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Zusammenfassung

Das Singularitdtenproblem der Allgemeinen Relativitdtstheorie (ART) und die Rétsel
im Zusammenhang mit dem Endzustand von evaporierenden schwarzen Léchern deuten auf
eine fundamentale Unvollstandigkeit unseres theoretischen Verstdndnisses von Gravitation
hin. Laut géngiger Volksweisheit muss ART unausweichlich zusammenbrechen, sobald die
Planck Skala erreicht ist um dann von einer unbekannten, nicht-perturbativen Theorie der
Quantengravitation abgelost zu werden. Trotz zahlreicher laufender Anstrengungen kann
bis heute keiner der Versuche zur Konstruktion einer solchen Theorie eine zufriedenstel-
lende Losung vorweisen. Als Versuch diesen scheinbaren gordischen Knoten zu zerschla-
gen verfolgen wir einen alternativen Zugang: Da keine experimentellen Nachweise fiir die
Giiltigkeit von ART bis hin zur Planck Skala vorliegen, erlauben wir Abweichungen schon
auf sub-Planck Skalen. Wenn solch eine modifizierte Gravitation nun eine eingebaute obere
Schranke fiir Kriimmungen besitzen wiirde, konnte man hoffen Singularitéten innerhalb der
klassischen Theorie aufzulosen und womoglich das Planck-Regime génzlich zu vermeiden.

Ziel dieser Arbeit war es, eine konkrete modifizierte Theorie der Gravitation zu kon-
struieren in welcher diese Idee realisiert ist. Dies wurde durchgefiihrt im Kontext von
“mimetischer Gravitation”, einer kiirzlich vorgeschlagenen Modifikation von ART, basierend
auf einer Reparametrisierung der Freiheitsgrade der Raumzeit Metrik under Verwendung
eines einer Zwangsbedingung unterliegenden skalaren Feldes ¢. Zu diesem Zweck wurde
das minimale mimetische Modell durch Einfithrung einer Skalenabhingigkeit der Gravi-
tationskonstante G' und der kosmologischen Konstante A erweitert, eingeschrankt durch
die Bedingungen von Verschiebungssymmetrie und Abwesenheit héherer Ableitungen der
Metrik in der modifizierten Einstein Gleichung.

Die Auflésung von Singularitdten konnte sowohl in isotropen und anisotropen Kos-
mologien als auch bei nicht-rotierenden schwarzen Lochern verwirklicht werden. Eine
notwendige Zutat ist dabei “asymptotische Freiheit”, das Verschwinden der Gravitation-
skonstante sobald die extrinsische Kriimmung ihre obere Schranke x( erreicht. Im Fall von
rdumlich flachen Hyperebenen ¢ = const. kann damit sichergestellt werden, dass Singular-
itiaten durch einen glatten Ubergang zu einer asymptotischen de Sitter Raumzeit ersetzt
werden. Diese Aussage lasst sich auch auf nicht-rotierende schwarze Lécher ausdehnen, fiir
welche eine exakte Losung gefunden werden konnte. Im Hinblick auf Hawking-Strahlung
deutet diese modifizierte Losung darauf hin, dass die Evaporation zum Erliegen kommt
nachdem die Masse eines schwarzen Loches auf Skalen von M, ~ Ky ! gesunken ist und
danach ein stabiler Uberrest zuriick bleibt.

Die Einfiihrung des mimetischen Feldes ermoglicht auferdem die kovariante Addi-
tion von rdumlichen Kriimmungsinvarianten hoherer Ordnung. Einerseits kann dies einen
“Bounce” in rdumlich gekriimmten Raumzeiten herbeifiihren, andererseits bietet sich eine
solche Theorie zur Konstruktion einer kovarianten Version der Hotava Gravitation an.

Abschliefsend untersuchen wir Stabilitédtsfragen in kosmologischer Storungstheorie und
berechnen primordiale Spektren. Waihrend eine inflationdre Hintergrundlosung aus der
Theorie natiirlich folgt, finden wir, dass ein erfolgreiches Inflationsszenario nicht mit dem
mimetischen Freiheitsgrad alleine umsetzbar ist.






Abstract

The singularity problem of General Relativity (GR) and the puzzles associated with
the final state of an evaporating black hole hint at a fundamental incompleteness in our
current theoretical understanding of gravity. According to popular wisdom, GR is bound
to fail at the Planck scale, where some unknown, non-perturbative theory of quantum
gravity has to take over. Despite numerous ongoing efforts, to date none of the attempts
to construct such a theory can claim to present a satisfactory solution. In an attempt to
cut what seems to be a Gordian knot, we explore an alternative approach: Since there is
no experimental evidence for the validity of GR all the way up until the Planck scale, we
allow deviations already at sub-Planckian scales. If such a modified gravity would happen
to have a built-in upper limit on curvature, one could hope to resolve singularities on a
dominantly classical level and potentially avoid the Planck regime altogether.

The goal of this thesis was to construct a concrete modified theory of gravity where
this idea is realized. This was done in the context of “mimetic gravity”, a recently proposed
modification of GR based on a reparametrization of the degrees of freedom of the physical
spacetime metric using a constrained scalar field ¢. To this end, the minimal mimetic
model was extended by introducing a scale dependence of the gravitational constant G
and cosmological constant A, restricted by requirements of shift symmetry and absence of
higher derivatives of the metric in the modified Einstein equation.

On the level of background solutions, the goal of singularity resolution has been achieved
in a variety of different settings, including isotropic and anisotropic cosmologies as well as
non-rotating black holes. The study of anisotropic singularities shows that a necessary
ingredient is the concept of “asymptotic freedom”. This name refers to any modification
where a limiting curvature scale k¢ is implemented by a vanishing gravitational constant.
In the case of spatially flat slices ¢ = const., a sufficiently fast vanishing of G is enough
to ensure that singularities are replaced by a smooth transition to an asymptotic de Sitter
space at limiting curvature. This statement can also be extended to the case of a non-
rotating black hole, for which an exact solution has been found. Considering Hawking
radiation, this modified solution suggests that evaporation will come to a halt once a black
hole’s mass has dropped to scales My, ~ k', leaving behind a minimal remnant.

Moreover, it was noticed that the introduction of the mimetic field also enables the
addition of higher order spatial curvature invariants in a generally covariant way. On the
one hand, this can induce bounces in spatially non-flat spacetimes, on the other hand such
a theory lends itself to construct a version of covariantized Horava gravity.

Finally, we explore cosmological perturbations, address stability issues and calculate
primordial spectra in the simplest single component flat Friedmann models. While an
inflationary background solution is a natural outcome, we find that a successful inflationary
scenario cannot be realized with only the mimetic degree of freedom.






Acknowledgements

First and foremost, I would like to express my gratitude towards my supervisor Slava
Mukhanov for his continued support throughout the years since he first accepted me as
a Master student. His amazing physical intuition and his striving for simplicity even in
seemingly complicated situations are qualities that I will always aspire to.

Many thanks go to my collaborator Ali Chamseddine for everything I learned from him
and for our discussions during the semester he spent at LMU.

[ am very grateful for the opportunities to talk about my work in front of other research
groups that have been given to me. In particular I want to thank Reinhard Alkofer for
inviting me to Graz, and Anna I[jjas and Paul Steinhardt for inviting me to their Simons
group meeting. Huge thanks to Paul Steinhardt also for agreeing to referee my thesis.

I would like to extend many thanks to all my current and former colleagues in the
Theoretical Astroparticle Physics and Cosmology group and at the Arnold Sommerfeld
Center for creating an enjoyable work environment. In particular, I want to thank my
former office mates Adiel Meyer and Luca Mattiello, my current office mates Anamaria
Hell and Cecilia Giavoni, as well as Katrin Hammer. I also want to thank Herta Wiesbeck-
Yonis for all the administrative support she provided.

I cannot conclude this section without expressing my incredible gratitude for the never-
ending support that is provided to me by my family and those who are close to me.






Publications

This is a cumulative dissertation including the following articles:

[1] A. H. Chamseddine, V. Mukhanov and T. B. Russ, Asymptotically Free Mimetic
Gravity, Eur. Phys. J. C79 (2019) 558, arXiv:1905.01343 [hep-th].
DO [10.1140 /epjc,/s10052-019-7075-y.

[2] A. H. Chamseddine, V. Mukhanov and T. B. Russ, Mimetic HoFfava gravity, Physics
Letters B, 798 (2019) 134939, arXiv:1908.01717 |hep-th]|.
DOI: 10.1016/j.physletb.2019.134939

[3] A. H. Chamseddine, V. Mukhanov and T. B. Russ, Black Hole Remnants, JHEP
1910 (2019) 104, arXiv:1908.03498 |hep-th| .
DOTI: 10.1007/JHEP10(2019)104

[4] A. H. Chamseddine, V. Mukhanov and T. B. Russ, Non-Flat Universes and Black
Holes in Asymptotically Free Mimetic Gravity, Fortsch. Phys.68 (2020), 1900103,
arXiv:1912.03162 |hep-th|.

DOI: 10.1002/prop.201900103

[5] T. B. Russ, On Stability of Asymptotically Free Mimetic Hotava Gravity, (2021),
arXiv:210312442 [gr-qc|.

The order of authors in these publications was chosen alphabetically by tradition. TBR
was the main author of publications [I], [3], [4] and [5] and one of the main authors of the
letter [2].

The results in [I] were obtained by TBR as a continuation of his Master thesis, super-
vised by V. Mukhanov. V. Mukhanov contributed the section about quantum fluctuations
and was involved in the writing of the manuscript. Checking and revision of the manuscript
was done by A. Chamseddine. In [2], A. Chamseddine extended the idea to use the mimetic
field to covariantly extract spatial curvature invariants (partially originated by TBR) to
build a covariantized model of Horava gravity. Considerations about subtraction of the
boundary term as well as checking and revision of the manuscript were done by TBR.
V. Mukhanov provided useful commentary on the manuscript. The results published in
[3] and [4] were obtained and written down by TBR, supervised by V. Mukhanov and A.
Chamseddine. A. Chamseddine checked calculations, V. Mukhanov gave helpful input in
many discussions and helped to improve the manuscript, especially for [3]. [5] was a single
author publication by TBR.


https://arxiv.org/abs/1905.01343
https://doi.org/10.1140/epjc/s10052-019-7075-y
https://arxiv.org/abs/1908.01717
https://doi.org/10.1016/j.physletb.2019.134939
https://arxiv.org/abs/1908.03498
https://doi.org/10.1007/JHEP10(2019)104
https://arxiv.org/abs/1912.03162
https://doi.org/10.1002/prop.201900103
https://arxiv.org/abs/2103.12442

Notation and units. Throughout this thesis (including [IH5]) the (4,—,—,—) sign
convention and Planck units Gy = G(HOp =0) =1, h=1,c=1, kg = 1 are used.

Greek indices running through 0,1,2,3 denote spacetime coordinates. Latin indices
running through 1, 2,3 denote spatial coordinates. Partial derivatives in direction p are
denoted by 0,% = %,,. The mimetic field is denoted by ¢.

Gy Uy V70 = Yoy RSy By R = g Ry, denote the physical spacetime metric and
its associated connection coefficients, covariant derivative, Riemann tensor, Ricci tensor
and Ricci scalar.

Yijs ALy Di% = %oii, *Rpigs “Rijs R = v Ry, kij denote the spatial metric on slices
of constant ¢, its associated connection coefficients, covariant derivative, Riemann tensor,
Ricci tensor, Ricci scalar and extrinsic curvature of its embedding into the spacetime.

A tilde X;; = X;; — %%jX on a spatial 2—tensor X;; denotes its traceless part.

While an effort was made to keep notation and naming of variables fairly consistent
between [IH5], beware that some notations do differ. For example, in [I], 2, 5] ¢ denotes the
time coordinate in the slicing given by ¢, which in [3] [4] is denoted by T', since t is reserved
for the Schwarzschild time coordinate there.



Summary

0.1 Introduction

More then a century after its invention [6], General relativity (GR) is commonly agreed
to be the gold standard for a successful physical theory, making a multitude of testable
predictions based on few conceptually simple assumptions. Then why, one might ask, is
there such a flourishing market for modified theories of gravity? Omne robust theoretical
prediction of GR that could be considered to contradict physical intuition is the formation
of singularities from physically realistic initial conditions. These are regions of a space-
time beyond which geodesics cannot be extended, e.g. the Big Bang singularity at the
beginning of an expanding universe or the singularity inside a Black Hole. As shown by
the work of Penrose and Hawking [7-9], the formation of singularities is not an artifact of
highly symmetric exact solutions of the Einstein equation, but follows generically from the
assumption of validity of GR plus a mild condition on the matter content. Penrose’s the-
orem, as formulated in the modern review [I0], states the following: Under the conditions
that a spacetime

(7) has a non-compact, connected Cauchy hypersurface,

(74) contains a trapped surface (a compact two dimensional surface such that any future
directed congruence of null geodesics starting orthogonal to the surface, both ingoing
and outgoing, is converging), and

(i17) satisfies the null convergence condition (NCC), i.e. Ry, n#n” > 0 for any null vector
nt where R, is the Ricci tensor,

there exists at least one null geodesic that is future incomplete. In this formulation the
theorem does not make any assumption about the validity of GR. With the additional
ingredient of assuming that gravity is described by the Einstein equation, the NCC is
equivalent to the null energy condition (NEC) T,,n*n” > 0, where T},, is the matter
energy momentum tensor.

Any attempt at singularity resolution has to circumvent this theorem one way or an-
other. Many efforts to do so have focused on finding matter models violating the NEC.
While this condition is satisfied for most known forms of classical matter, minimally cou-
pled to gravity, it is well known that it can be easily violated even by a simple scalar
field condensate. On the other hand, in modified theories of gravity, the implication NEC
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= NCC is no longer necessarily true and hence NCC violation is possible without NEC
violating matter. There is room for interpretation to write any new terms that modify
the Einstein equation on the right hand side and regard them as “matter”. In this case
sometimes modified gravities are also described as NEC violating even when they are actu-
ally only NCC violating. In the mimetic gravity model discussed in this thesis, however, a
splitting into “GR + new terms” seems somewhat artificial. For this reason we will follow
the point of view that everything coming from the mimetic gravity action is “gravity” and
everything else is “matter”.

Limiting curvature. Although the singularity theorems don’t make any statement
about the nature of singularities and their causes, in practically all concrete examples
the inextendibility of spacetimes beyond physical singularities (in contrast to coordinate
singularities) can be attributed to the blow-up of some invariant measure of curvature. A
natural strategy for constructing theories of gravity that avoid spacetime singularities is
hence the idea of “limiting curvature”, a built-in upper limit on the magnitude of curvature
invariants. A theory with this feature could be viewed as an effective field theory of gravity
close to the Planck scale but still in the domain where the classical description of spacetime
is valid, such that the singularity problem can be resolved on a dominantly classical level.
Moreover, if all curvature invariants would happen to be bounded well below Planckian
values, the “Planck regime”, dominated by non-perturbative quantum gravity effects, as
conjectured by extrapolation of theories tested only at lower scales, might actually never
be entered.

From first considerations by Markov in 1982 about “Limiting density of matter as a
universal law of nature”, [11], and first ideas about the existence of a “fundamental length”
l; > Iy exceeding the Planck length [, ~ 107**cm [12], this proposal has undergone
a number of incarnations during the last decades. Early implementations made use of
ad-hoc introduction of energy dependence of fundamental constants [I3] or explored the
impact of limiting curvature on black hole interiors by ad-hoc introduction of transition
layers [14) 15]. First concrete realizations of the limiting curvature idea in 1 + 1 [16] and
143 dimensions [17-20] made use of actions corrected by higher order curvature invariants
and non-dynamical scalars or string theory-motivated effective actions, like dilaton gravity.

In some of these models, including [I3HI5) 20], one encounters the concept of “asymp-
totic freedom” in the sense that the coupling between matter and gravity goes to zero in
the limiting curvature limit. The conclusions drawn in [I3HI5] about asymptotic freedom
leading to a de Sitter like initial state of the universe or de Sitter like black hole interior,
although coming from a different approach to the concept, agree in spirit with the results
we will find in this thesis. An important difference are the quantities that the running cou-
plings are taken to depend on: In [I3] the scale dependent gravitational constant depends
on the energy density of matter, while in the theory presented below it will depend on a
particular measure of curvature. At the level of modifications of spatially flat Friedmann
universes it could look like, although some modifications arise more naturally than others,
both models are equivalent. However, proceeding to singularities in different contexts, like



e.g. the Kasner or the Schwarzschild singularity, it is clear that, being vacuum solutions,
these singularities could never be removed by a model like [I3].

In a generally covariant theory in which the gravitational field is described only by a
metric, limiting curvature has to be realized by implementing an upper bound on higher
order curvature scalars. In general, any such additional term in the action will include
terms quadratic in second derivatives of the metric. As we will see, the novel possibility
that mimetic gravity brings to the idea of limiting curvature is the fact that it allows
to limit measures of curvature that only include first order derivatives of the metric in a
covariant way. For instance, it allows to limit the extrinsic curvature of slices of constant
¢, which happens to coincide with the covariant quantity [lg.

Modified gravity and disformal transformations. By the distinguishing feature of
GR as being the unique theory of metric gravity in four spacetime dimensions whose action
is local and whose equation of motion is second order (sometimes called the Lovelock
theorem, [21], 22]), any modification thereof has to disobey one of these conditions, i.e.

e go to higher dimensions, like in successors of Kaluza-Klein theory [23] 24] or in the
DGP model [25],

e allow higher derivatives, like in the Starobinsky model [26],

e allow more geometric structure than only the metric, like in Einstein-Cartan-Kibble-
Sciama gravity [27H29],

e allow non-local actions [30], or

e introduce new physical entities separate from the spacetime metric which a priori
don’t have to be of geometric origin, like in Brans-Dicke theory [31] or more general
Scalar-tensor theories, e.g. Horndeski theory [32].

Note that this is not a complete list of modified gravities and some of the given examples
could be filed in several of these categories.

Another possibility that lies somewhat outside this list is to modify GR by a reparametriza-
tion of degrees of freedom rather than ad hoc introduction of new fields. A pioneering
work in the direction of this idea was Bekenstein’s 1992 article [33], “The Relation between
physical and gravitational geometry”, where the notion of a “disformal transformation” or
“disformation” was introduced to refer to the reparametrization of the physical metric in
terms of an auxiliary metric g, and a scalar function ¢ as

uv = 0(907 w)guu + D(§07 w)SD,MSD,m w = gaﬁgp,agp,ﬁa (1)

where C(p,w), D(p,w) are arbitrary functions and C' # 0. Our intuition might tell us that
a simple reparametrization like this can certainly not change anything about the physical
content of the theory. For most disformal transformations this intuition is correct: Even
when the variation of the Einstein-Hilbert action S « [d*zy/=g¢ R [g,..] is performed with
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respect to g,, and ¢, the resulting equations of motion in the end are still equivalent to
the Einstein equation for g, .

However, this is not true for all disformations. The subclass of transformations for
which C'(¢,w)/w+ D(p,w) =: E(p) is a function of ¢ only is singular and in this case the
resulting equations of motion do not reproduce the Einstein equation. As shown in [34], in
the case where the gradient of the scalar field is timelike, all singular disformations can be
reduced to “mimetic gravity” in the same way in which non-singular disformations reduce

to GR.

Mimetic dark matter and ‘“vanilla” mimetic gravity. “Mimetic gravity” corresponds
to the singular disformation C(p,w) = w, D(p,w) = 0, i.e. to the reparametrization

Guv = gaﬂ¢,a¢,/5 g,ul/v <2>

where ¢ is now called the “mimetic field”. This particular disformal transformation is
special for two reasons: (i) it is singular, explaining how a simple reparametrization can
alter the degrees of freedom of the theory and (iz) the physical metric is invariant under
Weyl transformations g, — 02§, of the auxiliary metric.

This construction was first considered in [35] with the intention to isolate what was
called the “conformal degree of freedom of gravity” in a covariant way and make it dynam-
ical. The initial motivation to do this was to show that dark matter does not necessarily
have to consist of new particles but could also be an effect of geometry. Indeed, using
, when performing the variation of the Einstein-Hilbert action S oc [d*zv/=g R [g,,]
with respect to the auxiliary metric g,, and mimetic field ¢ one finds a new term that
modifies the Einstein equation. Since this new contribution mimics the behaviour of a
dust-like component, but its origin and interactions are purely geometrical, the authors
have called this contribution “mimetic dark matter”. Subsequent extensions of this mini-
mal modification have started to go under name of “mimetic gravity” as an umbrella term.
This is somewhat of a misnomer since the theory does not “mimic” gravity but is rather
a modification of GR which, among other things, contains a component that mimics dark
matter.

A direct consequence of is the mimetic constraint

9o udy = 1. (3)

The assumption of a global solution to this equation presents a restriction on the causal
structure of admissible spacetimes. For example, the existence of a global function with
timelike gradient is equivalent to stable causality, a causality condition that ensures,
roughly speaking, that there are no closed causal curves even when the metric is slightly
perturbed, see [36]. As shown in [37], an equivalent way to introduce the mimetic field is
to impose the constraint with a Lagrange multiplier field. This formulation has the
advantage that instead of the auxiliary metric and the mimetic field one is always dealing
with the physical metric and the mimetic field.



In the following this minimal mimetic model with action

S = —ﬁ dov/=g{R[gu] + A (9" b 00 — 1)}, (4)

still given by the Einstein-Hilbert action modified only by the constraint, will be referred
to as “vanilla” mimetic gravity. As shown in [38], vanilla mimetic gravity is free of ghosts,
provided that the energy density of mimetic dark matter is positive.

Note that the mimetic construction viewed as a Scalar-Tensor theory goes beyond
Horndeski theory, as was shown in [39]. This should not be confused with an extension
of this minimal model that was introduced under the name of “mimetic Horndeski theory”
[40], where the mimetic constraint was added to a general Horndeski action.

Extensions and earlier limiting curvature models. Many extensions of the vanilla
mimetic model have been considered since its introduction in 2013. See [41] for a review
of the developments in mimetic gravity until 2016.

Limiting curvature in the context of mimetic gravity has first been considered in the
earlier mimetic model [42, 43]. In cosmological applications of this model, singularities
are resolved by a regular bounce at finite scale factor which takes place during a timespan
given by the inverse limiting curvature scale. This bouncing solution has been compared
to loop quantum gravity bounces and lead to considerations of limiting curvature mimetic
gravity as an “effective” loop quantum cosmology theory, [44-46]. However, not only do
these bouncing solutions require a change of branch in the modified Friedmann equation,
as was realized in [47], they also exhibit a ghost instability in the region around the bounce
which is unavoidable, [48]. In [44] this ghost instability in the bouncing region together
with the wrong sign of the gradient term was wrongly interpreted as stability in this region,
followed by a gradient instability in the region after the bounce.

The application of the first limiting curvature mimetic model to non-rotating black
holes in [43] resulted in the picture of a Russian-nesting-doll-like black hole, where the
internal structure consists of a sequence of black holes of ever smaller gravitational radius.
After unpacking a finite number of these smaller black holes, one reaches a region in which
the approximation used to derive the solution breaks down. In this model, the conclusions
that after passing this complicated internal structure a spacetime at limiting curvature is
reached and that the near horizon geometry of a minimal size black hole is changed in
such a way that the final product of evaporation is a stable remnant remain at the level of
conjectures.

Covariantized Horava gravity. Apart from the singularity problem, another big in-
centive that has driven the quest for quantum gravity has been the perturbative non-
renormalizability of Einstein gravity, the main problem being the negative mass dimension
of the Newton constant [Gx] = —2, [49].

Relativistic higher derivative corrections can modify the graviton propagator to cure
UV divergences, but will at the same time introduce a second pole in the propagator, cor-
responding to ghost excitations. A way to benefit from the former without having to pay
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the price of the latter was suggested by Horava in [50], drawing analogies from condensed
matter systems. Hofava gravity breaks general covariance to introduce an explicit “asym-
metry” between space and time. The scaling of the modified graviton propagator with the
four-momentum £, = (w, k) can then be written schematically as

1

w? — c2Tk2 —o(k?)*

(5)

The minimal value of the “dynamical critical exponent” z for a power counting renormal-
izable theory is z = 3.

An example for a concrete gravity action where this critical value of z is attained is
given by

1 ’
S = / dtd*xN? ¢ —— (K" K;; — AK?) — 167G no” (?C73Cy) ¢, (6)
167TGN

where the spacetime M = R x ¥ has been sliced into hypersurfaces ¥ with extrinsic
curvature K;; and intrinsic Cotton tensor *C;, and o is a dimensionless coupling. The
case where the lapse N = N(t) does not depend on spatial coordinates of the slicing is
called projectable Hotava gravity. The full renormalization analysis of projectable Horava
gravity has been performed in [51], 52].

