of the ultraviolet continuum regime of causal dynamical
triangulations,” Phys. Rev. Lett. 107 (2011) 131303, arXiv:1105.5646
[gr-qcl.

S. Janiszewski and A. Karch, “Non-relativistic holography from Horava
gravity,” arXiv:1211.0005 [hep-th].

T. Griffin, P. Horava, and C. M. Melby-Thompson, “Lifshitz Gravity for
Lifshitz Holography,” arXiv:1211.4872 [hep-th].

C. Charmousis, G. Niz, A. Padilla, and P. M. Saffin, “Strong coupling in
Horava gravity,” JHEP 0908 (2009) 070, arXiv:0905.2579 [hep-th].

H. Lu, J. Mei, and C. Pope, “Solutions to Horava Gravity,” Phys. Rev. Lett.
103 (2009) 091301}, arXiv:0904.1595 [hep-th].

H. Nastase, “On IR solutions in Horava gravity theories,”
arXiv:0904.3604 [hep-th].

G. Calcagni, “Cosmology of the Lifshitz universe,” |JHEP 0909 (2009) 112,
arXiv:0904.0829 [hep-th].

E. Kiritsis and G. Kofinas, “Horava-Lifshitz Cosmology,” Nucl. Phys. B821
(2009) 467480, arXiv:0904.1334 [hep-th].

C.-I. Chiang, J.-A. Gu, and P. Chen, “Constraining the Detailed Balance
Condition in Horava Gravity with Cosmic Accelerating Expansion,” JCAP
1010 (2010) 015, arXiv:1007.0543 [astro-ph.CO].

D. Vernieri and T. P. Sotiriou, “Horava-Lifshitz Gravity: Detailed Balance
Revisited,” Phys. Rev. D85 (2012) 064003, arXiv:1112.3385 [hep-th].

M. Li and Y. Pang, “A Trouble with Horava-Lifshitz Gravity,” JHEP 0908
(2009) 015, arXiv:0905.2751 [hep-th].

T. P. Sotiriou, M. Visser, and S. Weinfurtner, “Phenomenologically viable
Lorentz-violating quantum gravity,” Phys. Rev. Lett. 102 (2009) 251601,
arXiv:0904.4464 [hep-th]l

A. Kobakhidze, “On the infrared limit of Horava’s gravity with the global
Hamiltonian constraint,” Phys. Rev. D82 (2010) 064011, arXiv:0906.5401
[hep-th].

156


http://dx.doi.org/10.1016/j.physletb.2010.05.054
http://arxiv.org/abs/1002.3298
http://dx.doi.org/10.1103/PhysRevLett.107.131303
http://arxiv.org/abs/1105.5646
http://arxiv.org/abs/1105.5646
http://arxiv.org/abs/1211.0005
http://arxiv.org/abs/1211.4872
http://dx.doi.org/10.1088/1126-6708/2009/08/070
http://arxiv.org/abs/0905.2579
http://dx.doi.org/10.1103/PhysRevLett.103.091301
http://dx.doi.org/10.1103/PhysRevLett.103.091301
http://arxiv.org/abs/0904.1595
http://arxiv.org/abs/0904.3604
http://dx.doi.org/10.1088/1126-6708/2009/09/112
http://arxiv.org/abs/0904.0829
http://dx.doi.org/10.1016/j.nuclphysb.2009.05.005
http://dx.doi.org/10.1016/j.nuclphysb.2009.05.005
http://arxiv.org/abs/0904.1334
http://dx.doi.org/10.1088/1475-7516/2010/10/015
http://dx.doi.org/10.1088/1475-7516/2010/10/015
http://arxiv.org/abs/1007.0543
http://dx.doi.org/10.1103/PhysRevD.85.069901, 10.1103/PhysRevD.85.064003
http://arxiv.org/abs/1112.3385
http://dx.doi.org/10.1088/1126-6708/2009/08/015
http://dx.doi.org/10.1088/1126-6708/2009/08/015
http://arxiv.org/abs/0905.2751
http://dx.doi.org/10.1103/PhysRevLett.102.251601
http://arxiv.org/abs/0904.4464
http://dx.doi.org/10.1103/PhysRevD.82.064011
http://arxiv.org/abs/0906.5401
http://arxiv.org/abs/0906.5401

REFERENCES

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[125]

K. Koyama and F. Arroja, “Pathological behaviour of the scalar graviton
in Horava-Lifshitz gravity,” JHEP 1003 (2010) 061, arXiv:0910.1998
[hep-th]l

D. Blas, O. Pujolas, and S. Sibiryakov, “Consistent Extension of Horava
Gravity,” Phys. Rev. Lett. 104 (2010) 181302, arXiv:0909.3525 [hep-th].

D. Blas, O. Pujolas, and S. Sibiryakov, “On the Extra Mode and
Inconsistency of Horava Gravity,” JHEP 0910 (2009) 029,
arXiv:0906.3046 [hep-th]l

Y. Huang, A. Wang, and Q. Wu, “Stability of the de Sitter spacetime in
Horava-Lifshitz theory,” \Mod. Phys. Lett. A25 (2010) 22672279,
arXiv:1003.2003 [hep-th]l

I. I. Kogan, S. Mouslopoulos, and A. Papazoglou, “The m — 0 limit for
massive graviton in dS(4) and AdS(4): How to circumvent the van
Dam-Veltman-Zakharov discontinuity,” |Phys. Lett. B503 (2001) 173-180,
arXiv:hep-th/0011138 [hep-th].

M. Porrati, “No van Dam-Veltman-Zakharov discontinuity in AdS space,”
Phys. Lett. B498 (2001) 92-96, arXiv:hep-th/0011152 [hep-th].

A. E. Gumrukcuoglu, S. Mukohyama, and A. Wang, “General relativity
limit of Horava-Lifshitz gravity with a scalar field in gradient expansion,”
Phys. Rev. D85 (2012) 064042, arXiv:1109.2609 [hep-th].

T. P. Sotiriou, “Horava-Lifshitz gravity: a status report,” .J. Phys. Conf.Ser.
283 (2011) 012034, |arXiv:1010.3218 [hep-th].

S. Mukohyama, “Dark matter as integration constant in Horava-Lifshitz
gravity,” Phys. Rev. D80 (2009) 064005, arXiv:0905.3563 [hep-th].

T. P. Sotiriou, M. Visser, and S. Weinfurtner, “Quantum gravity without
Lorentz invariance,” JHEP 0910 (2009) 033, arXiv:0905.2798 [hep-th].

S. Mukohyama, “Scale-invariant cosmological perturbations from
Horava-Lifshitz gravity without inflation,” JCAP 0906 (2009) 001,
arXiv:0904.2190 [hep-th].

E. G. Ferreira and R. Brandenberger, “The Trans-Planckian Problem in
the Healthy Extension of Horava-Lifshitz Gravity,” Phys. Rev. D86 (2012)
043514, larXiv:1204.5239 [hep-th].