The problems associated with an extra scalar mode that arises from the explicit break-
ing of general covariance (see [53]) have been addressed by a number of covariantized
versions of Horfava gravity, like [54], which typically possess also a “scalar graviton” or
other propagating degrees of freedom. Since the mimetic field provides a global time func-
tion whose gradient is everywhere timelike, in [2] it was shown that it can be used to
isolate any scalar quantity that is invariant under spatial diffeomorphisms in constant ¢
slices in a fully covariant way. In this way it is easy to write down a covariantized Horava-
gravity-like theory with only higher spatial derivatives but no higher time derivatives or
mixed derivatives. Interestingly, several connections between mimetic gravity and Horava
gravity have been drawn: In [55] it was explored how a dust-like component emerges as a
constant of integration in Hotava-Lifshitz gravity. In [56] an equivalence between the IR
limit of projectable Hotrava gravity and a mimetic matter scenario has been found. Another
Horava-like mimetic model has been presented in [57].



0.2 The theory

The theory considered in this thesis was built up in steps over the course of [IH5]. Starting
with a general mimetic gravity action where the mimetic field is introduced through a
Lagrange multiplier constraint [37],

S=— [duey=g L+ A (g6, — 1)}, (7)

167
the requirements of shift symmetry and absence of higher derivatives of the metric in the
modified Einstein equation restrict the possibilities for such a theory: For instance, if £
contains a running gravitational constant G, i.e. a function f = 1/G multiplying the Ricci
scalar, it can only depend on the trace of extrinsic curvature of slices of constant ¢, a
quantity that happens to coincide with the covariant expression [g.
All applications considered in [IH5] are encompassed by the general Lagrangian

L= Lopa + Lia = f(OO) R+ 2A(0¢) + (f(T¢) — R

L S )
+a(R) + SRR Ry + 0} CLCL — S PLN,RV'R,

which is symmetric under shifts ¢ +— ¢ 4+ ¢. The meaning and purpose of all individual
terms will be elaborated on in the following sections. Reviewing the development over the
course of [IH5], it is worth to point out that every step represents a true generalization.
In particular, the exact solutions obtained in [I, 3] stand unchanged in the more general
theory considered in [5].

A theory without higher derivatives. Starting with the Lagrangian first introduced
in 3],
Lina = f(Ho)R 4 20(0e) + (f(0e) — 1R, (9)

where

R =2¢"¢"G,, — (0¢)* + V'V"6V,V,0, (10)

we encounter a theory whose modified Einstein equation is free of any higher derivatives
of the metric. As argued already in [I], the only quantity that f can depend on without
introducing higher timd derivatives of the metric in the modified Einstein equation is C¢.
However, in the theory considered in [I], it still contained higher mixed and spatial deriva-
tives because it was missing the last term of @D In fact, these higher mixed derivatives of
the theory £ = f(0¢)R + 2A(0¢) have been used in [58] to adjust the otherwise wrong
sign of the gradient term of the scalar degree of freedom of mimetic gravity in perturba-
tions around a flat Friedmann universe. However, later in [59] this theory was shown to
possess an additional second scalar degree of freedom which is hidden when considering
only homogeneous backgrounds but which can lead to instabilities already when perturbing

*In the following the distinction between time and space is referring to the slicing into spatial hyper-
surfaces of constant mimetic field ¢.
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around Minkowski spacetime with a non-homogeneous field profile, [60]. In the process of
searching for black hole solutions, leading up to [3], it was realized that there is a unique,
covariant way to remove the term responsible for higher mixed and spatial derivatives,
resulting in the Lagrangian @D In fact, this theory turned out to be significantly simpler
than £, mirrored by the fact that it allowed to find an exact black hole solution. Since in
the modified Einstein equation of @ no higher derivatives of the metric are present, one
could hope that no second scalar degree of freedom is hiding in this theory. Of course this
argument is purely heuristic, as a full Hamiltonian analysis has not yet been performed.

For illustrative purposes, in the following the equations of motion of @ will be reviewed
first in covariant form, then in the slicing given by the mimetic field. For the sake of
simplicity, it is convenient to express A(CJ¢) without loss of generality in terms of A(C¢)
as

A(O¢) = 306 [Dof(0¢) — F(Og) — 3H(09)] , (11)

where dF/d0¢ = f(O¢) and (O¢)2dH/d0¢ = f(O¢)A(e).
Variation with respect to the Lagrange multiplier field \ yields the mimetic constraint

g0, =1 (12)
The equation of motion one finds by variation with respect to ¢ reads
Vi [A+(f = DR)¢" = (" ¢")u = 27 = (f = DRM¢ ] = 0. (13)

It is worth mentioning that this equation is nothing like a Klein-Gordon type equation
for a dynamical scalar field. Since the mimetic field ¢ is already completely fixed by the
constraint , has to be used to determine the Lagrange multiplier field A. Finally,
variation with respect to the metric results in the equation of motion

Ry — (3Lona + Va(Z0™)) g + Va ([0 udy — (f = D¢ *V,V,0)

(14)
+2(f = 1) %b(uRoya + 20 uZ ) — (A + (f = 1)R)$ ub,, = 87T},
where T"” is the matter energy momentum tensor and
2= 3f (00) +6"6,) — A (15)

By the constraint , ¢ is a global time function whose gradient has constant unit
norm. It may hence be used as the time coordinate t = ¢ of a synchronous coordinate
system

ds? = dt* — ;;da’da?, (16)

in which the modified Einstein equation will take its simplest form. In these coordinates
V,.Vop =0 and
—ViV;¢ = kij = 3007 (17)



is equal to the extrinsic curvature of slices of constant ¢. The trace of extrinsic curvature
of these slices can then by extracted in a covariant form as

1
val

where v = det ;; is the spatial metric determinant. Moreover,

80\/777 (18)

R="R (19)

coincides with the spatial curvature of slices of constant ¢. In this slicing, (13) can be
integrated and solved for the Lagrange multiplier field A and the components of the modified
Einstein equation can be simplified to the system

f (%52 — K> — %(f +RfRR + %31% — = = 81Ty (20)
fRoi+ Z; + Kl f; = 81Ty, (21)
b (V7 (75 + 28)) b8~ B} = 87T (22)
where
E= / dt\/~ D; (87T — Ry) . (23)

Another important equation is obtained by subtracting the trace from ([22]),
1

val

where the tracefree part of spatial 2-tensors is denoted by /?;; = Iié — %mﬁ, etc. For details,
see [4]. The time reversal invariance of the Einstein equation is maintained, provided that
f and A depend symmetrically on (¢ = k. In this case the contracting counterpart x < 0
to any expanding solution x > 0 can be found simply by the transformation ¢t — —t.

The modified Einstein equations (20524)) do not contain any higher derivatives of the
metric v;;. However, note that together with constitutes an integro-differential
equation. Thus the dynamical equations of motion in the synchronous frame consist in
general not only of the spatial components , but also of the second order differential

equation

o (vA [ &) — R = 8xT, (24)

%ao {ﬁ {f (%/@-2 — K) — %(f + /if’)/%é-/%f + %31%} } + D;R}, = —87r;; T, (25)

that one obtains by taking %80(\/5%) of . Here the continuity equation

1 : g
0=V, T% = ﬁao (V7 Too) + DiTy + kT (26)
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was used, which, like in GR, still follows from the equation of motion ([14]). The additional
dynamical equation of motion is a manifestation of the fact that mimetic gravity
possesses a scalar degree of freedom. It is easy to see what the nature of this degree of
freedom is in a homogeneous spacetime: In this case is given only by a constant of
integration, .
~ cevpm(a?)
\/,7 )
and has a simple first integral: the temporal component of the modified Einstein
equation which is now only a constraint, containing a contribution of mimetic dark matter

(MDM).

—_
—
—

(27)

Subtraction of boundary terms and higher spatial derivatives. Expanding the
Ricci scalar R in the synchronous coordinates and then using and to rewrite

it in covariant form, we find the expansion
—R =2V, (O¢¢") — (06)° + ¢** b + R. (28)
Noting that

f(O0)V, (Lo o) =V, (F (L)"') + Lo [f(Le)Ue — F (L)),
where dF'/d00¢ = f(O¢), the Lagrangian (9) can be rewritten as

Lona = 2V, (F(D¢)p™) + 2(0¢) — f(O0) (VIVY6V,V,6 — 1(T6)*) — R,  (29)

where
((O¢) = 30¢F — (O6)*f + 3A (30)

collects all terms depending only on [l¢. The first term in is a total derivative and
thus subtracting it changes the action only by a boundary term. For boundaries that lie
along hypersurfaces of constant ¢, this is analogous to the addition of the Gibbons-Hawking
boundary term in GR. A note of caution is due here: The usage of , which was derived
assuming validity of the mimetic constraint, in the action before variation is in general
not a valid procedure. However, one can explicitly verify that the equations of motion of
@D and are identical.

Similarly to £ = O¢, kYk;; = VAVY¢V,V,0, and *R = R, any quantity that is
invariant under spatial diffeomorphisms on slices of constant ¢ may be rewritten in a fully
covariant form using the mimetic field and the projector P! = % —¢ ,¢" to project out the
time direction, as shown in [2]. Thus, this theory lends itself to be used for a covariantized
version of Hofava gravity. For example, the spatial Cotton tensor squared term from @
can be covariantized as

¢t Pl = crer, (31)
where B o - L
Cl; = _\/_—g V)\¢ v,0 (Run - ZgunR) ) (32)
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with the Levi-Civita symbol € = 1 and the covariantized spatial Ricci tensor and scalar

Ry, = PP/ Rog + Vo (¢0°V,V,0), R=—g"R,,. (33)
More generally, in we included the higher spatial derivative terms

~ ~ ~ ~ ~ ~ 4 ~ ~
Lya = a(R) + B(R)RM Ry, + o C1CY — %P;‘V#RV”R. (34)

The other sixth order derivative term og will turn out to be necessary to have a chance of
averting the gradient instability of the scalar degree of freedom of mimetic gravity.

The higher spatial derivative terms o and § do not play any role in a spatially flat
spacetime, also in linear perturbations around a spatially flat background, provided that
a = O(R>?), f = O(R?'). As it was found in [4], in the presence of spatial curvature,
limiting extrinsic curvature is not sufficient for singularity resolution. In [4] it was shown
that in a non-flat universe, the isotropic spatial curvature dependent potential

V(R) := a(R) + 18(R)R? (35)

can be used to resolve the Big Bang singularity by inducing a bounce driven by higher
order spatial curvature terms. This has also been extended to Bianchi type V and some
special cases of Bianchi types II, VIy, VII, VIII, IX. The remaining term

B(B) (R B — L2 (36)

corresponding to anisotropic spatial curvature, then plays a role in cosmological pertur-
bations around these bouncing background solutions. As shown in [5], these spatially
non-flat, bouncing solutions in fact always suffer from some form of instability. In the case
of positive curvature, a ghost instability is avoided, but a gradient instability is unavoid-
able for any universe that undergoes any significant amount of expansion. Interestingly,
the instability is most severe in the GR limit and the bounce itself actually is the “least
unstable” region.
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0.3 Results & Conclusions

In this section the main results of this thesis, as published in [IH5], are presented and
discussed. First, in subsection we review the results from [I] for the background
dynamics of a flat Friedmann universe, in the light of the condition to be free of ghosts, as
found in [5]. Next, in subsection the argument why “asymptotic freedom” becomes
a necessary condition to resolve anisotropic singularities is presented in application to a
Bianchi type I universe. The next subsection reviews the non-singular modified black
hole solution found in [3] and extended in [4]. Finally, in subsection we review the
main results of the linear stability analysis performed in [5] and argue for the necessity
of higher order spatial curvature terms , first introduced in [2], to avoid the gradient
instability of the scalar degree of freedom of mimetic gravity.

0.3.1 Big Bang replaced by initial dS

To see the theory introduced in the last section at work, the first application we consider
is to a flat Friedmann universe. Compared to shift-symmetry breaking mimetic models,
where a freely adjustable, time dependent background enables any conceivable background
solution to be put in more or less by hand [61], we find that in the shift symmetric theory
there is essentially only one possibility for the qualitative behaviour of a non-singular,
flat Friedmann universe: to replace the Big Bang singularity by a smooth transition to an
asymptotic de Sitter spacetime at limiting curvature.

In a homogeneous and isotropic spacetime the solution of consistent with these
symmetries is, up to shifts, t = ¢. That is, the synchronous time given by the mimetic
field agrees with the cosmological time of isotropic observers. The trace of the extrinsic
curvature of slices of constant ¢ hence coincides with a multiple of the Hubble parameter,

O¢ = k =3H = 3%, (37)
where a dot denotes t-derivatives. Applied to a flat Friedmann metric
ds* = dt* — a®(t)6;;da'da, (38)

the modified Einstein equations (20f24]) result in the modified Friedmann equation

H? — gx(/{) = %G(/@) (CN;EM + 87?5’") = %G(/{)e. (39)

where the suggestive notation G = 1/f has been used and the total energy density e
consists of the matter energy density €™ and the constant of integration corresponding to
mimetic dark matter. The modified analogue of acceleration equation reads

——[f(k*=3K)] = -8 (¢ +p). (40)
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Note that the modified Friedmann equation is still formulated in terms of the same
quantities H and ¢ as the usual Friedmann equation. Only the relation between curvature
and energy density is altered at high curvatures.

In contrast, in a shift-symmetry breaking theory where a potential U(¢) is added to
the Lagrangian, we would have found the time dependent background U (t) appearing on
the right hand site of (40]). Moreover, in this case the contribution of mimetic matter

CMDM(t) X /d(a?’)U(t) (41)

would not be constant in time. It is clear that in this case the time dependent background
can be chosen in such a way to obtain any solution one can think of. Examples for both
bouncing as well as inflationary solutions obtained in this way have been provided in [61].
In this work we refrain from introducing such a time dependent background and try to
realize limiting curvature in shift-symmetric mimetic gravity.

Assuming that the total energy density € is a monotonic function of the scale factor a,
the modified Friedmann equation can be viewed as an integral curve in the phase space
spanned by a and H = a/a. This allows to understand the qualitative behaviour of any
such relation without obtaining explicit solutions, cf. [4]. Plotting H? vs. ¢ for different
possible modified Friedmann equations (see figure [1]) it is easy to proof that the only
thing that can replace the Big Bang singularity is a smooth transition to an initial de Sitter
stage at limiting curvature, requiring that the following three conditions are satisfied:

(7) Limiting curvature:
K < KY (42)

Combined with || < O(k3), which follows together with condition (ii7), this is
enough to ensure that all curvature invariants are bounded in a flat Friedmann uni-
verse.

(i7) GR-limit:
G(k) =14 O ((k/Ko)?), A(k) = Ao+ O ((k/Ko)?) K (43)

This condition ensures that in the low curvature regime we recover the usual Fried-
mann equation and modifications restrict to the limiting curvature regime. Moreover,
the requirement that corrections to A appear only at order x* means that in the low
curvature limit perturbations in the scalar degree of freedom of mimetic gravity re-
main non-propagating, like in vanilla mimetic gravity.

(#4i) No ghost instability of the scalar degree of freedom of mimetic gravity:

OH? 8r

0< 9% < ?G(/i) (44)

For a derivation of this condition, see [5].
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K? = 9H? '
Big Bang

initial dS

Bounce <

Figure 1: Modified Friedmann equation (39) as a relation between extrinsic curvature
k? = 9H? and energy density €. At low curvatures, any modified relation has to reproduce
the Friedmann equation, which is a straight line in this diagram. Following this straight line
to arbitrarily high energy densities, one inevitably runs into a Big Bang singularity. Thus,
this relation has to be modified at high curvatures to achieve a non-singular solution. Two
options for this are: (a) the blue curve: the extrinsic curvature asymptotically approaches
the constant limiting curvature as ¢ — 0. Since asymptotically constant extrinsic curvature
Kk — Ko corresponds to initially exponential expansion a® o< e"°!, in this case the Big Bang
is replaced by an initial asymptotic de Sitter spacetime at limiting curvature. (b) the
red curve: the extrinsic curvature reaches a maximum after which it starts to decrease
as € continues to increase (dashed part) until it reaches a first order zero at finite ¢,
corresponding to a bounce. Note that the dashed part of the red curve violates condition
(44), meaning that in this region the scalar degree of freedom is a ghost.
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Note that condition (i7i) could be replaced with the weaker condition of bijectivity
of the relation a(H?), i.e. the first inequality 0 < aa—ff in is enough to arrive at the
above conclusion. The condition of bijectivity could be violated by the modified Friedmann
equation (39) only by allowing G or A to be a multivalued function, cf. [47]. Expressed as
a condition on G and A, the upper bound of the inequality implies that

dinG - 1 dA
dk? (%/{2 —A) dr?

(45)

In the case where A is constant, one can infer that the running gravitational constant
G can only decrease with increasing curvature. In fact, in this case a limiting curvature
modification, as realized by blue curve in figure [I, can only be achieved if the product G e
remains bounded as ¢ — oo. This is only possible if G(k — kg) — 0, a feature that we
will refer to as “asymptotic freedom”.

For concreteness, we will present a concrete solution for the simple choice

Glr)=1— (E)Q, A=0, (46)

Ro

for which the modified Friedmann equation becomes

H? 8T
- 47
1—H2/H? 3 (47)
where H; = ko/3 is the asymptotically constant value of the Hubble parameter during

the initial inflationary stage. This is the same modification considered in [5], where linear
perturbations around the background solutions of have been analyzed. In the case
where a single component with equation of state p/e = w is dominating the energy density
e oc a 30+ taking the time derivative of the logarithm of , one finds a separable
differential equation for H(¢) with the implicit solution

H H
3(14w) _
THlt = E — atanhE. (48)
The origin ¢ = 0 of time was fixed to agree with the late time Friedmann asymptotic
2
Hit)~ — t t>t 49

Instead of reaching a singularity at ¢ = 0, in the case of H; < oo the solution can be
extended all the way into the past until ¢ — —oo where the asymptotic is now
smoothly connected to the early time asymptotic

H(t)~ H(1—2exp[3(1+w)Ht—2)) at t<t (50)

Note that this early time solution is independent of the matter content, as long as w >
—1/3. The initial stage of accelerated expansion ends at ty ~ O(1)/H;, where H = Hy =
V(1 +3w)/(3(1 + w))H;. The exact solutions for a(t) and H(t) are plotted in ﬁgure
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Figure 2: Plot of the expanding branch of the implicit solution (48 for H(t) and the
corresponding solution for a(t) found from . The end of accelerated expansion happens
at t =1ty ~ O(1)/H,.

Note that the initial inflationary part of this solution does not fit into a slow-roll
description since even though

H 31+ w)
= TG(&) < 1,

before the end of inflation, the second “slow-roll” parameter

H 3(1 4+ w)

oOH H 2

is constant and of order of unity at all times.
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0.3.2 Anisotropic singularity resolution requires asymptotic free-
dom

While in the last section “asymptotic freedom” as a means of realizing limiting curvature
in a flat, isotropic universe was still only a choice, in this section we find that it becomes
a necessity to resolve the anisotropic Kasner singularity. The reason for this can be traced
back to the crucial appearance of f in the trace-free spatial modified Einstein equations
. In GR, approaching an anisotropic singularity where the metric determinant v — 0,
the contribution of anisotropies to the Einstein equation scales as F@;F;f ~ 1)y = 1/d°,
where a = (ajazaz)'/? is the averaged scale factor. This result will be modified by a

running G(k): Contracting with &/ one finds that that

1 i e o
mao (v PR R = &R + 8mRITY. (51)
Assuming that in approach to a singularity spatial curvature and matter contributions are
subdominant, the dominant contribution of anisotropy to the temporal modified Einstein
equation is hence &5&] ~ G*(k)/y = G*(k)/a®, where now G makes an appearance.

As an example to study the contraction of an initially anisotropic spacetime, consider

the Bianchi type I metric
3

ds® = dt* = " a?(t)da, (52)
i=1
again with the time coordinate ¢t = ¢ coinciding with the splitting into homogeneous slices.

The Kasner metric is the non-trivial vacuum solution of the Einstein equation given by a; =

|t|P*, where the Kasner exponents satisfy p; +ps+p3 = 1, p? +p3+p3 = 1. The contracting
part of the solution is covered by —oo < t < 0. Without modification, a curvature
singularity occurs at ¢ = 0, where the Kretschmann scalar RF* R, ,, = —16pipaps/t*
diverges.

For the spatially flat metric ansatz and assuming the case of vacuum (or, more
generally, isotropic matter) the spatial modified Einstein equations have the first
integral (no sum over i)

R T, §i ) (53

a, a NG
with the metric determinant /vy = ajaza3 = a®. Constants of integration have been fixed

to agree with the Kasner solution in the early time limit ¢ — —oc.
The temporal modified Einstein equation becomes

1 — 1 .y
fls®=AN) == (f+rf)RR. (54)
3 2 J

Using , it is again an integral curve in the (still only 2-dimensional) phase space spanned
by a = (ajaza3)'/? and xk = 3%. The same considerations from the last section apply
(replacing € — 1/v in figure [1), and in order for x* to be bounded, it must hold that
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k* — K% as v — 0. In a flat, isotropic universe all there is to curvature is extrinsic

curvature x and this was enough to ensure a non-singular solution. However, now we must

also require that ,

Rkl = (25(“)) < K2, (55)

\/7

This is only possible if G decreases at least like G ~ (/7 as /7y — 0 and k* — k.
Moreover, if G decreases faster than this, the resulting solution will eventually become
isotropic during contraction at limiting curvature due to asymptotic freedom. In this way
the anisotropic singularity at ¢ = 0 is resolved similar to the isotropic singularity in the
last section. The solution can be extended to t — co where all curvature invariants remain
bounded and we find again an asymptotic approach to a piece of de Sitter spacetime. In
[1] it was shown how to obtain explicit solutions of the modified Einstein equations where
this is realized. For the particular choice

Gr) = 1 — (%)2 A- —érﬁ (%)2 (56)

one can find a simple exact solution of the modified Einstein equation: The contracting
branch of the implicit solution for a(t) = (a1 (t)as(t)as(t))'/? is given by

—kot =1/1+ k3 ab(t) — acothy/1 + k3 aS(t) (57)

and the time dependence of the individual scale factors a;(t) for every direction can be
expressed through a(t) as

9 3 Pi

In the limit ¢ — oo the second factor in (58|) quickly becomes constant and all three a;
become proportional to a(t) ~ e Hit. Figure 3| shows a plot of this exact solution for the
particular Kasner exponents p; = (1 ++/3)/3, po = 1/3, ps = (1 — v/3)/3.
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Figure 3: Exemplary modified contracting Kasner solution with p; = (1++/3)/3, py = 1/3,
ps = (1 —+/3)/3 for the modification . (The index in &! is not summed.)
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0.3.3 Modified black hole with stable remnant

This section is dedicated to the application of the theory (8) to black hole spacetimes. First
we examine the qualitative behaviour of non-rotating black holes in the spatial flatness
approximation and find that it is analogous to the results of the last section. As a proof
of principle that it is possible to obtain a concrete solution in which the spatial flatness
approximation is actually exact, we then proceed to review the exact solution first published
in [3]. Staying true to the storyline from the last sections, this regular black hole replaces
the singularity by a transition to a static de Sitter patch at limiting curvature. The internal
structure of this solution is significantly simpler than the earlier limiting curvature mimetic
model [43] and thus allows to actually show statements that had to remain conjectures in
[43]. For example, the exact solution permits a simple analysis of modified black hole
thermodynamics. Extensions of this solution to the case of small charges and slow rotation
have been presented in [4].

For an overview of the many existing non-singular black hole modifications see e.g.
[62, [63] and references therein. Regular, non-rotating black holes with de Sitter interiors
have been studied for a long time, e.g. in [I5] 64H66], also in the context of asymptot-
ically free gravity [I4]. In contrast to most of these non-singular black holes where the
transition to a non-singular interior occurs through a singular hypersurface, subject to
the Israel conditions for surface layers, in our model the transition happens gradually and
smoothly. Moreover, our modified black hole is based on a concrete action rather than
mere assumption of the existence of limiting curvature. While some of our conclusions do
agree with renormalization group approaches to asymptotically free gravity, like [67, 6],
it is important to point out the distinction that in these works the “renormalization group
improved” running gravitational constant is directly inserted into the otherwise unchanged
Schwarzschild solution as G(r), without presenting a concrete theory that would admit
such a solution.