R. Brandenberger, “Matter Bounce in Horava-Lifshitz Cosmology,”
Phys.Rev. D80 (2009) 043516, arXiv:0904.2835 [hep-th].

157


http://dx.doi.org/10.1007/JHEP03(2010)061
http://arxiv.org/abs/0910.1998
http://arxiv.org/abs/0910.1998
http://dx.doi.org/10.1103/PhysRevLett.104.181302
http://arxiv.org/abs/0909.3525
http://dx.doi.org/10.1088/1126-6708/2009/10/029
http://arxiv.org/abs/0906.3046
http://dx.doi.org/10.1142/S0217732310033268
http://arxiv.org/abs/1003.2003
http://dx.doi.org/10.1016/S0370-2693(01)00209-X
http://arxiv.org/abs/hep-th/0011138
http://dx.doi.org/10.1016/S0370-2693(00)01380-0
http://arxiv.org/abs/hep-th/0011152
http://dx.doi.org/10.1103/PhysRevD.85.064042
http://arxiv.org/abs/1109.2609
http://dx.doi.org/10.1088/1742-6596/283/1/012034
http://dx.doi.org/10.1088/1742-6596/283/1/012034
http://arxiv.org/abs/1010.3218
http://dx.doi.org/10.1103/PhysRevD.80.064005
http://arxiv.org/abs/0905.3563
http://dx.doi.org/10.1088/1126-6708/2009/10/033
http://arxiv.org/abs/0905.2798
http://dx.doi.org/10.1088/1475-7516/2009/06/001
http://arxiv.org/abs/0904.2190
http://dx.doi.org/10.1103/PhysRevD.86.043514
http://dx.doi.org/10.1103/PhysRevD.86.043514
http://arxiv.org/abs/1204.5239
http://dx.doi.org/10.1103/PhysRevD.80.043516
http://arxiv.org/abs/0904.2835

REFERENCES

[129] S. Mukohyama, “Caustic avoidance in Horava-Lifshitz gravity,” JCAP
0909 (2009) 005, arXiv:0906.5069 [hep-th].

[130] M. Henneaux, A. Kleinschmidt, and G. Lucena Gomez, “A dynamical
inconsistency of Horava gravity,” Phys.Rev. D81 (2010) 064002,
arXiv:0912.0399 [hep-th]l

[131] Y.-W. Kim, H. W. Lee, and Y. S. Myung, “Nonpropagation of scalar in the
deformed Hotava-Lifshitz gravity,” Phys.Lett. B682 (2009) 246252,
arXiv:0905.3423 [hep-th].

[132] X. Gao, Y. Wang, R. Brandenberger, and A. Riotto, “Cosmological
Perturbations in Horava-Lifshitz Gravity,” |Phys. Rev. D81 (2010) 083508,
arXiv:0905.3821 [hep-th].

[133] F.-W. Shu, “Extended Hotava Gravity with Physical Ground-State
Wavefunction,” arXiv:1009.3677 [hep-th]l

[134] A. Papazoglou and T. P. Sotiriou, “Strong coupling in extended
Horava-Lifshitz gravity,” Phys.Lett. B685 (2010) 197-200,
arXiv:0911.1299 [hep-th]l

[135] D. Blas, O. Pujolas, and S. Sibiryakov, “Comment on ‘Strong coupling in
extended Horava-Lifshitz gravity’,” |Phys. Lett. B688 (2010) 350-355,
arXiv:0912.0550 [hep-th]l

[136] S. Liberati, L. Maccione, and T. P. Sotiriou, “Scale hierarchy in
Horava-Lifshitz gravity: a strong constraint from synchrotron radiation in
the Crab nebula,” Phys. Rev. Lett. 109 (2012) 151602, arXiv:1207.0670
[gr-qcl.

[137] T. Jacobson, “Extended Horava gravity and Einstein-aether theory,”
Phys. Rev. D81 (2010) 101502, arXiv:1001.4823 [hep-th].

[138] E. Barausse and T. P. Sotiriou, “Slowly rotating black holes in
Horava-Lifshitz gravity,” arXiv:1212.1334 [gr-qc].

[139] P. Horava and C. M. Melby-Thompson, “General Covariance in Quantum
Gravity at a Lifshitz Point,” Phys. Rev. D82 (2010) 064027,
arXiv:1007.2410 [hep-th].

[140] A. M. da Silva, “An Alternative Approach for General Covariant
Horava-Lifshitz Gravity and Matter Coupling,” |Class. Quant. Grav. 28
(2011) 055011, arXiv:1009.4885 [hep-th].

158


http://dx.doi.org/10.1088/1475-7516/2009/09/005
http://dx.doi.org/10.1088/1475-7516/2009/09/005
http://arxiv.org/abs/0906.5069
http://dx.doi.org/10.1103/PhysRevD.81.064002
http://arxiv.org/abs/0912.0399
http://dx.doi.org/10.1016/j.physletb.2009.11.005
http://arxiv.org/abs/0905.3423
http://dx.doi.org/10.1103/PhysRevD.81.083508
http://arxiv.org/abs/0905.3821
http://arxiv.org/abs/1009.3677
http://dx.doi.org/10.1016/j.physletb.2010.01.054
http://arxiv.org/abs/0911.1299
http://dx.doi.org/10.1016/j.physletb.2010.03.073
http://arxiv.org/abs/0912.0550
http://dx.doi.org/10.1103/PhysRevLett.109.151602
http://arxiv.org/abs/1207.0670
http://arxiv.org/abs/1207.0670
http://dx.doi.org/10.1103/PhysRevD.82.129901, 10.1103/PhysRevD.81.101502
http://arxiv.org/abs/1001.4823
http://arxiv.org/abs/1212.1334
http://dx.doi.org/10.1103/PhysRevD.82.064027
http://arxiv.org/abs/1007.2410
http://dx.doi.org/10.1088/0264-9381/28/5/055011
http://dx.doi.org/10.1088/0264-9381/28/5/055011
http://arxiv.org/abs/1009.4885

REFERENCES

141

[142]

[143]

[144]

[145]

[146]

[147]

148

[149]

[150]

[151]

[152]

E. Abdalla and A. M. da Silva, “On the motion of particles in covariant
Horava-Lifshitz gravity and the meaning of the A-field,” |Phys. Lett. BT07
(2012) 311-314, arXiv:1111.2224 [hep-th].

C. Germani, A. Kehagias, and K. Sfetsos, “Relativistic Quantum Gravity
at a Lifshitz Point,” JHEP 0909 (2009) 060, arXiv:0906.1201 [hep-th].

M. A. Luty, M. Porrati, and R. Rattazzi, “Strong interactions and stability
in the DGP model,” JHEP 0309 (2003) 029, arXiv:hep-th/0303116
[hep-th].

A. Nicolis and R. Rattazzi, “Classical and quantum consistency of the
DGP model,” JHEP 0406 (2004) 059, arXiv:hep-th/0404159 [hep-th].

C. Deffayet, G. Dvali, G. Gabadadze, and A. I. Vainshtein,
“Nonperturbative continuity in graviton mass versus perturbative
discontinuity,” Phys. Rev. D65 (2002) 044026, arXiv:hep-th/0106001
[hep-th].

E. Berti, A. Buonanno, and C. M. Will, “Testing general relativity and
probing the merger history of massive black holes with LISA,”
Class. Quant. Grav. 22 (2005) S943-S954, arXiv:gr-qc/0504017 [gr-qc].

C. M. Will and H. W. Zaglauer, “Gravitational radiation, close binary
systems, and the Brans-Dicke Theory of gravity,” Astrophys.J. 346 (1989)
366.

S. Groot Nibbelink and M. Pospelov, “Lorentz violation in supersymmetric
field theories,” Phys. Rev.Lett. 94 (2005) 081601, arXiv:hep-ph/0404271
[hep-ph].

O. Pujolas and S. Sibiryakov, “Supersymmetric Aether,” JHEP 1201
(2012) 062, arXiv:1109.4495 [hep-th].

G. Giribet, D. L. Nacir, and F. D. Mazzitelli, “Counterterms in
semiclassical Horava-Lifshitz gravity,” JHEP 1009 (2010) 009,
arXiv:1006.2870 [hep-th].

D. L. Lopez Nacir, F. D. Mazzitelli, and L. G. Trombetta, “Lifshitz scalar
fields: one loop renormalization in curved backgrounds,” Phys. Rev. D85
(2012) 024051, arXiv:1111.1662 [hep-th].