To find how our modified gravity will affect non-rotating black holes, we look for the high
curvature modification of the Schwarzschild metric, expressed in Schwarzschild coordinates
t,r, 9, ¢ as

oM oM\ !
ds* = (1 — —) dt* — (1 — —) dr? — r2dQ?, (59)

T T

where dQ2? = d¥? + sin? ¥dp?, the physical singularity occurs at » = 0 and the coordinates
are singular at the horizon r = 2M. The same metric, expressed in Lemaitre coordinates
T, R,v, ¢ with range 0 < x = R — T < oo reads

2 2 T e 2 L e 2 102
ds*=d7T” — | — dR* — | — (2M)=dQ2=. (60)
$+ :C+

The Lemaitre coordinates are regular at the horizon which happens at * = z, = 4M/3
and the physical singularity occurs at x = 0. In the Schwarzschild spacetime the only
global solution of the mimetic constraint which respects the same symmetries is,
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up to shifts, ¢ = T. This is the reason why Lemaitre coordinates are best suited for
the following investigation. The relation between Lemaitre coordinates and Schwarzschild
coordinates can be found in [3] 4].

To generalize (60]), consider the spherically symmetric ansatz with the time coordinate
=9,

ds* = dT? — a® (z) dR? — b* (z) dQ?, (61)

where the functions a and b still depend only on x = R—T'. Like the Schwarzschild metric,
possesses the additional Killing vector field

9_06 _06
ot OR OT

The norm of the Killing vector field changes sign wherever a?(z) = 1, marking a
Killing horizon with surface gravity g, = —a/(z) = —da/dxz.

The condition for spatial flatness of the constant 1" slices of amounts to the single
equation V'(x) = db/dx = a(x). Note that that the Schwarzschild metric is spatially
flat in Lemaitre coordinates. Suppose this property will continue to hold true, at least
approximately, for some time after the high curvature modification has taken over. In
this case, the modified Einstein equations for the functions a(z) and b(z) become
formally identical to the ones for a;(t) and ay(t) = as(t) in a contracting Kasner universe
with exponents p; = —1/3, ps = p3 = 2/3, if one interchanges the Kasner time coordinate
with ¢t <> x. Hence, the same asymptotically free models that lead to asymptotic isotropy
during contraction at limiting curvature in a Bianchi type I universe, will cause the metric
functions a and b to become alike, i.e. a(x) o b(x), after the high curvature modification
has kicked in. The solution can then be extended until 2 — —oo and smoothly connects
the asymptotics

(62)
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where 1, ~ r;'. Note that since the Schwarzschild radial coordinate is related to = by
r = b(x), the extension of the solution to  — —oo corresponds to r — 0.

If a modification satisfies ag/by = ko/3, then the solution is spatially flat also in the
r < x, asymptotic and the spatial flatness approximation is valid everywhere. Moreover,
in this case the solution in the far interior is given by a static patch of de Sitter spacetime
for which all curvature invariants are bounded by the limiting curvature scale.

On the other hand, in general if ag/by # Ko/3, then in the r < x, asymptotic the
spatial curvature components scale as exp(—%moa:). One can explicitly verify that even
in this case spatial curvature is still a subdominant contribution to the modified Einstein
equation. Hence, the spatial flatness approximation and the following conclusions about
horizon geometry still remain valid to leading order. However, the curvature singularity
would not be resolved in this case, as 3R diverges.
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Figure 4: Plot of the exact solution from [3| expressed through A(r) = a(z(r)) in

Schwarzschild coordinates r = b(x). A Killing horizon occurs when A%(r) = 1 and for

this spatially flat solution it has the surface gravity gs = —%d£2.

Transitioning between the asymptotics a o< b=12 = r~/2 at £ > z, and a x b = r at
r < x, means that at some point in the intermediate region x ~ x,, where the modification
takes over, the metric function a has to assume a maximum. The scale of this maximum is
set by the mass of the black hole. Thus, a minimal mass My, ~ kg L arises which divides
the causal structure of solutions into three distinct classes:

M > M, : There are two horizons, one on each side of the maximum, where a(xy) = 1.

M = My, @ There is one degenerate horizon at a(z,) = 1 with vanishing surface gravity
gs = —a'(x,) = 0.

M < M, ¢ There is no horizon, the Killing vector field is everywhere timelike and
hence this solution does not describe a black hole.

Of course it would be troubling if during the process of Hawking evaporation horizons
would disappear and the spacetime would switch between these different causal structures.
Since the Hawking temperature Ty = gs/27 is given by the surface gravity of the exterior
horizon which vanishes for the minimal black hole we can already guess that this will not
happen.
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Exact solution. The above conclusions have been derived in the spatial flatness ap-
proximation. While the statements about the modified horizon geometry are generic for
asymptotically free models with a fast enough vanishing of GG, the singularity resolution
did rely on the special property ag/by = ro/3. As shown in [3], not only can we find a mod-
ification such that this condition is satisfied, it is even possible to obtain a solution which
satisfies b'(z) = a(x) everywhere. In this case spatial flatness is not an approximation and
the solution is exact. The concrete modified theory for which this was done is given by

1 (K/Ko) ek ?)?
Gm) = 3 7 (1 ") (o1

T — 42 e yi 9T 14(5/K0)” + 9(r/ro)"
M) = a0 o)) (L 3/ o))

(65)

See [4] for details. In Schwarzschild coordinates the spatially flat exact solution takes the
form
dr?

ds* = (1 — A*(r)) dt* — =0

— r2dQ2, (66)

where A(r) := a(x(r)) smoothly interpolates between the asymptotics

g[l—%(r*/r)?’—i-(’)((r*/r)ﬁ)}, r>> T,
A%(r) = (67)

(H;r)? {1 —3(r/r)?+ 0 ((r/r*)6)] , T,

Here H; = k(/3 is the Hubble rate of the asymptotic de Sitter patch at limiting curvature,
and the location of the maximum of A(r) in Schwarzschild coordinates is

r, =2 <18M>1/3. (68)

2
dKj

The minimal black hole mass of this solution is given by

55/2

Mmin = 75 -
18 Ko

(69)

The full solution for A%(r) is plotted in figure [} The conformal diagrams for the three
different causal structures can be found in [4] in figure and the maximally extend
conformal diagram for the eternal black hole solution with M > M, is presented in
figure [£.3] While superficially looking similar to the conformal diagram of a Reissner-
Nordstrom or Kerr metric, the most important differences are the facts that there is no
singularity at r = 0 and that the interior region (Ila) is similar to a static de Sitter patch
such that the inner horizon r_ is not a Cauchy horizon but rather like a de Sitter horizon.
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Figure 5: Modified Hawking formula (3.26}, [3.27)) for the spatially flat exact solution from

section @

The modified Hawking formula following from this solution is described by the implicit
curve (3.26] [3.27)), plotted in figure . It has the asymptotics
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The exterior of a black hole with large initial mass My > M, is still described by
the Schwarzschild metric and we reproduce the familiar Hawking formula Ty = S%M in
the large mass limit. After evaporating for a time t; ~ Mg, the mass will have reached
scales of minimal mass M 2 M,;, and the behaviour drastically changes: After reaching
a maximal temperature T, ~ 1072k at the critical mass M = M, ~ 1.32M,,;, where
the negative “heat capacity” OM/OT diverges and changes sign, instead of diverging as
M — 0, the temperature vanishes as M — M,;,. Eventually, using the Stefan-Boltzmann

law % o —THA for the rate of energy loss of a radiating body, where A = 47r? is the
horizon area, the mass will asymptotically approach the minimal mass according to
1
M(t) — Mpin n (71)

This means that the minimal mass and zero temperature can only be reached after in-
finite time. This statement can be seen as a third law of black hole thermodynamics.
Interestingly, the exact solution also satisfies the following modified first law

G(ks)dM = TydsS, (72)

where G(k, ) is evaluated at the exterior horizon and the Bekenstein entropy is given by
the horizon area as S = A/4.
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In summary, we have presented a concrete theory where asymptotic freedom of gravity
on a classical level resolves the singularity at the “center” of a black hole and replaces it by
a static patch of de Sitter spacetime. This leads to the existence of a minimal black hole
mass given by the inverse limiting curvature scale. The final product of evaporation is a
remnant of minimal mass with vanishing temperature of Hawking radiation. The causal
structure of non-minmal black holes features two horizons, a Schwarzschild horizon and a
de Sitter horizon. Unlike the interior horizon of Reissner-Nordstrom and Kerr solutions,
which is known to be the source of instabilities [69], this interior horizon is not a Cauchy
horizon. The termination of evaporation and formation of a remnant is maybe the simplest
resolution of the so-called information paradox, cf. [70]. In this case all information that
falls into the black hole will remain inaccessible to exterior observers forever.

Slow rotation. In [4] the above exact solution was extended to rotating black holes to
first order in angular momentum j := J/M. It was found that in this case the solution
in Schwarzschild coordinates gets corrected by a frame dragging term which takes the
form

dr?
1— A2(r)

where A%(r) is the same function as in the non-rotating case. In the case kg — o0
or in the limit r > r, it holds that A%*(r) = 2M/r and is identical to the fist order
expansion of the Kerr metric. It is a non-trivial result that the frame dragging function is
still given by A2, also in the modified theory.

The frame dragging function reaches its maximum at r = r, and then decreases before
vanishing at » = 0. This suggests that the perturbative analysis in angular momentum is
justified for the whole range of r provided that j < 1. Moreover, the spacetime close to
r = 0 becomes similar to the non-rotating case and the singularity is resolved in the same
way. All curvature invariants are bounded at r = 0,

ds* = (1 — A*(r)) dt* — —r2d0? + 25 A%(r) sin? ¥ dtdy, (73)

R =4H} (H/j*> - 3) + O(r?) (74)
RMR,, = 6H; (H}j* — 4H}j* +6) + O(r?) (75)
R R0x = 8H}! (H}'j* — 2H}j* + 3) + O(r?) (76)

Note that to first order in j = J/M the norm of the Killing vector field is still given
by a? — 1. Moreover, for the surface gravity it holds that

1dA?

gs = _§W+O(j2)' (77)

This shows that our above conclusions are robust even for slowly rotating black holes.
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0.3.4 Higher spatial derivatives avert gradient instability

The scalar degree of freedom of vanilla mimetic gravity is dust-like and perturbations are
non-propagating. It has been known for a while that minimal extensions of the model to
make it dynamical, like addition of a term ~((J¢)?, will either lead to a ghost or a gradient
instability [71]. In [58] the shift symmetry breaking theory £ = f(0¢)R + A(d¢) + U()
with higher mixed derivatives in its modified Einstein equation has been shown to allow
the adjustment of prefactors of both kinetic and gradient terms in a non-trivial way and
thus linear instabilities can be prevented, at least in some regions. However, not only does
this theory possess a hidden second scalar degree of freedom [59] [60], in the shift-symmetric
case it even does not serve its purpose to prevent a gradient instability, because there is
an instability induced by a higher order k* term, as shown in [5]. As a last resort for a
stable, shift-symmetric theory, we explore the possibility to avert the gradient instability
by inclusion of higher order spatial derivative terms.

In the following we will consider cosmological perturbations around the flat Friedmann
background solutions described above in section [0.3.1] and review the linear stability anal-
ysis for the theory . The analysis of metric perturbations was performed in comoving
gauge 0¢ = 0, which for the background solution ¢ = t is equivalent to unitary gauge, as
follows from the mimetic constraint (12). Note that “comoving” here refers to comoving
with mimetic matter, i.e. the gauge in which the mimetic field is kept homogeneous. Vec-
tor and tensor perturbations do not cause any instabilities. While the propagation speed
of gravitational waves in this theory deviates from the speed of light in the high curvature
regime, already t > 1sec after the end of the inflationary stage

Kpl ? (1sec\? _86
l—er S| — x 107, (78)
) t

Late time experimental constraints 1 — ¢y < O(107%) from multi-messenger events like
GW170817 [72, 73] that happened around ¢ ~ 10° years hence do not put any significant
restrictions on the limiting curvature scale k.

Let us now focus on the scalar degree of freedom of pure mimetic gravity. Expanding
the action to second order in the gauge invariant comoving curvature perturbation (,
we find the second order action

1 30" f . 1 ol
@S, = ol d*z a3{ﬁ 2+ g (9¢)* — a—g (5%¢)* } (79)

Here we considered only the scalar degree of freedom of mimetic gravity and matter fluc-
tuations have been neglected. For details, see [5].

In the case o0g = 0, i.e. without the addition of the higher spatial curvature term, we
would read off the speed of sound

¢—f. G1-G)

C3ef 3 (80)

& =
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where in the last equality the particular choice was inserted. We will continue to use
the name c% to refer to this quantity also in the case og # 0, but it is important to note
that in this case, due to the modified dispersion relation, the true speed of sound is in
general different from c¢%. The condition ¢4 < 0 to avoid a ghost instability was discussed
in section and it is always satisfied for asymptotically free models.

To find the analogue of the Mukhanov-Sasaki variable in this theory, introduce the time
coordinate 7 and the expression z defined by

a a —1/4
dt = ——dr, z = —c? ) 81
—Cg VAT ( S) ( )

The second order action written in terms of v = z( is then canonically normalized and
performing a Fourier transformation, we find the modified Mukhanov-Sasaki equation

4
Verr + (U—jkﬁ - Z—> -} (82)
a z
As was to be expected, the k? term has the wrong sign that would lead to a gradient
instability. However, in the case og > 0 the gradient term is dominated by the k% term as
long as the physical wavelength A\,nys = a/k < g, which initially as a — 0 is satisfied for
all modes. On the other hand, in the late time limit the speed of sound is vanishing
as G — 1 and the scalar degree of freedom becomes similar to the dust-like degree of
freedom of vanilla mimetic gravity. This means that eventually, after a mode exits the
“horizon”, i.e. after the term z,,/z is dominating , the mode will remain frozen forever
and never re-enter the horizon. Thus, the region where the wrong sign k2 term can lead
to an instability due to exponential growth of modes according to v oc e*™ only lasts for a
finite time and is sandwiched between regions without instabilities. As long as the duration
ATy, of the gradient instability region for a mode k satisfies kA7, < 1, the mode cannot
grow by any significant amount during this time. As found in [5], the condition to avoid a
gradient instability in this way is o5 > 1/H;.

Figures @ and [7|illustrate the different regions of domination of terms in by plotting
their dependence on the scale factor a for the two special cases of a background solution
dominated by radiation and dust/mimetic dark matter, respectively.

The solution of can be estimated by matching leading order solutions for the mode
functions at the transition between regions of domination of different terms. Even though
initially the solutions with quantum initial conditions determined from the k°® term exhibit
a scale invariant spectrum, one has to expect that the primordial spectra after “horizon”
exit are in general far from scale invariant, because of the rapidly varying speed of sound at
“horizon” exit. This shows that the endeavour to construct an inflationary scenario without
inflaton fails in the case where the universe before the end of inflation is filled with only
mimetic matter and nothing else. In this case the assumption to ignore matter fluctuations
is exact and the long wavelength part of primordial spectra has a large blue tilt, see [5]. In
contrast, any other spectator field, like a massless scalar, would still acquire a nearly scale
invariant spectrum in the inflationary background. While this could lead one to speculate
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Figure 6: Comparison of terms in the modified Mukhanov-Sasaki equation in a radi-
ation dominated background. Provided that og > 1/H; the “horizon exit” happens before

the wrong sign gradient term gets any chance to cause an instability. Modes do not re-enter
the horizon even after the end of inflation at ¢.

that a “curvaton’like (cf. [74] [75]) extension of the asymptotically free mimetic model can
likely be made to produce the correct spectra, this direction was not further pursued in
this thesis.

It is clear that matter fluctuations and possibly also non-trivial matter couplings have
to be included in any effort towards a more realistic model. Even if the primordial spectra
would have come out right in a single component model, there would still be a gap: to
explain how to transfer the nearly scale invariant spectrum from the dust-like mimetic
degree of freedom to matter degrees of freedom. Note that this same gap has also been

left unfilled by the shift-symmetry breaking models |58, [76] that have claimed to provide
viable scenarios of “mimetic inflation”.
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Figure 7: Comparison of terms in the modified Mukhanov-Sasaki equation in the
case of a dust/mimetic matter dominated background, assuming og > 1/H;. Compared
to the radiation dominated case, the situation is complicated by the initial divergence
of z,./2 ~ 1/a. For short wavelength modes k? > O(107')(H,;/0%)?/? [subfigure (a)] the
gradient instability is prevented just like in the radiation dominated case. However, for long
wavelength modes k? < O(1071)(H;/c%)%? [subfigure (b)] there is an earlier intermediate
super-horizon” region followed by a gradient instability region (red) of duration Ay before
finally exiting the “horizon”. Provided that og > 1/H;, the duration of the gradient
instability region is too short to lead to any actual instability.
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0.4 Outlook

In this work we introduced a novel model of mimetic gravity as a candidate for a concrete
realization of the idea of limiting curvature. On the level of background solutions, the
goal of singularity resolution has been achieved in a variety of cosmological and black hole
spacetimes. In comparison to other approaches to modified gravity, a remarkable feature
of the mimetic model is its simplicity: the modified Einstein equations greatly simplify
in backgrounds where a first integral can be found for the contribution of mimetic dark
matter and the mimetic degree of freedom becomes trivial. This is also mirrored by the
fact that exact solutions have been obtainable for most cases of interest studied in this
thesis.

However, departing from highly symmetric backgrounds, one realizes that the mimetic
degree of freedom is quite different from a run-of-the-mill scalar field: While not propagat-
ing at all in the low curvature GR-limit, without further measures, mimetic models going
beyond vanilla mimetic gravity typically exhibit a wrong sign gradient term in cosmological
perturbations. The first models that were introduced to treat this issue included higher
couplings with spacetime curvature invariants. In these models, however, a hidden second
scalar degree of freedom appears when perturbing around non-homogeneous mimetic field
profiles and brings about new stability problems. In this work we explored a rather uncon-
ventional way to avert the exponential growth of modes that would be caused by the wrong
sign gradient term: the addition of higher order couplings of spatial curvature invariants,
which had already been introduced for the purpose of renormalizability in the context of
mimetic Horava gravity. Indeed, a modified dispersion relation including a &% term also for
the scalar degree of freedom will sandwich the potential gradient instability region between
two regions without instabilities and even allow for a region of parameterspace without any
instability. To rigorously establish stability or instability of the theory, however, will require
further work, starting with a full Hamiltonian analysis to check also for additional, hidden
scalar degrees of freedom. This task remains a straightforward, but calculationally chal-
lenging open problem. Should this attempt at a simple, stable, shift-symmetric mimetic
model fail, either the search for higher order couplings with non-pathological additional
degrees of freedom would have to continue or one would have to settle for shift-symmetry
breaking models. Another interesting candidate for a classical limiting curvature theory
that so far was able to pass a number of stability tests could be found in Cuscuton gravity
[77, [78].

Even though it was not our original intent to use this theory to build yet another
inflationary scenario, an initial de Sitter stage was found to be a natural outcome and thus
we felt obliged to answer the question whether this could provide a simple model of inflation
without inflaton. The answer we found for the single component model that was analysed
is negative. If one did not want to give up so easily on constructing an inflationary model,
a curvaton-like extension of the single component model should be a promising direction.

Finally, another open question of great interest is the extension (likely only possible
numerically) of our conclusions about regular black holes and remnants to the case of
non-eternal black holes.
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32 1. Asymptotically Free Mimetic Gravity

1.1 Introduction

In [35] mimetic matter was introduced utilizing reparametrization of the physical metric
gy in terms of an auxiliary metric b, and a scalar field ¢ in the form

Guv = h,uuhaﬂ(b,a(bﬁ (11)

This definition implies that ¢ identically satisfies

900, = 1. (1.2)

Because the physical metric is invariant under Weyl transformations of £, the trace of the
equations obtained by variation of the Einstein action with respect to the metric vanishes
identically. In the absence of matter these equations become

- Gqﬁﬂu(ﬁ,u = 07 (13)

where GY = R! — %5‘;]% is the Einstein tensor, and they do not imply that R = 0 even
in vacuum. Therefore, equation taken together with has additional solutions
imitating dust-like cold dark matter. The scalar field ¢ satisfies a first order differential
equation and hence has half a degree of freedom which, when combined with the non-
dynamical longitudinal mode of gravity, provides an extra degree of freedom in the form of
mimetic “dust”. Equivalently, the same theory is obtained by implementing equation (|1.2)
as a constraint added to the Einstein action:

S = /d%\/_ (——R+)\( e B, — 1)), (1.4)

where A is a Lagrange multiplier [37]. Unexpectedly, the concept of a mimetic field got
a support in noncommutative geometry as a consequence of the volume quantization of
compact three dimensional foliations of space time [79],[80],[81]. The mimetic field ¢ proved
to be very robust. It could be used to modify Einstein Gravity in different possible ways.
In particular, in [61] it was shown that adding appropriate potentials V' (¢) to the action
leads to many interesting cosmological solutions. Using instead gravity modification of the
Born-Infeld type, where ¢ is bounded by a limiting value, allowed to obtain bouncing
solutions avoiding cosmological singularities [42] and to resolve black hole singularities [43].
Moreover, one can use the mimetic field to easily construct ghost free massive gravity with
non Fierz-Pauli mass term [82],[83].

In this paper we will explore the possibility of a running gravitational constant assuming
that it depends on (¢, that is, G = G (O¢). As we shall see, this quantity is the only
measure of curvature G can depend on without introducing higher time derivatives in
the modified Einstein equation. Assuming that G vanishes at some limiting curvature
characterized by (qu)i we will implement in this way the idea of “asymptotic freedom” for
gravity and investigate its possible consequences.
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1.2 Action and equations of motion

Let us consider the theory with action

5= [Alv=g(-F OO R=20(06) + A (06,6, - ) +2L0), (L9

where
1

O¢p) = ———
is the inverse running gravitational constant, £, is the matter Lagrangian and for gener-
ality we also included a “cosmological-like term” A (ng)m. Below we will use Planck units

setting 87G (H¢ = 0) = 871Gy = 1. In these units f (O¢p = 0) = 1. Variation of the action
with respect to the metric g, gives

(1.6)

)

fG;w + (Df —A + % (Z (#a) a) Guv — f;/w - Z(,u(b,u) = A¢,u¢,u + T;Szr/n)u (17)

where

Z :=Rf +2N, (1.8)

T, ;EIJI) is the energy momentum tensor for matter and the prime denotes derivative with
respect to [1¢. The equation

(Z" +2X9"), =0 (1.9)
follows from the variation of action (1.5)) with respect to ¢. Alternatively (1.9) can be
obtained as a consequence of the Bianchi identities by taking the divergence of (1.7)) and

assuming that the energy momentum tensor T,Ef) for ordinary matter is covariantly con-
served. Taken together with the constraint

glwqb,ugb,u - 1a

equation ([1.9) allows to determine the Lagrange multiplier \.

1.3 The synchronous coordinate system

The assumption of global solvability of is of course a restriction on admissible space-
times. As shown in [30], the existence of a function whose gradient is everywhere time-like
implies stable causality, i.e. there are no closed time-like curves also for small perturbations
of the metric. Since the norm of the gradient of ¢ is not just positive but everywhere equal
to unity, t := ¢ even qualifies to be used as the time coordinate of a synchronous coordinate
system (see [84])

ds? = dt? — yyda'da” (1.10)

TPlease note that we have changed the notations used in [42] and [43] to more convenient ones.
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where the above equations greatly simplify. In this coordinate system, the mimetic field
¢ defines the space-like hypersurfaces of constant time. The extrinsic curvature of these
hypersurfaces,

10
ik = 55,V 1.11
Kik 9 8157 k ( )
can be expressed as Ky = — ., while ¢.9, = 0. Thus,
~ 0

that is, in this coordinate system [¢ is simply equal to the trace of the extrinsic curvature
of the hypersurfaces of constant ¢. In this paper, for the sake of simplicity, we will only
consider a homogeneous metric with vanishing spatial curvature. In this case 7;;, depends
only on time ¢ and equation (|1.9)) simplifies to
1
VA

and can be easily integrated to give

0, [V7 (0.2 +2\)] = 0, (1.13)

A=tz © (1.14)

2 Nal
where the dot denotes derivative with respect to time ¢ and the constant of integration C'

describes the contribution of mimetic matter.
Substituting the expression ((1.14)) for A in ((1.7)) and calculating the covariant derivatives
of f and Z we find that the 0 — 0 component of the equation becomes

1
fGoo + (/{+§R) kf' = A+ kN =¢, (1.15)

where
C
€ET00—|——, (116)

v

is the total energy density of mimetic and ordinary matter. Assuming that the spatial
components of the energy-momentum tensor satisfy T} oc d%, subtracting from the spatial
components of equations (|1.7)) one third of their trace gives

(6t jema) - (- hmat) =0 (117
For the spatially flat metric v,
R = —k —kikl, R = —%30 (\/%32;) ) (1.18)

where ki = 4"k, (see, for example, [84]). Using these expression, equations (1.15)) and
(1.17) become

%(f—znf’)ﬁ;?—AmA’—%(f+f<;f’)ﬁ;ﬁ§:e (1.19)
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and '
Ao (fv/7F,) =0, (1.20)

correspondingly, where
) ) 1 .
Ry, = Ky, — gmiz, (1.21)

is the traceless part of the extrinsic curvature.
The absence of higher time derivative terms in the modified Einstein equations can be
understood by realizing that in the synchronous coordinate system

fR=f(—2k— &> — kjkF —°R) = —2F — f (k* + kikf +°R) (1.22)

where f is assumed to be integrable with f(x) = F'(x) and °R is the spatial curvature
scalar. Hence the action contains, up to a total derivative only first order time derivatives
of the metric.ﬂ This is a distinguishing feature of the f(d¢)-theory which would not be
present if (¢ is replaced by any other non-constant, covariant expression containing first
time derivatives of the metric like e.g. ¢ ¢.,, = KLk}

Note that if we choose f and A to be symmetric functions, then the time reversal
invariance of the Einstein equation is maintained. Hence the expanding counterparts for
all the contracting solutions presented in the following can be found simply by reversing

the arrow of time.