M. Pospelov, “Private communication.”.

159


http://dx.doi.org/10.1016/j.physletb.2011.12.044
http://dx.doi.org/10.1016/j.physletb.2011.12.044
http://arxiv.org/abs/1111.2224
http://dx.doi.org/10.1088/1126-6708/2009/09/060
http://arxiv.org/abs/0906.1201
http://dx.doi.org/10.1088/1126-6708/2003/09/029
http://arxiv.org/abs/hep-th/0303116
http://arxiv.org/abs/hep-th/0303116
http://dx.doi.org/10.1088/1126-6708/2004/06/059
http://arxiv.org/abs/hep-th/0404159
http://dx.doi.org/10.1103/PhysRevD.65.044026
http://arxiv.org/abs/hep-th/0106001
http://arxiv.org/abs/hep-th/0106001
http://dx.doi.org/10.1088/0264-9381/22/18/S08
http://arxiv.org/abs/gr-qc/0504017
http://dx.doi.org/10.1086/168016
http://dx.doi.org/10.1086/168016
http://dx.doi.org/10.1103/PhysRevLett.94.081601
http://arxiv.org/abs/hep-ph/0404271
http://arxiv.org/abs/hep-ph/0404271
http://dx.doi.org/10.1007/JHEP01(2012)062
http://dx.doi.org/10.1007/JHEP01(2012)062
http://arxiv.org/abs/1109.4495
http://dx.doi.org/10.1007/JHEP09(2010)009
http://arxiv.org/abs/1006.2870
http://dx.doi.org/10.1103/PhysRevD.85.024051
http://dx.doi.org/10.1103/PhysRevD.85.024051
http://arxiv.org/abs/1111.1662

REFERENCES

[153] J. M. Romero, J. A. Santiago, O. Gonzalez-Gaxiola, and A. Zamora,
“Electrodynamics a la Horava,” Mod.Phys. Lett. A25 (2010) 3381-3393,
arXiv:1006.0956 [hep-th]l

[154] G.’t Hooft and M. Veltman, “Regularization and Renormalization of
Gauge Fields,” Nucl. Phys. B44 (1972) 189-213.

[155] P. Ramond, “Field Theory : A Modern Primer,” Front. Phys. 51 (1981)
1-397.

[156] ATLAS Collaboration Collaboration, G. Aad et al., “Observation of a
new particle in the search for the Standard Model Higgs boson with the
ATLAS detector at the LHC,” |Phys. Lett. B716 (2012) 1-29,
arXiv:1207.7214 [hep-ex].

[157] CMS Collaboration Collaboration, S. Chatrchyan et al., “Observation of
a new boson at a mass of 125 GeV with the CMS experiment at the LHC,”
Phys.Lett. B716 (2012) 30-61, arXiv:1207.7235 [hep-ex].

[158] J. Ellis, V. Sanz, and T. You, “Prima Facie Evidence against Spin-Two
Higgs Impostors,” arXiv:1211.3068 [hep-ph].

[159] M. M. Anber and J. F. Donoghue, “The Emergence of a universal limiting
speed,” |Phys. Rev. D83 (2011) 105027, arXiv:1102.0789 [hep-th].

[160] D. Larson, J. Dunkley, G. Hinshaw, E. Komatsu, M. Nolta, et al.,
“Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Power Spectra and WMAP-Derived Parameters,”
Astrophys.J.Suppl. 192 (2011) 16, arXiv:1001.4635 [astro-ph.CO].

[161] C. Burgess, “Supersymmetric large extra dimensions and the cosmological
constant: An Update,” Annals Phys. 313 (2004) 283-401,
arXiv:hep-th/0402200 [hep-th].

[162] C. Charmousis, E. J. Copeland, A. Padilla, and P. M. Saffin, “General
second order scalar-tensor theory, self tuning, and the Fab Four,”
Phys.Rev.Lett. 108 (2012) 051101, arXiv:1106.2000 [hep-th].