1.4 Asymptotic freedom and the fate of a collapsing uni-
verse

Equation (|1.19)) can be further simplified by making the choice

A= gmz(f —1) (1.23)
such that it becomes 5 )
<f—§) /-;2—5(f+/<¢f’)ﬁ;;/%§=s. (1.24)

In our units the inverse gravitational constant f is normalized to unity for x* = 0. To
guarantee that at low curvatures the corrections to General Relativity will be in the next
order in curvature we have to assume that for k? < 1, f = 1+ O(x?); in this case
A = O (k). In addition we assume that the gravitational constant G(k?) oc 1/f vanishes
at some limiting curvature 2 (cf. [85],[17],[18]) and thus take the simplest possible function

for f, namely
1

T 1 W2k

¥This argument can, however, only serve as a heuristic explanation. Strictly speaking, it is not allowed
to use (¢ = k and impose gauge conditions in the action before variation.

f (1.25)
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where k2 is a free parameter of the theory and can be taken well below the Planckian value.
Friedmann Universe. First let us consider a flat contracting Friedmann universe

with the metric
ds® = dt* — a® (t) dpdx'da®. (1.26)

In this case .
a

=3- 1.27

k=3 (1.27)

and £} vanishes. Therefore, equation ((1.21)) is satisfied identically and equation ((1.24) can

be rewritten as ( 2/ 2)
1 5 (1+2(k°/Kj
— — V) =c 1.28

i () = (1.28)

Before writing the exact solution for equation (|1.28]), we first consider some of its asymp-
totic limits. For k?/k3 < 1 it reduces in the leading order to the usual Friedmann equation

<§)2 = %g. (1.29)

For a contracting universe dominated by matter with equation of state p = we it has the
solution .
a o 304wy (1.30)

for large negative t. At the moment when the curvature approaches its limiting value, the
gravitational constant begins to decrease and for 1 — (k?/k2) < 1, equation ([1.28) can be
approximated by
2
K
K® = K <1——0+...>. (1.31)
€
In a contracting universe the scale factor a decreases, while the energy density grows as
£ o a 30+ Hence, the solution of equation ([1.31) approaches the contracting flat de
Sitter universe with constant curvature where the scale factor decreases as

a o exp (—“—Ot> (1.32)

for kot > 1. The gravitational constant G' oc f~! vanishes as 1/¢ when ¢ — oco. The
singularity is thus avoided as a result of the asymptotic freedom of gravity irrespective of
the matter content of the universe.

For € fy_HTw the differential equation can be integrated to obtain the exact im-
plicit solution for « (¢) . In fact, differentiating the logarithm of equation (|1.28)) with respect
to time and taking into account that dln~vy/0t = 2k, we obtain a first order differential
equation which can be easily integrated to give

1
il w/fot = "0 atanh - — V2arctan (\/§£> . (1.33)

2 K Ko Ko
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One can easily verify that the asymptotics and are smoothly connected in
this solution. In particular, for large negative ¢ the universe contracts according to (|1.30)).
However, as it follows from (L.33), x (t = 0) ~ —0.6k, instead of blowing up as it would
for solution and for large positive ¢t our solution approaches the de Sitter asymptotic
(11.32)).

In conclusion, the singularity is replaced by a smooth transition to a de Sitter metric.
This qualitative behavior follows most naturally from our theory, independent of a specific
choice of f and A. Note that the modified Friedmann equation is in general just a relation
of the form k?(¢). Demanding that this relation is smooth, one-to-one, bounded and has
bounded slope, as it is necessary to ensure limiting curvature, the only remaining possibility
is for k to approach its constant limiting value as € tends to infinity.

Kasner Universe. We now consider a contracting anisotropic Kasner universe to
find out what happens when the curvature approaches its limiting value for which the
gravitational constant vanishes. To simplify the formulae we will set the energy density of
matter to zero although all our conclusions survive also in the presence of the matter. For
an anisotropic universe

Yik = Ve (t) dir (1.34)
and v = y(1)Y(2)Y3)- The traceless part of the extrinsic curvature in this case is nonvanishing
and is determined by intergrating equation ({1.21):

A
aval

where A are constants of integration satisfying ! = 0. Substituting this expression in

equation (|1.24)) and using ([1.25)) we obtain

1, (1+2(K?*/K2 1(1+ (k%/K2)) N2

Lo (LE202/)) | 100+ (/) X L)
3\ 1—(+*/rg) 2 Y

where A2 = \i \F. Because k = 7/2, this equation allows us to determine how the deter-
minant of the metric depends on time. Knowing 7 (), the components of the metric can
be found in the following way: Without loss of generality we can diagonalize A%, so that,

N, = A»0}.. Taking into account the definitions (1.11)) and (1.21)), equations (1.35]) reduce

to

~14

K/k:

(1.35)

Yo 17 2A
Yo 37 VA

2)
y =~"? /—(” dt) 1.38
Ve =T exp : :
v ( Vel (13

Before giving the exact solution of equation ([1.36)) it is more enlightening to study the
asymptotic solutions. At low curvatures, that is, for k? < x2, equation (1.36)) simplifies to

. 2 3
62

(1.37)

from which it follows that
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and has the solution

3_

v = §A2t2. (1.40)

Taking into account that in this limit f = 1 and substituting this solution in ([1.38)) we find
3\ L3

V) = (§A2) £, (1.41)

where

1 2 \i)
=4[220 1.42
Pi=3 \/; ) (1.42)

Since A\; + Ay + A3 = 0, the p; satisfy the conditions
prtpetps=1, pi+p+p3=1,

and at low curvatures we have either an expanding or a contracting Kasner universe [84].
In a contracting universe, at |t| ~ 1/kq the curvature becomes of the order of limiting
curvature and for 1 — (k?/k3) < 1, equation (1.36)) is well approximated by

Ko (;) = E, (1.43)

1 — (k?/K§) o]
from which it follows that 1/2
: 2
v KoY
L —=_9 -2 1.44
gl " ( A2 ) (144
in a contracting universe and for v < \?/k2 we have
v x exp (—2kot) . (1.45)
As follows from (|1.44)), in this limit
32
koY

and the integrals in ((1.38)) fast converge to some constants for ¢t > 1/kq. These constants
can be absorbed by redefinition of the spatial coordinates to give the asymptotic solution

2
Y1) = V) T VB = A3 o exp (—gmot) ) (1.47)

that describes a contracting flat de Sitter universe with constant curvature.
The exact implicit solution of equation ((1.36)) for x (¢) is given by

K K K K
kot = — — atanh — — v/2 arctan (\/5—) + arctan —. (1.48)
K Ko Ko Ko
Note that in the anisotropic case we are forced to use asymptotic freedom if we want
to obtain a non-singular modification where x tends to its constant limiting value. Only
in this way the anisotropy can disappear during contraction.
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1.5 Quantum fluctuations

Now we look at what happens with quantum fluctuations of the gravitational field as we
approach the limiting curvature where the gravitational constant vanishes. As it is well
known (see, for example, [86]), in General Relativity the typical amplitude of quantum
fluctuations of gravitational waves in Minkowski space and on curved background at scales
[ much smaller than the curvature scale is about

where G is the gravitational constant. Therefore, in our theory where this gravitational
constant vanishes on the background with limiting curvature, one could expect that the
quantum metric fluctuations must also vanish. We will now show that this is what really
happens. Consider a slightly perturbed flat Friedmann Universe with metric

ds®> = a*(n) (dn® — (i, + har,) da’da®) (1.50)

where we have introduced conformal time n = [ % and hy, is the traceless (hi = 0)
and transverse (hj,; = 0) part of the metric perturbations. Substituting this metric in
action and expanding it to second order in h we obtain the following action for the
gravitational waves:

1 . )
S=3 / fa? (h;;hf’— ;,mhf’m) dnd®z, (1.51)

where prime denotes the derivative with respect to conformal time 7 and the spatial indices
are raised and lowered with d;,. This precisely coincides with the action for gravitational
waves in a Friedmann universe with the “scale factor”

a:= a\/?.

In this case the quantization procedure is well known and there is no need to repeat all
the steps here. Referring to section 8.4 in [86] we find that the typical amplitude squared
for the quantum fluctuations is

2 2
S (VA
50 (k, ) o 1L K7 _ o
( ’n) 6~L2 fa2 )

(1.52)

where k is the co-moving wave number and the mode function vy satisfies the equation

"

jsYi

2

vy 4 wivg = 0, wi=k?— (1.53)

|

with initial conditions vy (1) = 1/y/Wk, v}, (Nin) = iy/wk for quantum fluctuations. When

3( L(14-3w)

the solution approaches the limiting curvature we have f o € oc a=2(*®) and @ o a~2 .
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Taking into account that in contracting de Sitter a (n) = 3/kon, where n grows, equation

(1.53) becomes
(Qw? — 1)
vy + (k2 TTaE v = 0. (1.54)
We can define quantum fluctuations only for short wave gravitational waves satisfying
kn > 1, that is, for physical scales | = a/k < ky'. In this case v, ~ exp (ikn) /v/k and, as
follows from ({1.52))

1 yG(K)

Oh (1) ~ Vi T (1.55)
Hence, quantum fluctuations in a given physical scale | < k' vanish as k — ko and
correspondingly G (k) — 0. This is in complete agreement with our expectations. The
perturbations with k7 < 1, which were outside the horizon ;' finally come inside because
7 grows in a contracting de Sitter space-time. The amplitude of metric perturbations h is
constant before horizon crossing, but after entering the horizon it decays as @a~* o a2 (1+3w),
Thus we have shown that the de Sitter space-time with limiting curvature is completely

classical, with no quantum metric fluctuations present.

1.6 Conclusions

The simple observation that the conformal part of the metric in General Relativity can
be extracted covariantly via a constrained scalar field ¢ has proven to be very fruitful.
The resulting modified gravity theory does not induce any additional degrees of freedom
for the graviton, but at the same time makes the longitudinal mode dynamical even in
the absence of matter. This mode can serve as a viable candidate for dark matter in our
Universe. Moreover the constrained scalar field allows us to build invariants which in syn-
chronous coordinates can be expressed exclusively in terms of first order time derivatives of
the metric. This opens the possibility to modify General Relativity in a simple way avoid-
ing problematic higher order time derivative terms which generically lead to ghost degrees
of freedom. Such a generalization of Einstein theory happens to be very interesting and
allows us for example to implement the idea of limiting curvature and resolve spacelike
singularities in Friedmann and Kasner universes as well as in black holes. The limiting
curvature, which is a parameter of the theory, can be taken well below the Planckian cur-
vature. Potentially, this would make the difficult unresolved problem of non-perturbative
quantum gravity obsolete for all practical purposes.

In this paper we have investigated the possibility of implementing the idea of classical
asymptotic freedom just assuming that the gravitational constant vanishes at the limiting
curvature. As it was shown, in this case the singularities in flat contracting Friedmann
and Kasner universes are resolved and close to the limiting curvature the de Sitter solu-
tion is approached. Moreover, quantum metric fluctuations asymptotically vanish and the
spacetime becomes fully classical at this limiting curvature. This opens an interesting pos-
sibility to resolve the longstanding singularity problem in General Relativity via a simple
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modification of Einstein theory at large curvatures without referring this problem to a yet
unknown non-perturbative theory of quantum gravity.

For the sake of simplicity and to highlight the most important aspects first, in this paper
we focused mainly on the homogeneous, spatially flat sector of the theory proposed above.
In another soon to appear paper we will extend our analysis and consider applications to
spatially non-flat spacetimes, including Black Holes.
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44 2. Mimetic Horava Gravity

It has been recognized for some time that in order to improve the UV behaviour of the
graviton propagator and, thus, the renormalizability of gravity, it is necessary to add higher
spatial derivatives to its Lagrangian but no higher time derivatives. Because this seems to
contradict the relativistic local Lorentz invariance, it was thought necessary to break the
symmetry between space and time. The most notable attempt is the one by Horava [50],
who constructed a model of quantum gravity with explicitly broken Lorentz symmetry,
which allowed him to add to the action terms dependent on the spatial Ricci tensor and
curvature scalar and their space derivatives (see e.g. [87] and references therein). This is
a high price to pay because, although the Horava model is renormalizable when projected
into the product space R x X3, this property is lost when the model is made covariant by
adding one new field [5I]. Various attempts were made to keep renormalizability of the
models while restoring Lorentz invariance by adding a dynamical scalar or vector [54]. Such
models exhibit additional propagating degrees of freedom, which limited their acceptance
as a solution to the problem of renormalizability of gravity.

Mimetic gravity was proposed as a way of separating the scale factor from the metric
and resulted in reproducing Einstein gravity in addition to half a degree of freedom which
could be used to mimic dark matter [35]. The main observation is that one can define the
metric tensor g, in terms of an auxiliary metric g,, by the relation

Juv = g,ul/ (ﬁ“’\ﬁ,{gbﬁ,\gzﬁ) ’ (21>

where ¢ is a scalar field. The metric g,,, is invariant under the scale transformation g, —
0?3,, and, as can be easily shown, satisfies the constraint

9" 0,90, = 1, (2.2)

governing the evolution of ¢. Thus, instead of introducing the mimetic field ¢ through the
reparametrization , it is easier to consider directly the physical metric g, together
with a constrained scalar field, enforcing through a Lagrange multiplier [37]. This
implies that out of the 11 variables g,, and ¢ there are only 10 independent fields. In the
ADM decomposition of g,

ds* = N?dt*> — v;; (dz' + N'dt) (do’ + N7dt),  i=1,2,3 (2.3)

where N is the lapse function, N* is the shift vector, and 7;; = —g;; is the metric on the
spatial 3d hypersurface, the constraint can be solved for N in terms of the 10 variables
N;, vi; and ¢, yielding
Aﬂz(%¢fN@@f. (2.4)
(1 +~0,00;¢)
In the synchronous gauge N = 1, N; = 0, a solution of is given by

b =1+ A, (2.5)

where A is a constant. Since there exists a whole family of synchronous coordinate sys-
tems, corresponding to the freedom of choice of an initial hypersurface of constant time,
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this solution is not unique. On the other hand, ¢ can always be used as one particular
synchronous time coordinate, fixing a unique 3 4 1 slicing that we will use from now on.
The timelike unit vector n, = 0,¢ points in this time direction. In particular, we can
define the projection operator

PZ - 5; - a;4¢8n¢gyﬁ7 (26)

satisfying the relations
PPy =Py, P0,¢ =0. (2.7)

I

In the synchronous slicing from above we have
Pd=0, Pi=0, P'=0, P/ =¢, (2.8)

showing that P} projects space-time vectors to space vectors. It is then clear that in
mimetic gravity, using the projection operator and the vector n, = 9,0, it is possible to
construct four-dimensional tensors whose only non-zero components in the synchronous
gauge are along space directions. For example, as we will show in the following, the
expression

R :=2R",00,6 — R — (0¢)* + V,V,6V V"¢ (2.9)

coincides with the spatial curvature scalar *R of synchronous slices.

In previous works we have shown that in mimetic gravity, without the need to intro-
duce any additional fields, we can build cosmological models [61] and solve the singularity
problem for Friedmann, Kasner [42] and Black hole [43] solutions by using the idea of
limiting curvature. More recently we have shown that the idea of asymptotic freedom can
be implemented in mimetic gravity by introducing a [l¢ dependent effective gravitational
constant which vanishes at the limiting curvature [I]. Moreover, it was shown that such a
dependence does not introduce higher time derivatives.

The purpose of this letter is to show that within mimetic gravity we can construct all the
terms needed in Horava gravity using four-dimensional tensors that reduce to the desired
form in the synchronous gauge. We will thus show that in mimetic gravity it is possible to
formulate Horava gravity in a diffeomorphism invariant way without introducing ghost-like
degrees of freedom.

The basic fields that appear in Horava gravity are the three-dimensional tensors and
scalars k;j, K, °Rij, °R, D®R;;, and their contractions needed to form space diffeomorphism
invariant expressions. The extrinsic curvature of the synchronous slices ¢ = const. is given
by

Kij = %%j, K ="k, k= k= (In\7), (2.10)
where dot denotes t derivative and 7 is the metric determinant. Using ¢, it can be expressed
covariantly as

vzngb = —Riy, Vlngﬁ = Ii{, Dgﬁ = K. (211)
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The non-vanishing components of the four-dimensional Riemann tensor are determined by

RY; = Diigy — Djtis, (2.12)
R, = fjk — KKy, (2.13)
Ry = "Rl + Witojr, — KRk, (2.14)

where D; and SRl,m-j are the covariant derivative and the Riemann tensor belonging to the
metric ;;. With the help of the above identities, we can construct the four-dimensional
tensor

R, = P(?P;P:L"PER‘;QB +V, VoV, V,0 -V, VOV, V, 0 (2.15)
whose only non-zero components are *R’_ . in the synchronous gauge. Next, we compute

the Ricci tensor components

kij

Roo = —F — kK" (2.16)
ROi = Dl:‘ié — Dili (217)
Rij = SR,']‘ + KKij — H?/ﬁlnj + R?‘Oj' (2.18)

These relations allow us to define the tensor

Ry = PEPPRog + 06V, V, 6 — V.V 6V, V6 — R'; V06V, 0, (2.19)

pov

whose non-zero components coincide with ®R;; in the synchronous gauge. Contracting with
g", we arrive at (2.9).

We note in passing that the total derivative \%80 (ﬁ/{) can be easily eliminated from
the Lagrangian of Einstein-Hilbert gravity, leaving us with

—R -2V, (0¢V"¢) = V, V6V V’é — (0¢)* + R. (2.20)

For manifolds with boundary oM = {¢ = ¢;} U{¢ = ¢} consisting of closed spatial hyper-
surfaces of constant ¢, this has precisely the same effect as adding the Gibbons-Hawking
boundary term.

Space derivatives of the above tensors can be obtained by applying the operator P{V,,.

Note that the spatial components of ngvéaﬁ coincide with Dy*R;; in the synchronous
gauge. To obtain a purely spatial tensor, one still must project all four-dimensional indices,
i.e. one has to use PJPSPEVVRW. Thus, we can now define the analogue of the three-
dimensional Cotton tensor

; 1 . 1
3t ikl 3 3

by writing
- 1 - -
Orlj = eupﬁ)\v ¢v (Run - _gunR) ) 2.22
=g A P ( )
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whose only non-vanishing components in the synchronous gauge are SC’}.
Another object that could be constructed is the Chern-Simons three form wp related
to the Pontryagin topological invariant

RSN R = dwp, (2.23)
v 2 v
wp:FM/\dF’,j—i—gF‘,j/\Fp/\Ffb, (2.24)
where I = da?I")  and R, = %R‘:de“ Adx" are the Christoffel connection one-form and

the curvature two form, respectively. The four-form d¢ A wp is not parity invariant. Up to
a boundary term, its integral is given by

/d¢Awp:—/¢R;ARg. (2.25)

This shows that such a contribution to the action is covariant and invariant under global
shifts of ¢. In the synchronous gauge the integrand reduces to

3 92 3
" (FZ‘VuajFllsu + §Ffuryypriu) = wp + 2677 Djfign, (2.26)
where )
Bup = €k (Aﬁmaj% +3 m ;‘lA;m) . (2.27)

and )\fj are the Christoffel symbols calculated for 7;;. The term 2€% k ki DKk, can be written
as

¢V VR (2.28)
which coincides in the synchronous gauge with
PN L, pV VGRS, V0. (2.29)

Thus, the purely three-dimensional Chern-Simons form can be incorporated in the action
by adding the term

/dqs AQp = /dq§ A (wp — Vo A RIV,0) . (2.30)

All of these manipulations illustrate that any expression invariant under spatial diffeo-
morphisms can be written as a combination of four-dimensional tensors that reduces to it
in the synchronous gauge.

We conclude by writing an exemplary Horava action in mimetic gravity, in terms of four-
dimensional tensors and thus completely preserving diffeomorphism invariance, without the
need for new degrees of freedom:

1

5= 167G

d'zv/—g (VNVW“V% —c (09 + e R (2.31)
+ C3 EZ + ¢y éwjﬁpzx + Cs 555: + Cg nuupavﬂgb (CT)p),/pU

PV p SR VL RS+ 4 A (g 0,00,6 — 1)) ,
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where n*r? = —L_etr?  The case where ¢; = ¢, = 1 and all other couplings vanish is
just a rewritten form of General Relativity with mimetic matter. The constants cy,..., ¢y
could also be taken as functions of [¢ in such a way as to reproduce General Relativity
in the low curvature limit.

There is no need to repeat calculations done for the Hofava models, as those could be
thought of as a gauge fixed version of a diffeomorphism invariant theory in the synchronous
gauge.

In the projectable Horava models, the lapse function N is assumed to depend on time
only, N = N (t). These models coincide with the above family of actions in the syn-
chronous gauge. Their renormalization analysis was carried out in references [51], [52],
where they were shown to be renormalizable. When the same analysis was applied to the
non-projectable case where the lapse function is N = N (z°,t), so that terms dependent on
the vector a; = a}VN can occur, it was found that these models become non-renormalizable.
Attempts were made to construct diffeomorphism invariant Hotrava models by adding a
unit vector field w,, subject to the hypersurface orthogonality condition u, V,u, = 0.
These models, however, have a spin-1 and spin-0 degree of freedom in addition to the
graviton.

The synchronous gauge belongs to the family of temporal gauge, which for fluctuations
of the metric takes the form n*h,, = 0, where g,, = 1, + hy,, and n, = (1,0,0,0). The
main advantage of working in this gauge is that the model proposed above will be power
counting renormalizable and that the ghosts associated with gauge fixing will decouple from
the physical S-matrix. The disadvantage is the need to have an unambiguous prescription
for the unphysical singularities of the form (¢.n)"*, a = 1,2 (cf. [88]) and the difficulty
in performing higher loop calculations. It is a challenging problem to perform a detailed
analysis of the renormalization program, either in the synchronous gauge or in a covariant
gauge, using the background field method and integrating out the mimetic constraint,
along the lines of [5I]. Even though an actual proof could be quite demanding, we expect
the mimetic Horava model presented here to be renormalizable.
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3.1 Introduction

The two unresolved issues of black hole physics actively discussed during the last 50 years
are: a) the singularity problem, b) the final state of black hole evaporation and, closely
related to it, the information paradox (see, for instance, [70]). Both issues are usually
referred to some, as yet unknown, non-perturbative theory of quantum gravity. The nature
of Planck mass black holes, their stability and the resolution of the space-like singularity
remain unclear. In this letter we suggest a completely different approach to these problems.
Namely, we assume that classical General Relativity is modified at curvatures close to, but
still below Planckian curvature, in such a way that some limiting curvature, which is a
free parameter of the theory, can never be exceeded (cf. [I1], [I3]). Moreover, we propose
that at this limiting curvature the gravitational constant vanishes. These two assumptions
allow us to avoid all problems related to non-perturbative quantum gravity effects and
study in a fully controllable way the final stage of non-singular evaporating black holes.
To implement the above ideas, we use the mimetic field introduced in [35] and further
exploited in references [61], [42], [43], [82], [83], [I]. We show that in asymptotically free
theories with limiting curvature, black holes generically have stable remnants with mass
determined by the inverse limiting curvature value, thus exceeding Planck mass. These
remnants have vanishing Hawking temperature and, by the arguments shown in [I], metric
quantum fluctuations never become relevant for them.