[163] F. Klinkhamer and G. Volovik, “Towards a solution of the cosmological
constant problem,” JETP Lett. 91 (2010) 259-265, arXiv:0907 .4887
[hep-th].

[164] F. Bauer, J. Sola, and H. Stefancic, “Dynamically avoiding fine-tuning the
cosmological constant: The 'Relaxed Universe’,” JCAP 1012 (2010) 029,
arXiv:1006.3944 [hep-th].

160


http://dx.doi.org/10.1142/S0217732310034547
http://arxiv.org/abs/1006.0956
http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://arxiv.org/abs/1211.3068
http://dx.doi.org/10.1103/PhysRevD.83.105027
http://arxiv.org/abs/1102.0789
http://dx.doi.org/10.1088/0067-0049/192/2/16
http://arxiv.org/abs/1001.4635
http://dx.doi.org/10.1016/j.aop.2004.04.012
http://arxiv.org/abs/hep-th/0402200
http://dx.doi.org/10.1103/PhysRevLett.108.051101
http://arxiv.org/abs/1106.2000
http://dx.doi.org/10.1134/S0021364010060019
http://arxiv.org/abs/0907.4887
http://arxiv.org/abs/0907.4887
http://dx.doi.org/10.1088/1475-7516/2010/12/029
http://arxiv.org/abs/1006.3944

REFERENCES

[165] D. J. Shaw and J. D. Barrow, “A Testable Solution of the Cosmological
Constant and Coincidence Problems,” |Phys. Rev. D83 (2011) 043518,
arXiv:1010.4262 [gr-qc].

[166] J. D. Barrow and D. J. Shaw, “The Value of the Cosmological Constant,”
Gen. Rel. Grav. 43 (2011) 2555-2560, arXiv:1105.3105 [gr-qc].

[167] N. Dadhich, “On the enigmatic A - a true constant of spacetime,” Pramana
77 (2011) 433-437, arXiv:1006.1552 [gr-qc].

[168] S. Weinberg and E. Witten, “Limits on Massless Particles,” Phys. Lett. B96
(1980) 59.

[169] N. Kaloper, “Disformal inflation,” Phys.Lett. B583 (2004) 1-13,
arXiv:hep-ph/0312002 [hep-ph].

[170] J. Anderson and D. Finkelstein, “Cosmological constant and fundamental
length,” Am.J.Phys. 39 (1971) 901-904.

[171] Y. J. Ng and H. van Dam, “Unimodular theory of gravity and the
cosmological constant,” .J. Math. Phys. 32 no. 5, (1991) 1337-1340.

[172] A. Eichhorn, “On unimodular quantum gravity,” arXiv:1301.0879
[gr-qcl.

[173] G. Birkhoff and R. Langer, Relativity and modern physics. Harvard
University Press, 1923.

[174] T.-j. Chen and E. A. Lim, “Higher derivative theories with constraints :
Exorcising Ostrogradski’s Ghost,” arXiv:1209.0583 [hep-th].

[175] C. Charmousis, E. J. Copeland, A. Padilla, and P. M. Saffin, “Self-tuning
and the derivation of a class of scalar-tensor theories,” Phys. Rev. D85
(2012) 104040, arXiv:1112.4866 [hep-th].

161


http://dx.doi.org/10.1103/PhysRevD.83.043518
http://arxiv.org/abs/1010.4262
http://dx.doi.org/10.1142/S0218271811020755, 10.1007/s10714-011-1199-1
http://arxiv.org/abs/1105.3105
http://dx.doi.org/10.1007/s12043-011-0163-7
http://dx.doi.org/10.1007/s12043-011-0163-7
http://arxiv.org/abs/1006.1552
http://dx.doi.org/10.1016/0370-2693(80)90212-9
http://dx.doi.org/10.1016/0370-2693(80)90212-9
http://dx.doi.org/10.1016/j.physletb.2004.01.005
http://arxiv.org/abs/hep-ph/0312002
http://dx.doi.org/10.1119/1.1986321
http://dx.doi.org/10.1063/1.529283
http://arxiv.org/abs/1301.0879
http://arxiv.org/abs/1301.0879
http://arxiv.org/abs/1209.0583
http://dx.doi.org/10.1103/PhysRevD.85.104040
http://dx.doi.org/10.1103/PhysRevD.85.104040
http://arxiv.org/abs/1112.4866

	Abstract
	Acknowledgements
	List of papers
	Notation and conventions
	Table of Contents
	1 Introduction
	1.1 Newtonian gravity
	1.2 General Relativity
	1.2.1 Formulations
	1.2.2 Properties of GR
	1.2.3 Successes of GR

	1.3 The need to modify gravity
	1.3.1 Small scales and renormalisability
	1.3.2 Large scales and cosmology

	1.4 Modifying gravity
	1.4.1 Extra modes
	1.4.2 Ghosts
	1.4.3 Strong coupling and non-linearities
	1.4.4 Other common pitfalls

	1.5 Outline

	2 Horava gravity
	2.1 Motivation
	2.2 Formulation
	2.3 Variants and viability
	2.3.1 Detailed balance
	2.3.2 Projectable theory
	2.3.3 Non-projectable theory (original form)
	2.3.4 Extended non-projectable theory
	2.3.5 Horava gravity with an extra U(1) symmetry

	2.4 Outlook

	3 Extended Horava gravity and the Decoupling Limit
	3.1 Introduction
	3.2 The Stückelberg formulation
	3.2.1 Matter coupling

	3.3 Decoupling limit
	3.4 Perturbations of the Stückelberg field
	3.4.1 Ghosts, tachyons and superluminal propagation
	3.4.2 Strong coupling

	3.5 Matter sources and the Stückelberg force
	3.6 Discussion

	4 Matter in Horava gravity
	4.1 Introduction
	4.2 Non-relativistic gravity
	4.3 Non-relativistic matter
	4.3.1 Scalar field
	4.3.2 Gauge field

	4.4 Quantum corrected scalar fields
	4.4.1 Toy model
	4.4.2 Reduced action for a scalar field
	4.4.3 One-loop corrections to a scalar field propagator

	4.5 Quantum corrected gauge fields
	4.5.1 Reduced action for a gauge field
	4.5.2 One-loop corrections to a gauge field propagator

	4.6 Discussion

	5 Cleaning up the cosmological constant problem
	5.1 Introduction
	5.2 A novel way to screen the vacuum energy
	5.2.1 Unimodular gravity
	5.2.2 Conformally related theories

	5.3 Avoiding Ostrogradski ghosts: an example
	5.3.1 General perturbative result
	5.3.2 A ghost-free example

	5.4 Discussion

	6 Cosmology and new solutions with generalised unimodular gravity
	6.1 Determining the model and solution possibilities
	6.2 GR-like cosmology
	6.2.1 Analytic cases
	6.2.2 Dynamical systems analysis
	6.2.3 Numerics

	6.3 Behaviour of new solutions in the theory
	6.3.1 Behaviour of 
	6.3.2 Behaviour of 
	6.3.3 Behaviour of a

	6.4 Discussion

	7 Discussion
	7.1 Summary
	7.2 Future directions

	A Horava gravity calculation details
	A.1 Derivatives of potential terms
	A.2 Determining the strong coupling scale
	A.3 Scalar Field Vertices

	B Cleaning up the cosmological constant problem calculational details
	B.1 General perturbative result derivation
	B.2 No extra scalars propagating in de Sitter
	B.3 Proof of more general condition on the operator O
	B.4 System of differential equations
	B.4.1 Conformal time
	B.4.2 Cosmic time


	References