3.2 The Lemaitre coordinates

The metric of both black hole and de Sitter universe in “static” coordinates can be written

as )
dr

(1—a?(r))
where dQ? = dv? + sin® ¥dp?. For a black hole of mass M the function a? (r) = r,/r, where
74 = 2M and for the de Sitter universe a®> = (Hr)” with H~" being the radius of curvature.
Throughout this paper we use Planck units where all fundamental constants are set to
unity. In both cases the static coordinate system is incomplete. Moreover, at the horizon
corresponding to a? = 1, there is a coordinate singularity. Therefore, in both cases it is
more convenient to use the synchronous Lemaitre coordinates

a dr
T = = B 2
t+/1_a2dr, R t+/a(1—a2)’ (3.2)

which are non-singular on the horizons (cf. [89]). In these coordinates metric (3.1) becomes
ds? = dT? — a® (z) dR* — b*(2)dQ?, (3.3)

ds* = (1 —a*(r)) dt* — —r2dQ?, (3.1)

where a? and b? = r? must be expressed in terms of Lemaitre coordinates T' and R using

the relation 1
xER—T:/—T, (3.4)
a(r)
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which follows from ([3.2). Note that the norm of the Killing vector field 9/0t = 9/0R+0/0T
vanishes wherever ¢ = 1. The black hole metric in these new coordinates becomes

ds? = dT? — (w/ay) P AR? — (x/2)"* r2 dQ2, (3.5)

and it is regular at the horizon x = x, = 4M /3. The region = > 0 covers both interior and
exterior of the black hole and = 0 corresponds to the physical space-like singularity where
curvature invariants blow up. Hence, in General Relativity this metric is not extendable
to negative .

Correspondingly, the de Sitter metric takes the form

ds* = dT? — exp (2H (z — z_)) (dR* + H2dQ?) , (3.6)

where x_ is a constant of integration in and the de Sitter horizon occurs at x = x_.
The region < x_ corresponds to the patch of size r = H~! covered by static coordinates,
which on larger scales do not exist.

Calculating the spatial curvature of constant 7" hypersurfaces of metric , one finds
that it vanishes if a®> = (db/dz)®. Hence, both solutions and are spatially flat
in the Lemaitre slicing.

The Schwarzschild metric has a Kasner type space-like singularity. In the previous paper
[1] we have found that in a theory where the ideas of limiting curvature and asymptotic
freedom of gravity are realized via the mimetic field, Kasner singularities are avoided and
replaced by a de Sitter region at limiting curvature. In this paper we implement these same
ideas for black holes. Using ansatz for the metric, we will find an explicit solution
describing a non-singular black hole whose metric approaches asymptotics and
at low and high curvatures, respectively.

3.3 Modified Mimetic Gravity

Introducing the mimetic field ¢ through a Lagrange multiplier constraint, consider the
theory of gravity defined by the action

5= oo [V (L4 A (g 0,00 — 1), (3.7)
with Lagrangian density
L= f(@¢)R+ (f(O¢) — 1) R+2A(0¢), (3.8)
where B
R =20"¢"G, — (00)” + ¢ Gy, (3.9)

and G, is the Einstein tensor. In [I] we argued that (¢ is the unique measure of curvature
that f can depend on without introducing higher time derivatives to the modified Einstein
equation. The extension of the action presented in [I] by the R-term is done with the
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purpose to remove higher spatial and mixed derivatives. Thus, defines a theory of
gravity free of any higher derivatives.

Since the Lemaitre coordinates are synchronous, the generic solution of the constraint
equation ¢**¢ , = 1 satisfied by the mimetic field, which is compatible with the symmetries
of ansatz (3.3)), is ¢ = T + const. In this coordinate system

O¢ =k = iln\/ﬁz —iln (ab?) (3.10)

oT dx
represents the trace of extrinsic curvature kK = k% of synchronous slices of constant 7. The
expression é, given in 1} is nothing but the spatial curvature scalar 3R of these slices,
expressed in covariant form.

Variation of with respect to the metric g,, yields the modified vacuum Einstein
equations. Solving the equation obtained by varying with respect to ¢ for the La-
grange multiplier A and substituting the metric ansatz (3.3)), after lengthy but straightfor-
ward calculations we find that the spatial components of the modified Einstein equations
have the first integral (see [1], E[)

b_a_ ﬂ’ (3.11)
b a fab?
where dot denotes the derivative with respect to x and a constant of integration has
been fixed to match the Schwarzschild solution with mass M in the limit + — oco. In
deriving we have assumed that the spatial curvature remains negligible everywhere
for solutions matching the two spatially flat asymptotics and . Later on we will
justify this assumption.
Accordingly, the temporal modified Einstein equation becomes

K2 (f —26f") —3(A—kA) [ 3M\?
(f +£f") fab®)
where prime denotes the derivative with respect to k. The equations (3.11)) and (3.12)

determine the two unknown functions a (x) and b (z) .

(3.12)

3.4 Asymptotic Freedom at Limiting Curvature

The inverse running gravitational constant is represented by

1

108 =z

(3.13)

normalized as f (¢ =0) = 1 in Planck units. Asymptotic freedom is characterized by
a divergence of f as ¢ — |ko| approaches the limiting curvature kg, which is a free

t The more general and detailed calculations will be presented in a forthcoming publication by the
authors.



53

parameter of the theory. In [I] we have shown that in a contracting Kasner universe the
vanishing gravitational constant very efficiently suppresses anisotropies and the solution
close to the limiting curvature becomes isotropic, approaching a de Sitter universe with
H = Kq/3. Since black hole and Kasner singularities are similar, one can expect that the
black hole singularity can be resolved in the same way. Namely, the asymptotic solution
far away from the black hole, which is still given by , will start to approach as
soon as the curvature approaches its limiting value. The full solution extends for the entire
range —oo < r < +00.

For the Schwarzschild solution the function a o b~1/2 increases as b — 0, while
for the de Sitter solution a o b. It follows that  has to vanish at some intermediate point
x, where a reaches its maximum value before starting to decrease as we go deeper into the
black hole. If a (x.) > 1, there exist two Killing horizons where a (z+) =1 at x4 > x, and
r_ < x4, named in analogy with and . In the limiting case where a (z,) = 1,
the two horizons merge at z, = x_ = z, and the region where 9/0t = 0/0R + 0/0T
is spacelike disappears. This is the case of a minimal black hole with mass My, ~ K !
which exceeds the Planck mass if the limiting curvature is below the Planckian value. For
M < My, ais always smaller than unity, no horizon occurs and thus no black holes with
mass smaller than M., exist.

One can easily find that for the metric the surface gravity of the Killing horizons
is given by

gs = —a(ry), (3.14)
and it hence vanishes for the minimal black hole. Because the Hawking radiation temper-
ature is proportional to gs, it is equal to zero for these minimal mass black holes and as a
result of evaporation there must remain stable remnants of mass M,,;,. Thus, the existence
of limiting curvature combined with asymptotic freedom of gravity generically leads to the
existence of minimal stable black hole remnants.

To demonstrate this in a concrete theory, below we will find an explicit spatially flat,
exact solution describing a non-singular black hole with stable remnantil.

3.5 Exact Solution

Let us take
1+ 3k2

IR =Ty

where & = k/kg and chose A(k) in such a way that the square root of the branch x < 0 of

(3-12) becomes

(3.15)

—k . 3M//€0

1—&Y ab?

Taking the = derivative of the logarithm of this equation and using (??), we obtain a first
order differential equation for & (x) with the implicit solution

(3.16)

1
—kox = = + 2 (arctan & — tanh ™' &) . (3.17)
R
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This provides a one-to-one relation between z € (—o0,00) and & € (—1,0) and hence &
can be used to parametrize the solution for a and b. After some algebra, we find that the
exact solution of equations (3.11)) and (3.16|) parametrized in terms of % is given by

AM K 1+72\?
3/~ 0 |~ ~4
a’(k) = 3 7| (1 — ") <1—|—3f£2) : (3.18)
oM
B(R) = —— (1—7&?) (1+3&%). 3.19
<H) 2,%/%2( K“)( + 'Li) ( )

Using to express k in terms of x, we can easily verify that in the far exterior limit
x — 00, k2 — 0 and the above solution tends to , describing a black hole of mass
M. On the other hand, deep inside the black hole at x — —oo0, &2 — 1 and we obtain
asymptotic corresponding to the de Sitter space with H = k(/3. Thus, the obtained
exact solution smoothly matches the desired asymptotics, in agreement with our general
consideration above. The function a reaches its maximum at &, = —1/ V5. The horizons,
which occur at a = 1, exist only if a (k.) > 1. This condition is satisfied only if

5/2

M Z Mmin = .
18%0

(3.20)

Otherwise, no horizon exists and the solution (3.17), (3.18)), (3.19)) describes solitonic-
like objects whose metric is completely static and approaches the de Sitter metric in the
center. For black holes with the minimum mass M,;,, there is only one horizon with
vanishing surface gravity and hence these minimal black holes represent the stable remnants
of evaporating black holes.

One can check that solution (3.17), (3.18), (3.19) satisfies a® = b and hence the hyper-
surfaces T' = const. are exactly spatially flat, in complete agreement with the assumption
under which it was derived. To better understand the properties of this solution, it is
more illuminating to go back to the familiar singular static coordinates . From ((3.4))
it follows that dr = adz and therefore a2 = b? implies that b = r everywhere. Setting
b = r in equation ([3.19t), we obtain an algebraic equation for & (r), which can be solved
perturbatively and the obtained result can be substituted in to determine a? (r) in
the “static coordinates”, where the metric is given by .

For r — oo where &2 < 1 we find the expansion

1—a2:1—¥ {1—0((%)3)], (3.21)

where 7, = (144M/ 5/@%)1/ ? is the “radial” coordinate at which &, = —1/v/5 and the curva-
ture becomes comparable to the limiting curvature. For large black holes with M > M,
the outer horizon, defined by a (r,) = 1, is located at

() e

T+:2M
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and the deviations from the Schwarzschild solution become significant only deeply “inside”
the black hole at r < 7. Close to the limiting curvature (k? — 1), that is for r < r,, the

metric is well approximated by
o\
1-0 ((r_) )] (3.23)

where H = k(/3 and the inner de Sitter horizon occurs at

r_=H" [1 +0 (Mﬁm)} . (3.24)

If the mass M is comparable to the minimal mass M,;,, these two asymptotics fail to
describe the region close to the horizons. In the minimal case M = M,,;, inner and outer
horizon coincide. Expanding a (&) around its maximum at . and using to express
k in terms of r, we find that the near horizon metric of such a minimal black hole is given

1—a*=1—(Hr)?

by
10 r\?
l—ad’~—=(1-— 3.25
exT(i-1) (3.25)
where ry = r_ =r, = 2\/3/ ko. Note the similarity to the near horizon metric of an

extremal charged Reissner-Nordstrom black hole.

3.6 Black hole thermodynamics

The Hawking temperature Ty is determined by the surface gravity (3.14]) at the exterior
horizon z . For solution (15) we find

1 —5Rr%

1+ 3/%

_ 9 _ ko
21 o

Ty X (3.26)

where iy = & (z1) € (=1/v/5,0). Since a (ky) = 1, we can use (3.18) to express M also

through <, as
9\ 2
M= > LSRN (3.27)
g [Fo| (1 —&L) \ 14+ &2

The formulae (3.26)) and (3.27) implicitly define the relation Ty (M). In particular, at
large mass we reproduce in leading order the familiar Hawking formula

1 Mmin 2
e by o (%)

Instead of diverging as M — 0, the temperature reaches its maximum value T}, ~ 1072k,
at |ky| =~ 0.23 which corresponds to M = M, ~ 1.32M,,;,. At this point the negative heat

(3.28)
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capacity diverges and becomes positive for M < M,.. Close to the minimal mass the

temperature decreases as
TH X v/ M — Mmin' (329)

According to the Stefan-Boltzmann law, the rate of energy loss of a radiating body is
determined by % o« —THA where A = 4wr? is the horizon area. For an evaporating
black hole close to minimal mass A ~ M2. | and hence it will eventually approach My,
according to M (t) — My, o< t~1. That is, the final product of black hole evaporation is a
stable minimal remnant with M = M,,;, and vanishing Hawking temperature.
Finally, taking into account that the Bekenstein entropy of the black hole is equal to
S = A/4 = mr2 = wb*(ky) it is straightforward to verify that the modified first law of
thermodynamics becomes
G(Ry)dM =Ty dS, (3.30)

where G(k,) = f~1(k,) is the value of the gravitational constant at the outer horizon.

3.7 Conclusions

We have shown that a modification of classical Einstein theory at very high curvatures,
implementing asymptotic freedom at limiting curvature, can spare us from having to deal
with non-perturbative quantum gravity (at least in application to cosmological and black
hole problems). The existence of a sub-Planckian limiting curvature at which the gravita-
tional constant vanishes can resolve the black hole singularity and replace it with a patch
of de Sitter space (similar to [I5]). Moreover, in this theory the final result of black hole
evaporation are remnants whose near horizon geometry is similar to the extremal Reissner-
Nordstrom geometry. Therefore, the Hawking temperature of these remnants is equal to
zero. In distinction from extremal Reissner-Nordstrom black holes, they do not exhibit a
singularity and, because they have no charge, they are stable. As becomes clear from the
maximal extension of the solution obtained abovel, these remnants can store an unlimited
amount of information. This information lies in the absolute future of external observers
and remains forever inaccessible for them. Hence, their degeneracy should not lead to any
paradoxes in calculating physical processes observed by external observers. This suggests
one of the possible ways for a resolution of the information paradox (see [70]). Moreover,
the stable remnants can serve as well as Dark Matter candidates.
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Abstract

The recently proposed theory of “Asymptotically Free Mimetic Gravity” is extended to the
general non-homogeneous, spatially non-flat case. We present a modified theory of gravity
which is free of higher derivatives of the metric. In this theory asymptotic freedom of
gravity implies the existence of a minimal black hole with vanishing Hawking temperature.
Introducing a spatial curvature dependent potential, we moreover obtain non-singular,
bouncing modifications of spatially non-flat Friedmann and Bianchi universes.
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4.1 The Theory

4.1.1 Introduction

General relativity is a quintessential example of a successful physical theory. At the same
time as its conceptional simplicity is striking, it has to this day not failed a single experi-
mental test. However, one theoretical prediction of GR that contradicts physical intuition
is the formation of singularities from physically realistic initial conditions, as was shown
in the singularity theorems of Hawking and Penrose [9]. The standard approach to argue
away these singularities is to delegate their removal to a hypothetical theory of quantum
gravity which should begin to take over as the curvature approaches its Planckian value.
For a variety of reasons it is clear that GR is bound to fail at this scale. Moreover, at this
point even the description of our physical world as a smooth manifold is no longer justified,
complicating drastically any approach to quantum gravity.

A different approach to singularity resolution is to allow deviations from GR already
at curvature scales some orders below the Planck curvature where the smooth manifold
description of spacetime is still a sensible concept. If we can manage to modify gravity at
these scales in such a way as to implement an upper bound on all curvatures, we could get
rid of singularities on a classical level. Moreover, we would never enter the Planck regime
and thus potentially avoid the practical need for a theory of quantum gravity altogether.

Einstein gravity is distinguished among all local, covariant theories of metric gravity
in four spacetime dimensions by the fact that it has equations of motion which are only
second order. It seems that the only chance to alter this theory and not end up with higher
derivatives is to bring something else other than the metric into the game. In the case of
the mimetic field, however, this is not an entirely new physical entity. Rather, it represents
a reshuffling of the degrees of freedom of the metric itself. The starting point of so-called
“mimetic gravity” was in [35] to reparametrize the physical metric g,, in the form

Juv = huyha6¢,a¢,ﬁ (41>

in terms of an auxiliary metric h,, and a scalar field ¢, called the mimetic field. Since
the physical metric is invariant under Weyl transformations of h,,, the mimetic field takes
over the job of representing the conformal degree of freedom of gravity. By definition, ¢
identically satisfies

guyqs,uqsw - 1, (42)

and we can impose the nature of the mimetic field also by adding this condition as a
constraint to the gravity action [37], giving it the general form

S=— [ A%y g (L (g & + A (@660 — 1),

" 167
where A is a Lagrange multiplier. This formulation is advantageous over simply applying
the reparametrization because at the end of the day we are interested in a theory of the
physical metric rather than a theory of the auxiliary metric. Note that constraint (4.2))
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can be derived as a consequence of 3d volume quantization in noncommutative geometry
[79], |81].

Inserting the Einstein-Hilbert Lagrangian £ = R[g,,] just reproduces standard GR
with an additional contribution of mimetic matter (cf. [35], [37]). Different choices for £
with added potentials depending on ¢ or ¢ have been considered in [61], [42], [43] and
the mimetic field has also been used successfully to define ghost-free massive gravity [82],
[83].

Recently, in [1], it was realized that the mimetic field can be used to implement in a
covariant manner the idea of a running gravitational and cosmological constant by means
of a Lagrangian of the form

L = flo]Rlgu] + 2A[9] (4.3)

where the “inverse gravitational constant” f and “cosmological constant” A can depend on
¢ and its derivatives in a way to be determined. To this end, let us find out which covariant
quantities can be constructed from ¢. First, note that by virtue of ([£.2), t := ¢ qualifies
to be used as the time coordinate of a synchronous coordinate system (cf. appendix A),

ds? = dt* — y,dada®. (4.4)

Hence, a simple ¢ dependence of f and A would resemble the introduction of a time depen-
dent background. Moreover, the only covariant quantity constructed from first derivatives
of ¢ is identically constant by . Gratifyingly, the second covariant derivatives of ¢,
however, represent measures of the curvature related to the conformal degree of freedom
of the gravitational field. More precisely,

10
_2816’7111)

is the extrinsic curvature of the slices of constant ¢, while ¢.o, = 0. The Ricci scalar
written out in this synchronous slicing given by ¢ reads

_¢;ab = Kab

—R =2k + K? + KIRE R, (4.5)
where dot denotes t-derivatives, k¢ = 7%k, °R is the 3-curvature of the spatial slices and
K= ’Yab/fab = gaﬁgb;aﬁ =Uo

is the trace of extrinsic curvature. From expression (4.5) we can read off the reason why
the Einstein equation is only second order: because second derivatives of the metric appear
only linearly in R and thus only contribute as total derivatives to the action. The only
chance to introduce a curvature dependence of the gravitational constant and not spoil
this property is f[¢] = f(O¢). In this case

—f(0¢)R = QF(H) + f(K) (/12 + RZRZ + 3R) (4.6)

where f is assumed to be integrable with f(k) = F'(k) = 0F/0k. Since up to a total
derivative such a Lagrangian still contains only first time derivatives of the metric, we can
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expect the modified Einstein equation of such a theory to be second order in time. While
the arguments used to arrive at this result were rather heuris‘cicﬁ]7 we can of course explicitly
verify this statement. Indeed, the theory defined by

£ = f(O6)R + 2A(09) (4.7)

that has been studied in [I] turned out to be free of higher time derivatives in the syn-
chronous frame. In the general spatially non-flat case, however, higher spatial and mixed
derivatives will appear. The origin of these terms can be traced back to the presence of
f(O¢) in front of R in . Luckily, we can use ¢ to dissect this term in a covariant way
as

ﬁ = 2¢7“¢7VG,UJ/ - (ng)Q + ¢%MV¢;MV = 3R7
where G, is the Einstein tensor and = means equality under the condition that 1'
is satisfied. Subtracting the term that was added involuntarily, we will find the theory
defined by B

£ = f(O6)R + (F(O¢) — )R+ 2A(09)

to be free of higher derivatives of all sorts. The addition of the second summand is hence
motivated by the same argument that made Einstein gravity unique.

For generality, we will still find it useful to include also a non-linear, spatial curvature
dependent potential h(R). It is clear that thereby higher spatial derivatives will reappear,
but no higher time or mixed derivatives. While higher time derivatives would typically
introduce additional (potentially ghost-like) degrees of freedom, higher spatial derivatives
could actually be useful to improve the renormalizability of gravity, along the lines of
Hotfava gravity [2].

For this extended Lagrangian the interpretation of the functions f and A in terms of
gravitational and cosmological constant might look less transparent than for (4.7). How-
ever, we would like to stress that the homogeneous, spatially flat sectors of both theories
are identical.

In the context of a theory like it is natural to realize the concept of limiting cur-
vature (cf. [85],[17],[I8]) by limiting the measure of curvature provided by Cl¢. Motivated
by the analysis of the anisotropic sector made in [I], the concept of “asymptotic freedom”
of gravity gains special importance. This name is awarded to modifications where such
a limiting curvature is implemented by a vanishing of the gravitational constant at some
limiting value [J¢ = k¢ which is a free parameter of the theory and can be chosen well
below the Planckian curvature.

In this paper, after presenting the general form of the theory motivated above, we
will consider applications to spatially non-flat Friedmann and Bianchi universes and black
holes, providing more detailed calculations for the results presented in [3].

tStrictly speaking, it is not allowed to use (¢ = & and impose gauge conditions in the action before
variation.
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4.1.2 Action and equations of motion

Let us consider the theory defined by the action

5= [ AeVER (L A (66,00~ 1), (4.9
where _ _
L=f0p)R+ (f(Qo) — 1)R+2A(0p) + h(R) (4.9)
and
R =20"¢" Gy — (00)° + ™ by (4.10)

This action contains two free functions f and A of (¢, representing the inverse running
gravitational constant G((J¢)~! and cosmological constantlﬂ A(O¢), respectively. For gen-
erality, we also included a spatial curvature dependent potential h(ﬁ) In the following we
will use Planck units setting G (¢ = 0) = G = 1, such that f (¢ =0) = 1.

Variation of the action with respect to the metric g, yields the modified Einstein
equation

(L=h)R. — (%ﬁ + (Zﬁb’a);a + Dh/) v + <¢,,u¢,uf7a - gb;m,fgb’a)

e’

+2f ¢ b uRoya + 20(uZ0) + Wy = (A + fR)G 0, + 87T, (4.11)
where
Fe=f =14l Z=3f (O0) +0"0u) — N, Z:=2-¢"H,
f = df/d0¢, A == dA/dOg, b == dh/dR and T = 2250 is the matter energy

momentum tensor. For the detailed calculations in the variation of the action the interested
reader is referred to appendix B. While at first glance this modified Einstein equation looks
more involved than the one presented in [I], calculating its components in the synchronous
frame will reveal that in the general case, apart from the new terms due to h, the theory
defined by is in fact the simpler one.

The evolution of the mimetic field is already completely determined by the constraint
(4.2)), which we obtain from variation with respect to the Lagrange multiplier. The equation
obtained by varying with respect to ¢ hence can only return the favor and provide a
condition to determine A. Conveniently written in terms of the quantity

Z:=A+f(R— Rué"e¢") —Of — ¢*Z,, — ¢"H 0o, (4.12)

this “equation of motion” of ¢ reads
(20", = |(F =)oy + 27 = ¢"¢"Z,, + T (B = 67" h,)

+ f(B™¢u—RV6a050")| . (4.13)

v

fNote that for this interpretation we still need to factor out the gravitational constant such that A = fA.
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In the synchronous frame the right hand side turns out to be just the 3-divergence of a
3-vector (denoted by X ) and we find the solution

== & [y (s + 20+ Rg+ i — i) (4.14)

la

Let us now evaluate (4.11)) in the synchronous frame t = ¢ where it takes its simplest
form. Using (4.12), the 0 — 0 component of the modified Einstein equation becomes

S U= 260 = At A = (o mf) R, =

. (h=°R) +E+ 8Ty,  (4.15)

N —

where i := k§ — 2k0y is the traceless part of the extrinsic curvature. Note that inserting
the solution for =, this equation becomes in general an integro-differential equation.
Suitably taking another time derivative (%gb“);u of yields a differential equation
containing second time derivatives of the metric. This is a manifestation of the fact that
in mimetic gravity the conformal degree of freedom of the gravitational field becomes
dynamical.

Note that for spaces where 2R = 0 and the integrand in = vanishes by homogeneity,
is precisely the same as the 0 — 0 component of the modified Einstein equation
presented in [I].

The spatial components of (4.11]) after raising one index read
1
~ O IR+ 260) = L8 = Sf + 85T, (4.16)

where

@ = (1— KRy + B — AN'SE (4.17)

contains spatial curvature terms. Subtracting from this equation one third of its (spatial)
trace removes all isotropic terms proportional to J; and we obtain

1

val

where the right hand side consists of the traceless parts of S; and T(m)‘l}. The spatial
components of the modified Einstein equation are hence second order in time. A non-
linear potential h(°R) introduces higher spatial derivatives of up to forth order.

Finally, the mixed components of the modified Einstein equation (4.11)) read

O (V7 fRY) =S¢ + 8Ty (4.18)

fRoa + Za+ 12 fy = 8T, (4.19)

These equations, as in standard GR, contain only first time derivatives of the metric and
could be thought of as a constraint that needs to be satisfied on an initial hypersurface
¢ = ¢; and then continues to hold by virtue of validity of the other components of the



63

modified Einstein equation. Note that A does not appear in the mixed equations. Moreover,

(4.19) can be used to simplify (4.14) to
== / Aty (87T™§ — (1 — I)RY + kb — Ryh"™),, - (4.20)

Note that time reversal invariance of general relativity is maintained in our modification
if we choose f and A as symmetric functions of k. Moreover, if we require

[=1+0(s), A=0(x), h=0(F),

then in the limit of low curvatures (4.15)), (4.16)) and (4.19)) are just the components of the

usual Einstein equation with a contribution of mimetic matter, given by the constant of
integration in =.

4.2 Non-flat Universes

4.2.1 Friedmann Universes
The metric of a homogeneous, isotropic universe with cosmological time ¢ is given by

d 2
ds* = dt* — a*(t) (L

2 102

dQ2 4.21
1 — 202 tr > ’ (421)
where » € {—1,0,+1} and dQ? = d¥? + sin?¥de?. Note that the unique solution of
constraint (4.2]) in such a spacetime which is compatible with homogeneity is ¢ = t+const.
Hence the quantities in the synchronous frame (4.4]) are given by

u a 6¢
k=—=3-, R = —

U a a
where we introduced u := a®. Moreover, by isotropy, ¢ = 0 and by homogeneity = o< 1/u
describes only the dust-like contribution of mimetic matter. For the sake of simplicity and
because the remaining equation is still general enough for all our purposes we make again

the simplifying choice
A= %ﬁ(f —1), (4.22)

familiar from [I]. The 0 — 0 modified Einstein equation (4.15)) then becomes
2\ »_ 1.3 3
f=3)# :é(h(R)—R)—l—E (4.23)

where ¢ := = 4 87T} é[r)n ) is the total energy density of mimetic and ordinary matter. Note
that this modified Friedmann equation is still formulated in terms of the same variables as
the original Friedmann equation. Only the relation between curvature and energy density
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is changed at large curvatures. While the left hand side of depends on 2 only, the
right hand side is in general some function of u. Such a relation can be thought of as an
integral curve in the “phase space” spanned by u and x = dInw/dt. Drawing this phase
portrait for a specific modification will allow us to understand its qualitative behaviour
without the need to obtain explicit solutions.

Spatially flat universe: Let us use this phase portrait technique to show that in the
case » = 0 there is essentially only one possibility for the behaviour of a non-singular
modification. Since the total energy density ¢ is in general a monotonically decreasing
function in wu, in this case can be understood as a relation of the form w(x?). Fur-
thermore, if this relation is to describe a non-singular modified Friedmann equation, it
must be one-to-one. Otherwise, if at some point du/dx? = 0, then

o dk dk  u dx?
f=1U—=uk—

e i R (4.24)

would diverge. Since in the general non-vacuum case we cannot expect divergences of &
and x? to cancel out exactly in the Ricci scalar , both quantities have to be bounded
separately to avoid a curvature singularity. Hence, in the following we will assume that
the relation provided by is of the form x%(u) and it is one-to-one in the case 3¢ = 0.

By (4.24)), boundedness of # implies that the domain of definition of the relation x?(u)
can be extended to u € [0, 00). Boundedness of x implies that

> dk
/0 du@ = —k(u=0) (4.25)

has a finite value, where we made use of the low curvature limit x*(u — oo) = 0. At
the lower bound, the integral can only converge if “3_5 — 0. By it follows that
t — 0. Hence, in this limit x must be asymptotically constant at some limiting value £xy.
Recalling that x is the logarithmic derivative of u, this means that asymptotically

u = a® o< exp (£rot) (4.26)

ast — Foo. In conclusion, the most natural modifications generically replace Big Bang/Big
Crunch singularities by a smooth transition to a de Sitter-like initial /final state with lim-
iting curvature. In [I] we provided a concrete example of a non-singular, spatially flat
universe using the simple choice

1

I =1y

(4.27)

Assuming ¢ o (1/u)'™", we found the implicit solution

1
* wnot = %0 _ atanh- — V2arctan (\@i) (4.28)

2 K Ko Ko
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Figure 4.1: Conformal diagram of a modified spatially flat Friedmann universe.

for k(t). The expanding branch x > 0 describes a smooth transition from an expanding
de Sitter universe to an expanding Friedmann universe with a oc t2/3(4%) Its conformal
diagram is given by the upper triangle of the left diagram of figure (4.1)), cf. [86]. Comoving
geodesics start from i~ and reach it after infinite proper time. Other causal geodesics,
however, are past incomplete in the same way as in an expanding de Sitter space in the
flat slicing. At the line ¢ = —oo all curvature invariants are bounded and hence we can
complete the diagram by gluing the contracting solution x < 0, which is related to the
expanding solution simply by time reversal. Albeit ¢ =t is obviously discontinuous at the
junction, the metrics can be joined smoothly just like the expanding and contracting de
Sitter space. In this way we obtain a geodesically complete, non-singular spacetime.

Non-flat universe: Let us now extend our analysis to the spatially non-flat case » = £1.
In this case the relation x*(u) provided by does not have to be bijective. In fact,
if it were one-to-one, the same arguments as above would apply and we would run into a
curvature singularity as *R(u — 0) — oo. This can only be avoided by a bounce at some
finite Umpiy.

A zero of the relation HQ(u) at umin, can connect the contracting half-plane x < 0 to the
expanding half-plane x > 0. If at this point also £ would vanish, there would be a static
fixed point solution at (u, k) = (ug,0). Thus, by (4.24), only a zero of first order of x*(u)
can describe an actual bounce.

For concreteness, consider the case where ¢ = 3¢/u

ansatz
6 2n 5 2n
h(°R) = —6 (63]%) =6 (—) , (4.29)

a?

4w and make the simple power law
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where the prefactors were chosen for later convenience and we restrict to even powers in
order to obtain the same high curvature modifications for both s = 4+1. The right hand
side of the modified Friedmann equation (4.23)) then becomes proportional to

c % 5\

a3+w) g2\ g2 :
Since the left hand side of (4.23]) should be a one-to-one function of x? which is linear in
the low curvature limit, a zero of this right hand side means that k = 0 at such a point.
In standard GR, setting 6 = 0, this right hand side has just one non-trivial zero, namely

in the case »» =1 at
(max = /03, (4.30)

corresponding to the moment of recollapse of a closed universe.

In our modification, by the choice of sign of h, there is now also another first order zero
describing a bounce. At the moment of bounce the linear contribution of R is negligible
compared to h and we find

52” 1/(4n—3(1+w))
i = <—> . (4.31)
C

Assuming that apa, > ami, there is some intermediate region where the energy density ¢
dominates both spatial curvature terms. In this region becomes like in the spatially
flat case and we expect a stage where k? ~ k2 is approximately constant at the limiting
curvature. A contracting universe will hence undergo a stage of exponential contraction
before going through a bounce followed by exponential expansion.

We can estimate the duration of this inflationary stage which is, by time reversal sym-
metry, equal to the duration of the stage of exponential contraction. Inflation will end at
the moment when x? and hence also the left hand side of drops below the order of

k2. This will happen around a = a; where

2

3(1+w c
a}'t ~ . (4.32)
0

The value a; at the beginning of inflation will not be much differept from a.;,. The number
of e-folds expressed through the dimensionless quantities ¢ and ¢ defined by

¢ = Cﬁg(Hw)*Q, 5= 5/1(2)71”,
can hence be approximated by
N2 (5*&11@5*1) (4.33)
4n — 3(1 4+ w) ' '

A necessary number of e-folds can be achieved e.g. by an exponentially small value of & or
an exponentially large value of ¢. Note that for radiation with w = 1/3 we have to choose
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n > 1 in order to still have a bounce. On the other hand, for n = 1, a value smaller than,

but close to 1/3,

1
w = g(l—e), e 1, (4.34)

can also explain a large number of e-folds even when all other dimensionless parameters
are of the order of unity. In this case
In(&/4?
N~ ne/o) (4.35)
€

Let us illustrate this in a simple concrete example for a closed universe (3 = 1) and with
the familiar choice (4.27)) for the function f. In this case (4.23]) becomes

1, [(1+2(k?/K2 1 max | 27¢ min ) €

Lo (lr2t/m)y _ L (Zme) 7 (1= ()Y -] (4.36)

9 1 — (k?/Kg) a? a a
where ay. and api, are defined by (4.30) and (4.31)). Let us analyze the asymptotics
of this equation starting at the moment of recollapse where we set t = 0. At this point
a4~ Qpax > amin and K < Kg. Moreover, the deviation from w = 1/3 is irrelevant for the

behaviour in this region and we set € = 0 for simplicity. Recalling that x = 3a/a, (4.36) in
this case becomes

a2 = (ama")2 1 (4.37)

and has the solution

a(t) = /a2, — t2. (4.38)
This would be the full exact solution of (4.36)) in standard GR, i.e. if we would set i, = 0
and kg — o0o. It describes a closed universe starting from a Big Bang at t = —ayax,

expanding until ¢ = 0, then recollapsing until finally reaching a Big Crunch at ¢t = ayax.

Since for this solution Y
Rt) = 5 (4.39)
both Big Bang and Big Crunch represent curvature singularities. In our theory, however,
k becomes of order of the limiting curvature at ¢t — ayax ~ 1/k¢ and the modification starts
to take over.
In the region where the energy density is dominating both spatial derivative terms,
(4.36)) becomes like for a flat Friedmann universe. The exact implicit solution of an equation

of this form was obtained in [I] and for the case at hand it reads
2
—ko(t — Qmax) = %0 _ gtanh = — V2 arctan (\@i) , (4.40)
3 K Ko Ko

where the constant of integration was fixed such that the —x < kg asymptotic

3
K= = o) (4.41)
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of (4.40) matches the t ~ ap.x asymptotic of (4.39). The contracting branch of (4.40)
describes a smooth transition between the asymptotic (4.41)) at t < amax and the asymp-

totically constant solution kK ~ —kg at t > ana.x. Hence, the scale factor does not vanish
at t = amax but after t > a,., starts to decrease exponentially as

a o exp (—3kot) - (4.42)

Contrary to the spatially flat case, the exponential contraction now cannot continue until
t — oo because at some point the spatial curvature dependent potential will start to
counteract this contraction and thus prevent an unbounded growth of the spatial curvature.

Expanded around a ~ ap;, (4.36)) becomes
1 2 2 2
KQ/KS(M>:g( a _1), (4.43)

1— (k?/K3) rmin
where
9 a 2—e
€ =€ —— max . 4.44
= () 449

Isolating a from this equation on one side and taking the time derivative of the logarithm of
this equation, we obtain a separable first order differential equation for x with the implicit
solution

1
—ko(t — tp) = atanh— + ¢_ arctan (é_i) + €, arctan (éri) : (4.45)
6 Ko Ko Ko

where the constant of integration ¢, corresponds the moment of bounce and

2 4

€ = .
1+ V1—10e+ &

The t < t, asymptotic of the contracting branch of this solution is k ~ —kg, in agreement
with the late time asymptotic of (4.40). Note that the sign in front of the atanh term
in is opposite to that in (4.40f). This means that —x is now decreasing again until
k=0 at t = t;,. Expansion of around x ~ 0 yields

K= %no(t — ). (4.46)

Integrating again, we find a smooth bounce described by the leading order solution

- 1/3
4= Gmin (1 + 1—6250 (t— tb)2> . (4.47)

At t = t, we pass from the contracting into the expanding halfplane. By time reversal
invariance, the solution in the expanding plane will be just a mirror image of the solution
in the contracting plane. Hence, after the bounce x will grow until reaching x( as described
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by the expanding branch of . It will stay approximately constant for the number of e-
folds given by followed by a smooth graceful exit described by the expanding branch
of . Finally, after k < kg, the term linear in spatial curvature will dominate again
and cause a recollapse according to (4.38)), restarting the whole cycle anew. The solution
is hence eternally oscillating clockwise in the phase space (u, ) on the closed trajectory

described by (|4.36)).

4.2.2 Bianchi Universes

The genera]ﬁ form of a homogeneous but not necessarily isotropic spatial metric is given
by

Yab = YAB 6;465, (4.48)
where v, is spatially constant and the frame one-forms e are constant in time and satisfy
eS¢  def b o

(50 ) b =i (49

Here €% is the inverse of e and C{p are the structure constants of the group of motion
of the three-dimensional homogeneous space under consideration [84], [00]. The inverse
metric and the metric determinant are given by

2 = AAB 6?46?3, VY = uv, (4.50)

where 742 is the inverse of v4p, v is the determinant of e2 and u? is the determinant of
vap and hence depends only on time.
The extrinsic curvature of these homogeneous spatial slices is given by

1 2 a 1 2 a a
Fap = 57AB elel = wapelel, Ky = E’YAC’YC’B el =: wiyelel (4.51)
and we see that _
u
K=K=Kj)=—. (4.52)
u
The spatial connection coefficients are given by
c 665 c C c A_B
ab = Hpb ec — Aapecesey (4.53)
with the spatially constant coefficients
1
AZB D) (CEB - CgB’YEA'YDC - CEA’YEB’YDC) . (4.54)

$Excluding Kantowski-Sachs type models which bear more similarity with the interior of black holes
than with cosmological models, cf. section [£.3.2}
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Note that v42CG5 = 0 and A, = C5.. The mixed components of the 4—Ricci tensor are
given by
RY = (kECSp — KHCHE) € (4.55)

a a’

and the spatial Ricci curvature is
Ry =*Rapele),  *Rap = Apc ALy — ABcA%p. (4.56)

The spatial Bianchi identity reads
SRECS, —*RECE, = 0. (4.57)

Note that 3R¢ = 3R4 = ®R is constant in space. Hence we can immediately solve (4.14)) to
find that

[1]

X

S

, (4.58)

and the spatial curvature contribution (4.17)) to the spatial modified Einstein equation is
just
St = (1—H)°Ry. (4.59)

The whole modified Einstein equation can be expressed independent of the frame vectors.
Let us restrict to the case of isotropic, comoving matter, e.g. dust or mimetic matter, with
total energy density €. Then the temporal equation (4.15]) reads

T2 - AR = (R RARE 45 (- R) be (460)

The trace subtracted spatial equations (4.18) become
1 ~A / 3pA 13 A
u

Contracting with #% we find the useful equation

1 A , N
Wat (W fPRyRS) = —2(1— W) Ry RS, (4.62)

Finally, the mixed component equation is simply
gOCS, — KEChL = 0. (4.63)

Let us in the following assume that the frame metric y4p is diagonal. This additional
assumption is an expression of non-rotating Kasner axes, cf. [90].
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Bianchi type I.

This is the case where all structure constants vanish and the spatial slices are hence Eu-
clidean. (4.61)) is easily integrated and yields

a_ s
with constants of integration A% and (4.60)) becomes
1 n .2 , SRS \?
5(f—2/<;f)/§ — A+ kN = 2 E—Fe, (4.65)
where A2 := MAME. Like in the Friedmann case, this equation defines an integral curve

in the phase space spanned by u and k. Provided that (f + xf’)/f? is bounded, it will
look qualitatively similar to for the Friedmann universe. At low curvatures where
Kk < Ko and u — oo, the right hand side will be dominated by any contribution of matter
with equation of state w < 1. The evolution of u is then given by

u o 2/ () (4.66)

like in a Friedmann universe. Moreover, according to , the anisotropic extrinsic
curvature contribution &4 oc 4! will decay at t — oo faster than x o t~!. This means
that the presence of any kind of isotropic matter with w < 1 will eventually lead to isotropy
of an expanding universe.

On the other hand, approaching u — 0, we see that the term u~° coming from curvature
due to anisotropy will dominate any such matter contribution. This is why in order to
understand the behaviour close to singularities it is sufficient to study the vacuum case.
Without modifications, the vacuum solution is given by the Kasner metric, featuring a
singularity. In an attempt to remove this anisotropic singularity, we will find that the
property of asymptotic freedom is an inevitable condition for any non-singular modification:

Just as for a modified flat Friedmann universe, establishes a one-to-one relation
between k and u. By the same argument as in the last section, the only way it can be
non-singular is for x to tend to its constant limiting value as v — 0. While in this case x?
as well as k£ are bounded,

2

N2
A/*%B_ )\
B'VA — f2u2

K (4.67)
will become singular, unless that f(x) diverges fast enough as Kk — kg. It follows that
the only way to avoid a curvature singularity in is a fast enough divergence of f at
the limiting curvature. Moreover, if 1/(fu) — 0, then the anisotropic Kasner solution will
even become isotropic close to the limiting curvature. A concrete illustration of this was
presented in [I].
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Bianchi type V.

As an example for an anisotropic, spatially non-flat universe where we can still understand
the modified Einstein equation in terms of a two dimensional phase portrait, we consider
Bianchi type V. Here the non-vanishing structure constants are determined by

C

NI

Qzl, C

=1l

= 1. (4.68)
We calculate

A

=Dl
=l

3 = —’7117227 -/4;1:,3 = —711733, (4.69)

NI

§:A§:1, A

and find that the spatial curvature components in the frame are given by
*Rf =R} =R3 = —29'1. (4.70)

Hence the spatial curvature is still isotropic and (4.61)) has the first integral

FRRY:
By the mixed components (4.63)) it follows that
-1 2 5 A
R = O, R5 = —K3 (472)

= E’

where we can assume without loss of generality that the constant of integration A > 0.
Integrating again yields the frame metric

vap = u*? diag (1/042, b2, aQb_Q) , (4.73)

where « is a constant of integration and b is a function of time. The differential equations

(4.49) are solved by the frame vectors

el =adl, e =e7 & =e7/ab (4.74)

and, fixing overall constant factors, this frame metric corresponds to the spacetime metric

ds? = dt? —u*? [da® + e*** (b°dy” + b 2d2?)] . (4.75)
Note that the spatial slices are spaces of constant negative curvature. The equation (4.60)
for this class becomes

f+rf N\

1
—26fVK* = A+ kN = -

(h(=60u™??) + 6a’u™?) 4. (4.76)

W —

It is again just an integral curve in the phase space (u, k) which can be treated as for the
non-flat Friedmann universe. If i includes a term o (3R)™ with n > 3 and has the right
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sign, it will describe a bounce in the same way as (4.36]). The solution for b is determined
by . )
b A

- =R;=—2>0. 4.77
7 a2 (4.77)
Hence b is monotonically increasing and the moment of greatest slope of b is at the bounce,
where u assumes its minimum, £ = 0 and f(k) = 1.

Long before/long after the bounce, i.e. at u >> Uiy, the linear contribution of spatial
curvature oc u~ 2% is dominating both h and A?/u?. Moreover, in this region x? < 2. In

the case of vacuum, the asymptotic solution of (4.76) is hence given by

DIDNI

u(t) = (alt])®. (4.78)

Integrating (4.77)) then yields

Y N
b o exp <2a3t2> = by - (4.79)

Fixing the constant of integration, we can achieve that b = 1/b,. Hence, starting at t —
—oo from a contracting spacetime, after the bounce we obtain the time reversed expanding
spacetime where the directions y and z are interchanged. Since x¢k? is everywhere bounded
and in the early/late time asympotic it holds that k{x? oc 2 oc 1/t?, the condition for

causal completeness from appendix A is satisfied.

Bianchi types II, VI,, VII,, VIII, IX.

These five Bianchi types can be treated on a common footing by labeling the non-vanishing

structure constants as . B _
C=A  Chi=p Ch=v (4.80)

The individual classes can then be read off from the following table:

| 11| VI | VI, | VI | IX

Al 1 1 1 1
wl 0] -1 1 1 1
v|0 0 0 -1 1

Corresponding solutions for the frame vectors can be found in [90]. Taking a diagonal
metric, the mixed components (4.63)) are trivially satisfied. Parametrizing the frame metric
as

yap = u*3diag(a?, b, ¢?), (4.81)

where abc = 1, it holds that

i (4.82)

=g
==

|

|
o
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I
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The spatial curvature components are given by

1

RE = 57373 (Na* — (ub* — ve?)?), (4.83)
5 1

R; = 323 (1°0* — (ve® = Xa®)?), (4.84)
3 1

‘R3 = oI (vt — (Aa® — pb®)?) . (4.85)

Finally, the traceless spatial modified Einstein equations (4.61)) become

Oy (uf%) = M ()\a2 (2XAa® — pb® — vc?) — (ub® — 1/02)2> , (4.86)
Oy (mf%) = w (ubz (2ub® — vé® — Na?) — (vc® — )\a2)2> , (4.87)
O <Uf§) = M <V62 (2vc® — Xa® — pb?) — (Aa® — ,ub2)2> . (4.88)

In general, describes a hypersurface in a six-dimensional phase space parametrized
e.g. by (u,a,b,k, /%%, /%g) Clearly, the general analysis of this system becomes intractable
analytically. Let us hence restrict to the case where the conformal degree of freedom
decouples from the rest. For general A, u,v we look for special solutions where
contains only u and x and can be decoupled from the other equations. By , the
condition for this to be possible is

1

3pA ~B _ ~A-~B
Rpkys =0 & HBKAOCUQ—JCQ. (4.89)
After a short calculation, we find that for the Bianchi types under consideration
. 1
SRARE = ~ 52 Oy (u2/3 °R) . (4.90)
Hence the condition (4.89)) is equivalent to
—d
3p _
R = 502/ (4.91)
where '
= \a' + 120t + vt -2 (,Lw6202 + va*c + )\ua2b2) = const. (4.92)

The temporal modified Einstein equation is in this case just the same as for Bianchi
type V. Again, a bounce can be implemented by a term oc (3R)™ with n > 3 in h. Such a
bounce ensures that xAx% is bounded.

In the case of negative spatial curvature (d > 0) there is only one bounce and no
recollapse and hence

1
KpkS o e as t— oo, (4.93)
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like in Bianchi type V. It follows that in the case d > 0 such a bounce is already enough
to ensure causal geodesic completeness, as one finds by slightly modifying the theorem
presented in [91], cf. appendix A.

In the case of positive spatial curvature (d < 0) the solution for u(t) and x(t) will be
cyclic, similar to the closed Friedmann universe. Note that

4
m _ (Aa® — pb* — 1/02)2, (4.94)

It

which holds also for simultaneous cyclic permutations of (a, b, ¢) and (A, i, v). This can be
used to express the right hand side of (4.86)) solely through a and u. For Bianchi type IX
in particular we find that

o, (u f%) — (1= W)t (&H + g) | (4.95)

By symmetry, the same equation must also hold if a is replaced with b or ¢. Since both u
and k, which appear as sources in this equation, are periodic in time, we expect that also
the solutions for a, b and c are oscillating between their minimal and maximal values and
the corresponding spacetimes will be non-singular.
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4.3 Modified Black Hole

4.3.1 Black hole in synchronous coordinates
In GR the metric of a non-rotating, eternal black hole in the synchronous Lemaitre coor-
dinates [89] is given by

ds? = dT? — (z/2,) 2P dR? — (z/x)** r2 dQ?, (4.96)

9

where v = R — T, and ry = 2M. These coordinates are regular at the horizon

T =1, = %M ,

and the region x > 0 covers both interior and exterior of the Schwarzschild black hole. For
comoving observers with R, 9, ¢ = const., T represents proper time. In the Schwarzschild
radial coordinate r = r, (z/ a:+)2/ ? the paths followed by these synchronous observers cor-
respond to radially infalling geodesics. They start from rest at »r — oo at proper time
T — —oo and reach the singularity at » = 0 at the finite proper time 7' = R.

To see how is modified in our theory, we consider in the synchronous coordinates
(4.4) provided by T' = ¢ the ansatz

ds* = dT? — a® (z) dR? — b* (z) A, (4.97)

where the functions a and b still depend only on x = R — 7. The transformation to
Schwarzschild coordinates ¢ and r is given by

2
a
which brings the metric to the form

2
a
d82 = (1 - az)dt2 - md’f2 - TQdQQ- (499)

The dependence of a@ and " on 7 has to be found by inverting r = b(x). The spatial metric

determinant of (4.97) is

v = a®b*sin® ¥ =: u?(z) sin® ¥,

and the non-vanishing components of the extrinsic curvature are given by

a
KE=—=—-=, /ﬁg:/{g:—:——
a a

where the prime denotes z-derivatives.
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The spatial Ricci curvature components for the class of metrics (4.97)) are given by

R = Rf =2 (4" (17)" =" + 'Ry (4.100)
1 2 ! 2
SRV 3R$ =2 (,YRR (+9)° — 7&&) _9 (,VRR (19)° — 719&) ‘ (4.101)
9

The condition for spatial flatness hence amounts to the single equation

A RE (/ﬁg)z — 4" =0 s =2 (4.102)
In this case the metric in Schwarschild coordinates takes the form
ds? = (1 — a®)dt* — d—TQ — r2dQ? (4.103)
(1—a?) ’ ‘

and we see that the Schwarzschild metric (4.96) is spatially flat in Lemaitre coordinates.
Note that in the direction of the vector field

00,0 0
dzt = OR 0T Ot
the Lie derivative of (4.97) vanishes. In other words, k* is a Killing vector field with norm

k'k, =1—da*(z).

" (4.104)

It follows that a Killing horizon occurs wherever a?(x) = 1. Let us, in analogy with (4.96]),
denote the largest value of x where this happens, i.e. the most exterior horizon, by x,.
We can also calculate the surface gravity g, of this Killing horizon which is defined by the
equation [92]

kY kP = go kY, (4.105)

evaluated at the horizon. We find that it is related to the extrinsic curvature of the
synchronous slices by

gs = Kp(ry) = —a'(zy). (4.106)

4.3.2 On generality of the solution ¢ =T

In the last section we were making ansatz from the beginning in the synchronous
coordinates provided by T" = ¢. One could, however, ask the question how some other
synchronous time coordinate would be related to this specific one, i.e. if there is a more
general solution of the constraint in a metric given by . Such a solution still
has to be consistent with the isometries of , e.g. it should be independent of the
angular coordinates by spherical symmetry. Moreover, applying the Lie-derivative £, 2
to the constraint equation (4.2)) or to the modified Einstein equation (4.11]), we find the
consistency condition

0 0 0 0 0
H__— v — M AV s~ LY —
{k Ok’ ¢ 81‘”} (k (9x“¢ ¢ 8xl‘k ) oV 0 (4.107)
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from which it follows that
p=cT+ER-T), (4.108)

where ¢ is a constant and ¢ is an arbitrary function. Reinserting into the constraint equation
(4.2)), we find the family of solutions

. 24 vz —1 2
E_L)(ac):/dwca e T (4.100)
a’?—1
Introducing the radial coordinate
T:=cR—po(R—-T) (4.110)

and requiring the coordinates (# := ¢, 7,1, ) to be synchronous, i.e. §ﬁ = 0, yields the
corresponding solution

c 1+ Ve —1 2
09 (z) :—c/dx CG/QC ra (4.111)
a J—
Note that the combination
~ a
Ti=r—t= dr—— 4.112
+ c2—1+a? ( )

is only a function of xt = R — T and hence all functions of x can be expressed as functions
of . The full metric ansatz in these coordinates will thus be again of the form

ds? = di? — a2 (&) di® — b* (7) dQ2, (4.113)
where now ¢ =t and

) = S E@) ey ), (4.114)

c2

Hence, the ansatz (4.97) made above (corresponding to the case ¢ = 1) is fully general.
The Killing vector field 0/0t in these coordinates has the expression

0 0 0 0 0

-~ 4~ — 4 — ). 4.115

ot~ oR " aT c(8f+8t) (4.115)
Suppose that the metric is spatially flat in the original coordinates T', R, i.e. V/(z)? = a?(x).
Then the relation in the new coordinates is

AN
<&) = c*a” (7). (4.116)

It follows that there can only be at most one synchronous coordinate system in which such
a metric is spatially flat.
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The case ¢ = 0, where even k¢ , = 0, is exceptional and deserves special attention. In
this case the corresponding synchronous coordinates (¢ = ¢, 7) are defined by

- a 5 1
t=— dxﬁ, T:R+/dl’a2_1, (4117)
and the metric is
ds* = dt* — (a® — 1) d7* — b°dQ?, (4.118)

where a and b can now be expressed as functions of £ only. This is a Kantowski-Sachs type
metric [93] and hence homogeneous. In these coordinates the metric can never be spatially
flat. The condition for spatial flatness in the original ¢ = 1 coordinates translates to

2
(j—?) =a*—1. (4.119)

Note that ¢ = ¢ is not a global solution of (4.2)) because it is only defined where a? > 1
and becomes singular at the horizon. This is the ansatz that was first considered and then
discarded in [43] before it was realized that the global solution ¢ = T has to be used.

4.3.3 Modified Einstein equations

Considering for simplicity the theory where h = 0, we want to derive the modified Einstein
equation for a metric of the form . By virtue of the fact that all relevant quantities
depend on R and T only through the quantity x = R — T', we can replace Or = —0 and
reduce partial differential equations to ordinary differential equations.

For example, for the vacuum case at hand yields

=E=—— [dT0r (VARY) = R} = "Ry,

where we set the constant of integration to zero to be consistent with the asymptotic
exterior vacuum solution (4.96)). Hence the temporal modified Einstein equation (4.15)
becomes

1 / ;1 N ~a~
g(f-?lff)/iQ—A—l-lfA —§(f—|—/-@f)/<ob/<aZ:7RR (RZ)Q—VM. (4.120)

The trace subtracted spatial equations (4.18)) read
1
3

By spherical symmetry and tracelessness they contribute only one independent equation.
Subtracting the ¥ — ¥ equation from the R — R equation and inserting (4.100)), (4.101]) it

can be written as

1 /
E(ufr?;l‘,‘) =Ry — —°Ré}. (4.121)

% (uf (%' _ “_'))/ = LR Y (4.122)

=~ 5.0
a 2Ky
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For the Schwarzschild solution (4.96)) it holds that k = —1/x. Hence, for large mass black
holes with

M > 1 (4.123)
Ko
the extrinsic curvature at the horizon z = xy ~ 4M/3 is much lower than the limiting
curvature scale ko and we can still expect the exterior solution to be given by
and modifications to restrict themselves to the interior region. As we have seen, the
Schwarzschild solution is exactly spatially flat in the given slicing. Let us assume that
the spatial curvature will remain negligible also for some range of x after the modification
has taken over. In fact, we will find that the linear contribution of spatial curvature is
irrelevant for the region close to the horizon even in the case M ~ k.
In this spatial flatness approximation is easily integrated and yields

M
Su’ fu’

where the constants of integration have been fixed to match the Schwarzschild solution in

the limit x — oo. Accordingly, (4.120]) becomes

K2 (f —26f) —3(A—rN) (3M)2
fHEf fu)
which is formally the same equation as (4.65) for a modified Kasner universe and can be

used to determine u(x). We can integrate (4.124]) again to obtain the solutions for a(x)
and b(x) as

R = By = — (4.124)

(4.125)

2/3 —-1/3
g —ull (2 et / b=t (2 el : (4.126)
= 3 0€ ) =u 3/4;06 , .

where the prefactors have been chosen for dimensionality and later convenience and
M
H = /dT 3— (4.127)
fu

Note that the integrand can be expressed entirely through s from . Moreover,
applying the same technique as before and taking the time derivative of the logarithm of
yields a first order differential equation for x where M drops out. The dependence
of a, b and u on the mass parameter M can hence only come from a constant of integration
which needs to be fixed to match . Solutions of the spatially flat approximation hence
generically scale as

a,boc MY3, (4.128)

For the analogous case of a contracting Kasner universe we have seen in [1] that a fast
enough divergence of f at the limiting curvature can make anisotropies disappear during
contraction. Under the condition that H oc 1/fu — 0 while fu? remains finite when the
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limiting curvature is approached, also for the case at hand it follows that #% and &} will
vanish as © — —oo. Hence, the functions a and b become alike, up to some finite constant
factor

¢ := lim @. (4.129)
In the original Schwarzschild solution the function a is increasing as a o< b~'/2 as we go
towards r = b — 0. Since the modification smoothly connects this solution to a o b, it is
clear that ¢’ has to change sign at some point where a reaches a maximum value before
starting to decrease as we go deeper inside the black hole to x — —oo. If this maximum
value of a is greater than one, we hence expect two Killing horizons x., one on each side
of the maximum. In the limiting case where the maximum is exactly equal to one, these
two horizons merge and the region where the Killing vector k* is spacelike (region IT in the
conformal diagram, cf. section shrinks to a single horizon. Decreasing the mass of
the black hole even further, we find that no horizon occurs at all. Hence there is a minimal

mass of order ]
Mo ~ — (4.130)
Ro

below which no black hole solution exists. Moreover, by it follows that the surface
gravity of this minimal black hole vanishes. This indicates that the final product of black
hole evaporation will approach a minimal mass remnant for which Hawking radiation stops
131, [94].

Before illustrating this in a concrete example, let us discuss the fate of the singularity
of at the “center” x = 0. The asymptotic solution of the spatially flat approximation
in the limit * — —oo becomes

ds? = dT? — u3 (x) <(§dR2 + g—édm) , (4.131)
where
u = ug exp (Kox). (4.132)

The spatial curvature components of this asymptotic solution are given by

3pR 3pY _ 3pp Ko ? ¢ 2

Note that for modifications where it happens that ( = kq/3, the prefactor in the spa-
tial curvature exactly cancels and the asymptotic solution is hence spatially flat. As a
consequence, the full Ricci scalar of this asymptotic solution has a constant value and it

describes a part of de Sitter spacetime. This can be seen also by defining the new radial
coordinate R := (uge®® /()3 which brings (4.131)) to the form

2
ds® = dT? — e~ 50T (<%> dR? + é2d92> . (4.134)
Ko
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Since inside the inner horizon x_ the Killing vector field k* is timelike again, we know
that the metric in this region of the modified solution has to be static. Transforming to
static Schwarzschild coordinates (£.98)), we find the relations a = (r, b’ = (ko/3)r and the
asymptotic metric

(1)
In the case ( = Kko/3, the solution in the region x € (—o0,z_) (region Ila in figures and
hence approaches the static patch of the de Sitter spacetime and has the same causal
structure. The singularity is hence replaced by a smooth transition to a part of de Sitter
space [15].

The above shows that in principle it is possible to find a modification for which the
spatial curvature and hence also the potential h(3R) will never become important and even
exactly vanish in both limits x — 4o0.

If ¢ # Ko/3, the spatial curvature in the asymptotic region is of order

_ 9N 2 Ko/3C — 1 1
A RE (/4;3) — A% 2 X o7 (4.136)
Contracting (4.121)) with % we find that
1 ~a~ / a3 1 /{R 2 !
—2u2f (u2f2,€bf12) = Ky, 3RZ — 5 (K_fg _ 1) <7RR (lig) . 7#19) . (4.137)

By asymptotic freedom and isotropy of the asymptotic solution, the right hand side remains
negligible for the whole range of x even if ( # ko/3. As a consequence it still holds

approximately that
1

Uﬁa}}a,
and thus the linear spatial curvature contribution o< u=%/3 to (4.125) is dominated by u 2.
Hence, we expect the solution in this case to remain qualitatively unchanged compared
to the spatially flat approximation except for the fact that now |>R| — oo as * — —oo.
Naively treating in the region where a and b are alike as a formal analogue of a
modified non-flat Friedmann universe, one would come to the conclusion that in order to
achieve a bounce and prevent this blowing up of spatial curvature, it would take a spatial
curvature dependent potential including a term

~a~b

Ry kg (4.138)

h=—R]", n>3 (4.139)

Of course this argument is purely heuristic and a rigorous verification would require an
analysis of the full system of equations given by the analogues of and with
h # 0. Without simplifying approximations, these constitute a highly coupled system of
non-linear differential equations for a and b, or alternatively, v and H. To thoroughly
verify our above speculation would hence require further investigation (perhaps numerical)
beyond the scope of this paper.
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4.3.4 A spatially flat exact solution

If we can find a modification such that the solution of the modified Einstein equation in
the spatial flatness approximation everywhere exactly satisfies the spatial flatness condition
, this would be an exact solution of the full modified Einstein equation, even in the
case h # 0. The following modification provides a concrete (perhaps not the simplest)
example where this possibility is realized.

Consider the asymptotically free modification given by

k) = L+ 3(r/ro) (4.140)

(1+ (k/k0)?) (1 = (k/r0)?)"

2 % (Fd/lio)2 1+2 (’{/“0)2
AK) =k -
" (u P T/ 3 (Hw) '

— %/{ (arctan X~ 3v/3arctan <\/§ i) +2 atanhi) . (4.141)

Ro Ro Ro

With this choice (4.125)) becomes

o (5) ur

Taking the time derivative of the logarithm of this equation we find that

ko= —n2ﬂ (4.143)

1+ 3 (k/ko)"

which has the implicit solution

—Ko & = "0 9atanh— + 2arctan —. (4.144)
K Ko Ko

Evaluating (4.127)) as an integral over x yields

H(x) =In (— (/o) %) , (4.145)

where the constant of integration was fixed to match the Schwarzschild solution. It follows
that
2 2 1 2 1 3M
E:—/ioeHz— _HM = —= (/{——) = ‘Fag{, (4.146)
b 3 3 1+ 3 (k/ko) 3 fu

which shows that this solution is spatially flat and hence an exact solution of the full
modified Einstein equation.
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The solutions (4.126]) for a and b expressed through x are given by

) = 2 (1= (k/m0)) <M> , (4.147)

3 143 (/0)’
3 IM 2 2
V(r) = 5 (1= (k/Ko)") (143 (r/ro)") (4.148)
For this particular solution @ assumes its maximum value at k = k, = —ko/v/5. At this

point

18k 1/3 M 1/3
a(ky) = (25\/05M) = (M _ ) , (4.149)

and we find that the minimal possible black hole mass in this specific modification is given

by
25v/5
181{0 ‘

This solution was studied already in [3]. To aid our intuition, let us transform to
Schwarzschild coordinates (4.98). By virtue of spatial flatness, it takes there the form
(4.103]). The location of the maximum of a in the Schwarzschild r-coordinate is given by

Mipin = (4.150)

1/3

re = b(k.) = (144M /5k3) (4.151)

Far away from the black hole, in the limit » — oo, where (k/kg)? < 1, we find the

expansion

2M D [Ts\3 7\ 6

1-a?=1-== -2 (2) +o((2))]. 4.152
¢ r [ 16 \ r i ( r ( )

It follow that the location of the outer horizon of a large mass black hole is given by

729 [ Mo\ Mipin \*

On the other hand, close to the limiting curvature £? — £ we find the expansion

1—a2=1—(Cr)? [1—%(2)10((%)3], (4.154)

where ( = k¢/3 and the inner horizon (~ de Sitter horizon) occurs at

1 27\/5Mm1n Mmin ?
e[ o ()]

Both asymptotics fail to describe the region between the two horizons. Expanding the
solution around the maximum of a at r, we find that

M \Y? 10
l-a®>~1-— (M : ) (1—7(1—7’/7“*)2). (4.156)
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For the minimal Black Hole M = M,,;, inner and outer horizon coincide, i.e. r, =1, =1r_,
and the metric close to this single horizon is given by

1
1—a?~ 70 (1—r/r)>. (4.157)

Note the similarity to the near horizon metric of an extremal Reissner-Nordstrom black
hole.

4.3.5 Conformal diagrams

The conformal diagrams of the family of solutions found in the last section can be ob-
tained by standard methods by gluing the diagrams of the individual regions separated
by horizons, [94]. For the case of a non-minimal black hole M > M,;, with two separate
horizons, the solution with range = € (—o0,0), i.e. kK € (—ky,0), covers the three regions
of the eternal black hole solution, the exterior I, the region between horizons II and the
region ITa between the inner horizon and » = 0 which is essentially a static de Sitter patch.
By time reversal invariance of our theory, the corresponding white hole solution can be
found simply by reversing the arrow of time. Identifying the black and white hole exterior
regions, we find the new regions IV and IVa which are just time reversed versions of II and
ITa. Note that the static regions I and Ila are identical to their time reversed version. The
conformal diagrams encompassing these regions for the three cases M > My, M = My,
M < My, are shown in figure [4.2]

Note that a static de Sitter patch is not geodesically complete and hence neither are
the diagrams M > M, in figure [4.2] Synchronous observers with R = const. start at i
(T'= —o0) from rest, pass outer and inner horizon and after infinite proper time reach i+
(T'= oo,r = 0). Hence these comoving geodesics are complete and fully contained in the
union of regions I, II, ITa. However, light rays and massive particles with negative initial
radial velocity at ¢~ will reach » = 0 at finite synchronous time. Since no singularity occurs
at this point, they will simply be reflected towards the upper horizon r = r_ of region Ila
where also T" = oco. The diagram can be easily completed by identifying the black hole
region Ila with the region IVa’ of another white hole and continuing this procedure ad
infinitum. The conformal diagram of the maximally extended eternal black hole solution
is shown in figure [4.3]

The maximally extended solution shows that all non-comoving particles falling through
the event horizon will eventually escape to another universe [15]. It follows that no infor-
mation is “trapped” inside the finite region Ila and there is no upper limit on the amount
of information that can fall into the black hole.

Even though figure bears similarity with the conformal diagram of the Reissner-
Nordstréom and Kerr spacetimes [95], there is a crucial difference: There is no Cauchy
horizon at » = r_ and the regions Ila, IIb, IVa, IVb etc. represent static patches of de
Sitter space. Moreover, there is no singularity at » = 0 and geodesics reaching this point
will simply be reflected.
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+
ITa J
jJr
7’ © <
< I I | I
T~
IVa
T-
M > Mmin M = Mmin M < Mmin

Figure 4.2: Conformal diagrams of the solution found in section in the three cases
M > Mminy M = Mmina M < Mpin.

M > My, © The eternal black hole solution is covered by the regions I, II, Ila. Regions
I, IV, IVa describe the time reversed white hole solution. Dashed lines indicate the
mirror symmetric extension.

M = M, : The outer and inner horizon coincide and the regions II and IV shrink to a
single horizon r, =r_ =r,.

M < My, : No horizon occurs and the causal structure is just like Minkowski spacetime.
Close to 7 = 0 the solution approaches a static de Sitter metric replacing the singu-
larity.
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Figure 4.3: Conformal diagram of the maximally extended black hole solution from section

in the case M > M.
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4.3.6 Electric charge

The Reissner-Nordstrom metric in Schwarzschild coordinates takes the form (4.103)), where
now

1—a2:1—ﬂ+Q—;. (4.158)

r r
Using the same transformation to Lemaitre coordinates as in [3], we find that in this case
they can only cover the part r > % of this spacetime which contains both horizons but
not the singularity. The expressions for a(z) and b(z) in can be found from the

relation

r(z) = QQW (0(z)+6"(z)—1), (4.159)
where
03(z) = 1 + 272 (1+\/1+:z—2>, 7= 3]\5_31- (4.160)

More generally, also the synchronous coordinates associated to the solution §5f>1) (cf. sec-
tion [4.3.2)) cover only the region

r> c]\—/jl <\/1+(c—1)]a—22—1> . (4.161)

Hence, even though one can obtain synchronous coordinates covering regions arbitrarily
close to r = 0, there is no global synchronous coordinate system covering the Reissner-
Nordstrom metric. The constraint does not have a global solution and no synchronous
Cauchy hypersurface exists. This can be taken as an indicator of the pathologies associated
to the unstable interior of this spacetime which exhibits a Cauchy horizon [95].

Searching for a modification of this metric in our modified theory of gravity, we, how-
ever, have to care only about matching this GR solution in the low curvature limit in the
exterior. Since this metric still respects spherical symmetry and the Killing vector field
0/0t, the ansatz (4.97)) is general enough to cover also modifications of charged black holes.
Note that for the Reissner-Nordstrom metric in Lemaitre coordinates the trace of extrinsic
curvature expanded around z = 0 reads

4
K= —i — %x + O(a?). (4.162)
It is hence singular at the point # = 0 corresponding to r = Q?/2M already before the
actual curvature singularitylﬂ at r = 0 is reached. The modification must hence anyway
take over well before this point is reached.
Since the metric is of the form (4.103]), we know already that the Reissner-Nordstrém
solution is spatially flat in Lemaitre coordinates, just like the Schwarzschild solution. The
main difference in going from the uncharged to the charged case is that now we are no

ﬁR”VR;W _ 4Q4/T8, RuuaﬂRuuaﬂ =8 <Q4 +6 (Q2 - M’I“)Q) /’I“S
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longer looking for vacuum solutions but for electrovacuum solutions. In the exterior we
expect the static observers defined by the Killing vector field 9/0t to observe only an
electric but no magnetic field. Moreover, due to spherical symmetry, this electric field
should only depend on the Schwarzschild r-coordinate. We hence use the ansatz

dT — a*dR

1 —a?

A, dat = @(r(z))dt = O(x) (4.163)

for the electromagnetic potential 1-form. In Lemaitre coordinates, its components with
raised index are

O (z)
AT = A" = . 4.164
It follows that the only non-vanishing components of the Faraday tensor are
2 0
FTR = _pRT = = — AT, 4.165
a? Ox ( )
The vacuum Maxwell equation amounts to
pre— L 9 (ab®F™™) =0 (4.166)
i ab? OR ’ '
from which it follows that
0
pre @ g Lt gl (4.167)

Cab? Ox b’
where a constant of integration corresponding to charge was fixed. The energy momentum
tensor of the electromagnetic field is

2

~ 8t

(63 1 (6% 1 v 161 .
Tﬂ = - (F HF.8 — ZFM FW(SB) diag (—1,—1,1,1). (4.168)

Inserting this into the modified Einstein equation, the temporal equation takes the form

1 1 2
ST 26 W AR — (PR RERS = (6) = G (wa69)
and the analogue of (4.122)) becomes
1 2, (U dVY b Rr o2 ooy 2Q°
— - — — = — — - 4.1
o (@ (5-0)) = g5 07ty =07y = 2 (1170)
Assuming spatial flatness, i.e. @ = £, this equation has the first integral
vood 1 20Q*
—— —= M+ —. 4.171
b a ab’f (3 b ) (4.171)

Moreover, in this case
2Q)

AT =52 (4.172)
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and the temporal equation (4.169) becomes

(4.173)

3M +2Q2/b\°  3Q?
fu bt
We see that the new terms coming from charge can become dominant only close to b =

r — 0. They remain negligible until well after the modifications have taken over at r,,
provided that

K2 (F — 2 f") — 3(A — kN) = (f + £f) (

(MAM2) " > Q2 (4.174)

Since we can expect the Schwinger effect to discharge a black hole much faster than the
timescales of Hawking radiation, this condition should be satisfied by realistic black holes
close to the end of their evolution. This suggests that our conclusions drawn for the fate
of evaporating uncharged black holes in [3] should remain valid also in the charged case.

Noting the sign of the charge contribution to , there is the possibility that charge
can lead to a bounce even without a spatial curvature dependent potential. As we can
check explicitly by inserting the modified solution from section [£.3.4] the right hand side
of in this case exhibits a zero. Such a bounce would also prevent a blow up of the
electromagnetic field energy at r = 0. Of course, a rigorous verification of this speculation
would require a more extensive analysis beyond the scope of this paper.

4.3.7 First order rotation

To first order in angular momentum J the Kerr metric in Boyer-Lindquist coordinates

reads [95]
dt?

(1=

and is still spherically symmetric. In the Lemaitre coordinates
1 —1
aT = dt + ﬁ(1—@> dr, dR:dt+,/i( —r—9> dr,
r r g r

2j w(z) sin® ¥
1 —a?(x)

ds? = (1-"2)ae -

4J
. —r2dQ% + - sin? ¢ dtdp (4.175)

it becomes

ds® = dT? — a®*(2)dR* — b*(x)dQ* + (AT — a*(z)dR) de, (4.176)

where v = R—T, j := J/M? and
L\ /3 2\ 23 2\ 23
= (2) o= () e et =m (5 (1.177)

Let us take (4.176) as an ansatz where we consider a, b and w as independent functions.
Note that even though these coordinates are not synchronous, to first order in the angular
momentum it still holds that

gT, T, =1+0(j%). (4.178)
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Making the expansion
¢=T+jdo(z)+ O (j%), (4.179)

where ¢y(x) should depend on = to preserve spherical symmetry, we find the condition
¢, = 0. Hence, in first order perturbation theory we can still use the approximate solution

o=T+0(5°). (4.180)
However, now ¢¥ = ¢g'% # 0 and
. 92 /
Jjwsin“ Y b 3
dro = e + 0 (5%) #0. (4.181)

Hence, we cannot directly use the components of the modified Einstein equation that were
derived in the synchronous coordinates above. Instead, we have to expand the full equation

(4.11) in j. Expanding the Ricci tensor
Ry = "R +j VR + O (%) (4.182)

we find that the only new non-vanishing contibutions to first order in angular momentum
are given by

. 2 N/ " Y\ 2 1yt
Wpr _ mpr _ SO |1 LWy Y\ _a¥ 4.1
R, R |59 w5 + z 311 (4.183)

In first order perturbation theory it still holds that

where corrections would appear in order O(j?). Moreover,

. ..9 ,
67 =0, ¢ 7 =0, ¢f=I2 1919(”) (4.185)

@ @ 2a2 2

where corrections would appear in order O (j3).

The functions a and b are hence still determined by the zeroth order equations ,
(4.122)). The function w has to be obtained from one of the new off-diagonal modified
Einstein equations, e.g. the T' — ¢ equation which, making use of , becomes

FR,+ ¢ fr=0. (4.186)

More explicitely, we have to determine w from the equation

W\’ vV d NN
f a(g) —9 3+<3) — =)@+ b (b_2) —0. (4.187)
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Assuming spatial flatness of the slices T' = const. (i.e. a = +V') this simplifies to

AN A o (WY
2) —2(= v () =0. 1.188
(%) -2(5) <) + 22 (4.158)
It is easy to see that one solution of this linear ODE is given by w oc b?. However, this
solution does not agree with the asymptotic solution (4.177)). Multiplying (4.188)) by b%/a
and using (4.122)) in the spatially flat case, it is straightforward to verify that another

independent solution is given by
w = Ma?, (4.189)

where the constant of integration was already fixed to match (£.177). Note that this
identity for the GR solution continues to hold in the modification in the spatially flat case.

It follows that the frame dragging function w assumes a maximum at the same location
as a at 7 = r, and after that decreases until it vanishes at r = 0 according to w o r2. Since
w is bounded by a maximum value, we can expect that for a small enough value of j < 1
our perturbative analysis is justified for the whole range of x. Moreover, this suggests that
the spacetime structure of a rotating black hole close to » = 0 is in fact not different from
the non-rotating case.

Note that in first order perturbation theory the norm of the Killing vector field (and
hence the location of horizons) is still given by a? — 1. Moreover, for the surface gravity it
holds that

g = —d'(a}) + O(?). (4.190)

This shows that our above conclusions are robust even for slowly rotating black holes.
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4.4 Conclusions

The introduction of the mimetic field ¢ allowed us to find a remarkably simple high-
curvature modification of GR, where a scale dependence of gravitational and cosmological
constant can be implemented covariantly. We found that (¢ is the unique measure of
curvature on which the gravitational constant can depend such that the resulting modified
Einstein equation is still second order in time. This modified theory of gravity hence does
not exhibit any additional degrees of freedom except that the conformal degree of freedom
of the metric becomes dynamical.

As a first application, we found that the most natural class of modified Friedmann
universes arising from this theory generically feature a de Sitter-like initial state replacing
the Big Bang singularity. To resolve also the anisotropic Kasner singularity in the same
way, we found that we have to require “asymptotic freedom” of gravity, i.e. the vanishing
of the gravitational constant at limiting curvature.

Taking on the task of singularity resolution in general, spatially non-flat spacetimes, it
is clear that this is too much to ask of a theory where only the conformal degree of freedom
is modified. Gratifyingly, we found that the mimetic field also permits to introduce in a
covariant manner a potential depending on spatial curvature. In fact, adding such higher
order terms to the action could even improve the renormalizability of gravity, along the
lines of Hotava gravity. We showed that in spatially non-flat Friedmann and certain Bianchi
universes a simple power law potential is already enough to replace the singularity with a
bounce.

In application to non-rotating black holes, we found that our modification of GR gener-
ically leads to a lower bound on the black hole mass. Minimal black holes have vanishing
Hawking temperature and the final product of black hole evaporation is hence a stable
remnant of minimal mass. Moreover, we found that this result is also robust when putting
small amounts of charge or angular momentum. An inner horizon is already present in
the non-rotating, uncharged case and the causal structure resembles those of Reissner-
Nordstrom and Kerr, except that the region inside the inner horizon is replaced with a
static de Sitter patch. Furthermore, since the mere assumption of existence of a global
solution to the mimetic constraint already implies stable causality, we expect no Cauchy
horizon in the interior even for arbitrary charge and rotation. Hence the instabilities
present in Reissner-Nordstrom and Kerr solutions could be cured in such a modification.
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Appendix

A: Synchronous coordinates.

Variation of the action (4.8]) with respect to the Lagrange multiplier X yields the constraint

2

gwj¢,u¢,u =1

We will see that the existence of a global scalar field with this porperty already has some
far reaching consequences, e.g. on the causal structure of admissible spacetimes.ﬂ_rl Taking
a covariant derivative of this equation shows that

1
oV 0" = 3 VY (¢t9,) =0, (4.191)

and hence the vector field ¢* is tangent to a congruence of timelike geodesics. Through
every point of a hypersurface of constant ¢ passes a unique geodesic in the congruence.
Choosing coordinate™ z* on some initial 3—hypersurface {¢ = ¢; = const.} then defines
coordinates on any other hypersurface {¢ = ¢y = const.} by traveling along these unique
geodesics. Since the congruence is hypersurface orthogonal and its normal vector field ¢+
has unit norm, (¢ := ¢, z*) defines a synchronous coordinate system in which the metric
takes the form [84]
ds? = de? — 'yabdxadxb,

where latin indices run over spatial coordinates. The whole spacetime is sliced into into
spatial hypersurfaces {¢ = const.} with extrinsic curvature

10 ab ac, bd 10 ab ab 0
Kab = = —"Yab, kY = Keg = —=—7, K:=7"Kkep = —1In
ab = 5 7y ab VY Red ik VKb = o VAl
and metric determinant v = dety,, = —det g,,. In this splitting the non-vanishing con-
nection coefficients are given by
F?Lb = Rab, Pgb = K/g = Vac’%Cb? Zc = l?c?

where A7, are the connection coefficients of the Levi-Civita connection D belonging to the
Riemannian 3—metric v,,. Note that

975;004 =0, Qb;ab = —Rab, (4.192)

and the expansion and shear of the geodesic congruence ¢* are given by ¢ = k and
Ry = ki — K0y, Tespectively.

I For example, as shown in [36], the existence of a function whose gradient is everywhere time-like
implies stable causality.
**More generally: an atlas
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The covariant 4-divergence of a vector X* is given by
VX" = 00X" + kX" + D X" = 2200 (V7 X") + Do X"
and the d’Alembertian of a scalar S is
0s = %80<\/§S) _AS=84+rS—AS

where the dot denotes t-derivatives and A is the Laplacian belonging to the Riemannian
metric 7.

The non-vanishing components of the four-dimensional Riemann tensor in this splitting
are determined by

0 0 3 c
Rabc = Kaclb — Kab|c RaOb = Rab — RgRbe
d 3nd d d
Rabc = Rabc + KpKea — KeRab

where 3R”flbc is the Riemann tensor of the spatial metric 4, and the notation %, := Dy%

was used. We find the useful identity

PHo R = =0V (Dap) — Ohdius- (4.193)
The Ricci tensor R splits into extrinsic and intrinsic curvature as

R) = Ry = —F — KKy R’ = Ry, = /@'Z‘b — Kgq

—Ry =7"Re = %30 (Vk;) + °Ry.

The Ricci scalar is thus given by
—R = 2k + k2 4+ k%kq + °R.
The 0 — 0 component of the Einstein tensor G¥ = R, — %R(Sl’j is hence
Goo = G® = G) =} (K* — K"k + °R) .
This allows to isolate the spatial curvature scalar as
R =2G,,0"¢" — (0¢) + 6" ¢

For evaluation of the modified Einstein equation in the synchronous frame it will be useful
to note that

v, (ag fw) = Loy (ﬁ f/{ﬁ) 52t (4.194)
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A causal completeness condition

In this section we will find a sufficient (but not necessary) condition for causal geodesic
completeness of a metric of the form (4.4]). We follow mainly the steps taken in [91], applied
to the 3 4+ 1 splitting at hand. Consider the velocity vector u* of a geodesic parametrized
by an affine parameter s,

o dt da? odx® 0

U = — u? = =u =: u v*.

ds’ ds dt

The temporal component of the geodesic equation reads

d 1d
0= u”Vqu = &uo + Kgutu = u% (u—oauo + /fabv“vb>

and we can integrate to find

Inu’ = — /dt Kap0 0. (4.195)

Timelike geodesics with u* = ¢* describe “comoving” observers with v* = 0. They are
freely falling and the synchronous time ¢ measures proper time for these observers. Their
affine parameter extension is hence infinite, if ¢ can be extended to the range (—oo, c0).
Assuming this to be the case, the affine parameter extension of a general causal geodesic

is given by .
o dt
/ds = /Oo@, (4.196)

and thus it is future resp. past complete, if this integral diverges at ¢ — oo resp. t — —o0.
Using the Cauchy-Schwarz inequality for the scalar product (A, B) := %y A, By of
spatial tensors A and B on the right hand side of (4.195)), we see that

Inu’ < /dt V E® R (v,) < /dt vV E®Kap,

where the second inequality is an equality for light-like geodesics. It hence follows that if
/ dt \/ K% Kgp < 00, (4.197)

then 1/u° will be uniformly bounded from 0 and hence all causal geodesics are both past-
and future complete. Note that also the weaker condition

1
V E® K < 0 asymptotically as ¢ — Fo0, (4.198)

suffices to have u’ < |t| and hence logarithmic divergence of (4.196)). Thus also (4.198)) is
a sufficient condition for causal completeness.
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B: Explicit calculations in the variation of the action

Variation with respect to the mimetic field. Let us vary (4.8) with respect to ¢.
To this end, calculate

% = [ (R +2G,,¢"¢" — (00) + 6" ) — 2(f — 1+ 1)Dp + 2"
= 2 [(f = W)ad® + F 06+ L1 (C0)* + 6™ 03) — ]
— 2 [(ﬁﬁ"");a + Z} (4.199)
where we introduced the useful notations
f=f=140,  Z:=3f (00 + ") N,  Z:=2Z-¢"N,
and = means equality if the constraint is satisfied. It follows that
L05L = — |(F6" ) + 2] D66 + [ (26,06 56" + 67 66,,)
= — |(fo)+ 2] 6% + J (9 66"),, = F [6%, — 2G,u0"] 00"
Thus the variation of yields
—sr0u5 = [at=506 {(F6 o = (F6L)+ Zu+ F2Gou" = 30, }
= [atev=g60" {(F, 6" ) + Zo+ F (26— B 0" = 6.}

where covariant partial integration and the commutator of covariant derivatives were used.
Here and in the following section we ignore boundary terms in the variation. Integrating
by parts once again, we find the equation of motion

Vo [0+ FRS = (7 6%) = 2% = FR6,,] = 0
which will be used to determine \.

Variation with respect to the metric. Next we have to vary (4.8)) with respect to g, .
In the course of this undertaking the following identities for the varations of the metric
determinant, connection coefficients and Ricci tensor will be put to good use:

1 o
5\/ -9 = _5 vV —9g g/wdgw/a 5F;>;y = _ga(uvy)éga)\ + %guaguﬁv)\(sg g

SRy, = VAL, — V013,
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Combining the latter two yields
SRy = 3 (9309080 + 905V Vi — 948Va Vi = 9,8V V1] 097,
In the variation of the usual Einstein action one only encounters the term
g"6R,, = (g9, 0—-V,V,)dg",

which turns out to be a total covariant derivative, provided that it appears with a constant
prefactor. Using, in a first step,

g (2G @™ ¢") = 20R, 0" ¢" + ARa, ¢ ¢,,09" — 0R — R 6,09,
the expression 0L /600¢ from (4.199) and ignoring boundary terms we find that

—167 6,5 =

/d4$ \/__g{ |:Rpw - %L Guv + 4f~¢7aRa(u¢,u) - ()‘ + f~R> (b,u ¢,1/:| 5gwj

~ [(F6) e+ 2] 28,06+ 266" 0By, +] 05 (6" 6,) ~H 3 }

1 11 111 v

The modified Einstein equation hence reads
G — Mg — 39 [(f = D(R+°R) + h] + 4¢ ¢ uRuya + - ..

= T AT AT T = (A + fR)¢ 0, + STT

pv

where we still have to figure out the contribution of the terms 1 — 1v.
Starting with term 1, we first have to calculate

20,06 = —¢"V,, (gapdg™”) + 2V, (69" 0,.)
where only the variation of the metric determinant and the identity

oV —9g

y 1
Iy, =——

V=g
were used. The contribution to the variation of the action of a term like T multiplied by
an arbitrary spacetime function F is thus

/ /=g F 25,06 = / Ao/ =g F (— Vo (089™) 6 + 2V, (56" 6.))
B /d4x\/__9 (gm,(fgb’a);a - 2f(#¢#)) 09"
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where covariant partial integration and the symmetry of dg*” were used. The contribution
of term I to the modified Einstein equation is thus

T;Iw = g#l’vﬁ [va(f¢,a) ¢’Bi| - 2¢(,uvu)va(.f¢’a) + guuvB(Z(é’B) - 22(,u¢,1/)

Next, let us turn to term 11. Using R, from above, the fact that ¢* is geodesic (4.191])
and the commutator of covariant derivatives acting on a 2-tensor, we can express

2¢’H¢’V5R;w = ¢,a¢,BD59a6 + (b“uv,u [¢7yvu (gaﬁ(;gaﬁ) - 2¢(,avﬁ)5gaﬂ} +
+20" (60 Rops — b(aBis)) 09°°
The second term is in a form ready for covariant partial integration and the second line

does not contain derivatives of §g®?. The first and the third term, however, still need some
rewriting. To this end, calculate

6,00,5009"7 = 0 (6,00,509"") =2V, (V" ($00,5) 69°7) + 0 (6,000,5) 697
and
0aV509"" = Via (0,509") — b.apd9°”.
Thus, in summary, we find that
2070V 0R,, = 0 (0.00,569"7) + 6"V, [V (90p09"") — 2V (0 (6,6)09°7)] +
— 2V, (V" (¢,a0,8) 09°) + 20"V, (4105 69*7) +

+ (2070, Ry 5 — 207 b0 Rpy + 0 (0,00,5)) 69

Applying covariant partial integration, we find that the contribution to the modified Ein-
stein equation of term II is given by

= 08+ 9. (S ToPN) 30,50 (517
+2V*(¢,00,5) f,u - 2¢;ab’vu(f¢’“) +

+ (2¢7M¢,y Vauﬁ - 2¢7M¢(,QR5)M +U (¢,a¢,ﬂ)) f

Note that the second and third term in the first line cancel the two terms containing f in
T
Going on to term III, calculate

(Sg (guagyﬂ¢;uv¢;a6> = 2¢Zf¢;6y 59045 - 2925;“” 6F2u¢,)\
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Inserting the variation of the connection coefficients from above, the second term becomes
20" 00,00 = 204 ¢ 5V ,,09%7 — 6,05 07V (39°7)
= 2V, (6% 0,809°7) = 2V, (0] 6,6) 09" +
— ¢V (6:0599°7) + ¢ Vi (¢r0p) 69°°

where in the second step the expression was brought to a form ready for covariant partial
integration. Summarizing, we find that

0y (6" Gy) = 2V, (01 6,509°") — 9V (bras09"") +
+ (¢* Do — 20,50, 69°°

Applying covariant partial integration, the contribution of term 111 to the modified Einstein
equation is hence

TOIC% = —V"(¢at ) f,u + ¢;aﬂvu(¢’u];) + (¢7u¢;aﬂﬂ - ¢:5¢;07M o ¢’a¢jél#) f

Using (4.191)) and the commutator of covariant derivatives we can bring the last term into
a form more similar to terms in 7" as

¢7M¢;a6u - ¢,,B¢ZL - ¢704¢Efu = ¢Z¢L¢;BM - R;uﬁ¢7u¢,u -0 (¢,a¢76) .

Note that the appearing Riemann tensor components can be rewritten purely in terms of
covariant derivatives of ¢ according to (4.193). Combining all our results, we find that the
sum of contibutions to the modified Einstein equation is

—Trg+Thy+ i = G0 s0f = Vu(Z6")gap + 200”5 +
+ Vv (gb@qbﬂ) f# - vu(¢;aﬁf¢7u) - 2¢’“¢(7QR5)M]?.

Finally, term 1V is easily found to be given by

Tr = (gapd — VaVs + Rag) 1.
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Abstract

Asymptotically free mimetic gravity has been introduced as a proposal for a classical
limiting curvature theory with the purpose of singularity resolution. It was found that in
a spatially flat universe an initial stage of exponential expansion with graceful exit is a
generic consequence, regardless of the matter content. In this work I will analyze linear
stability of cosmological perturbations in such a model, considering only the degrees of
freedom of pure mimetic gravity. I show that the addition of Horava-gravity-like higher
order spatial curvature terms can lift the gradient instability of scalar perturbations, even
when the gradient term has the wrong sign throughout. Calculating the primordial spectra
of tensor and scalar perturbations in the simplest single component model, I find that the
initially scale invariant spectra turn out to be destroyed later by the rapidly varying speed
of sound at horizon exit.
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5.1 Introduction

By the unique status of general relativity, any alternative theory of metric gravity usually
either has to allow for higher derivatives of the metric, higher dimensions of spacetime or
to introduce new fields, separate from the metric. Another option is to reparametrize the
degrees of freedom of the physical metric itself, e.g. by a disformal transformation [33].
“Mimetic gravity” stems from the reparametrization of the physical metric g, in terms of
an auxiliary metric g,, and the “mimetic field” ¢ as

Guv = guugaﬁqb,aqbﬁ- (51)

This particular disformal transformation is special for two reasons: 1.) It is singular,
explaining how a simple reparametrization can actually lead to new physics [34], [96],
2.) The physical metric is invariant under Weyl transformations of the auxiliary metric.
This means that the new degree of freedom introduced by ¢ represents what was called
a “conformal degree of freedom of gravity”. Soon after this reparametrization was first
introduced in [35], it was shown in [37] that the mimetic field can be introduced equivalently
as a constrained scalar field, subject to the constraint

9" o0, = 1. (5.2)

Apart from the dust-like component called “Mimetic Dark Matter” that emerges as a
constant of integration in the modified Einstein equation of mimetic gravity, the introduc-
tion of the mimetic field also enables a wealth of possible new terms in the gravity action.
By breaking shift symmetry in ¢, i.e. introducing a ¢ dependent potential, one can produce
an extremely flexible theory where essentially any conceivable background solution can be
realized in a Friedmann universe, cf. [61].

Conversely, if we restrict to shift symmetric theories without higher derivatives of the
metric in the modified Einstein equation, the range of possibilities for a non-singular uni-
verse becomes very narrow. For the most natural (and arguably only viable) class of
modified flat Friedmann universes, it was shown in [I], [4] that the only thing that can
replace the Big Bang singularity is a smooth transition to a piece of de Sitter spacetime
at limiting curvature. In this work I will show that this class of modifications also hap-
pens to coincide with the class of models that avoid a ghost instability of scalar metric
perturbations.

The mimetic field, by definition (5.2)), provides a global time function whose gradient
is everywhere timelike. In [2] it was shown that this can be used to covariantly dissect any
scalar quantity that is invariant under spatial diffeomorphisms in the slicing given by ¢.
In this way it is easy to write down a Hotava-gravity-like theory with only higher spatial
derivatives but no higher time derivatives or mixed derivatives. In Hotava gravity [50]
such an “asymmetry” between space and time is used to improve the UV behaviour of the
graviton propagator for the purpose of renormalizability. Projectable Hofava models have
been shown to be renormalizable in [51], [52]. Compared to other covariantized version
of Hotava gravity like [54], mimetic Hofava gravity has the advantage of not having any
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additional propagating degrees of freedom in a Minkowski background. Interestingly, also
the following connections between mimetic gravity and Horava gravity can be drawn: In
[55] it was explored how a dust-like component emerges as a constant of integration in
Horava-Lifshitz gravity. In [56] an equivalence between the IR limit of projectable Horava
gravity and a mimetic matter scenario has been found. Another Horava-like mimetic model
has been presented in [57].

In this paper I will show that higher spatial derivative terms of sixths order can not only
render a power counting renormalizable theory, they also serve to alleviate the gradient
instability of the scalar degree of freedom of mimetic gravity in an expanding universe.

The paper is organised as follows: In section[5.2] I merge parts of the Lagrangians from
[4] and [2] to introduce the theory that will be used in the rest of the paper. In section
[5.3] I re-derive a simplified version of the background solutions found in [I]. Introducing
modified conformal time, these solutions can be written in closed form. In section [5.4] I
analyse metric perturbations in a flat Friedmann universe in comoving gauge. I discuss
stability issues and calculate the primordial spectra of tensor and scalar perturbations for
the particular case of a radiation dominated background. The analysis of the Mukhanov-
Sasaki equations with modified dispersion relations follows similar steps as [97]. In section
.5 T summarize my results and give a brief outlook on possible extensions. In Appendix
[b.5] I present the second order actions for a more general mimetic theory and for the more
general case of perturbations around a non-flat Friedmann universe. In Appendix I
perform the linear stability analysis for bouncing solutions driven by higher order spatial
curvature terms in a non-flat universe, as found in [4]. Throughout this paper I use Planck
units where Gp = G(0p=0)=1,h=1,c=1, kg = 1.

5.2 The theory

Consider the shift-symmetric theory of mimetic gravity defined by

1
S, = d4$v —g{Luha + Lpa + A (¢" ¢ 0, — 1)}, (5.3)

167
where the Lagrangian £ = L, pq+ Lyq is divided into a part L£,,4 without higher derivatives
and a part L4 with higher spatial derivatives in the corresponding second order actions.
In [4] we found that the Lagrangian

Lona = F(O)R+ (f(Og) — 1R + 2A(09) (5.4)

with
R :=2¢"¢"G,, — (0¢)* + V*V'¢V,V, 0,
leads to a modified Einstein equation that is free of all higher derivatives of the met-

ric. Using the mimetic constraint, a slight generalization of a calculation from [2] shows
that (apart from considerations involving boundary terms) it is equivalent to consider the
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Lagrangian
Lana = 3¢(0¢) — f(O0) (V*V'$V,V,6 - 5(06)°) - R, (5.5)
where = denotes equality up to a total covariant derivative and

((O¢) = 306 F(0¢) — (06)*f(0¢) + SA(0¢). (5.6)

The function F(O¢) is definded by F'(d¢) = dF/d0¢ = f(O¢). In the following, the
choice

A(B¢) = 30¢ (Do f (O9) — F(Og)) (5.7)

will prove to be particularly simple.
Motivated by the goal of renormalizability along the lines of Hotava gravity [50], as
suggested in [2], I include the sixth order higher spatial derivative terms

~ ~ 4 ~ ~
Ly = 04 C1OY — %P;‘VMRV”R, (5.8)

where the projector P; = 0/ — ¢ ,¢" and the covariant analogues of the spatial Cotton

tensor C* and the spatial Ricci tensor EW have been introduced in [2] as

~ ~ 1 ~
CH .= _ﬁeupri)‘v)\aﬁ v, (P% — Zg””R) , (5.9)
R,y = PP/ Rog + Vo (¢°V,V,0). (5.10)
Note that g‘“’éw = —é, using the mimetic constraint.

NB. In a flat Friedmann universe, the Lagrangian studied in [1],
L= f(0¢)R + 2A(0¢)

. V o 5.11)
= 1009) - £(09) (V*V"6V,uVu6 — 1(06)* + ).

leads to the same background dynamics as (5.3). However, in general its modified Einstein
equation contains higher mixed derivatives of the metric in the synchronous frame t = ¢.
While it was found in [58] that these mixed derivatives can change the sign of the gradient
term of scalar metric perturbations and help to prevent a gradient instability, it was later
realized in [59], [60] that this comes at the price of introducing an additional hidden degree
of freedom. Even tough this second scalar degree of freedom does not show up when
perturbing around a homogeneous background in unitary gauge, it was found in [60] that
already for perturbations around Minkowski spacetime with non-homogeneous mimetic
field profile it can lead to instabilities. Since this type of higher mixed derivatives is not
present in L4, one could hope that no such additional degree of freedom will appear in
this theory. A full Hamiltonian analysis similar to [59], [60], [98], [99] would of course be
a more involved task beyond the scope of this paper.
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5.3 Background dynamics
In the homogeneous, isotropic background given by the flat Friedmann metric
ds® = dt* — a*(t),;da'da?, (5.12)
the only consistent background solution of the mimetic constraint up to shifts is
¢ =t, (5.13)

for which we find
O¢ =k =3H = 3% (5.14)

Either from the equation of motion given in [4] or from analysis of the zeroth order action
(see appendix , we arrive at the modified Friedmann equation

2 (k0 (k) — ((r)) = C“QQM 4 87E™ =: 8re. (5.15)
The constant of integration cypy describes the contribution of mimetic matter and £ is
some general homogeneous, isotropic matter energy density. Note that this background
equation is the same for all the theories , and . Using the simplifying
choice and the suggestive notation G = 1/ f familiar from [I], the modified Friedmann
equation becomes

H? = %”G(K) ‘. (5.16)

Assuming a monotonically decreasing dependence of € on the scale factor, such a modified
Friedmann equation can be understood as an integral curve of the form a(H?) in the
phase space spanned by a and H, cf. [4], [48]. The only possible relations of this form
which a) are one-to-one b) have limiting curvature k < ko and ¢) obey the GR-limit
G(k) = 1+0 ((k/kKg)?), generically replace the Big Bang singularity by a smooth transition
to an initial de Sitter stage. In such a behaviour can only be realized by “asymptotic
freedom’ﬂ, i.e. G(k — Ko) — 0. For a concrete example with limiting curvature g, I will
take the simple choice )

Gr) = f(k) T =1— (i) : (5.17)

Ko

familiar from [I]. Note that in this case £’ = f2. Assuming a single matter component
with constant equation of state w = p/e, taking a time derivative of we find that
during the inflationary stage

H 3(1+w)
"Note that in ([5.15) without using (5.7), such a background behaviour could be equally well implemented
by a choice of A without asymptotic freedom. However, as shown in [I], [4], asymptotic freedom becomes
unavoidable for singularity resolution in an anisotropic universe.
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where "~ denotes t derivatives. However, the second “slow-roll” parameter

H 3(1 4 w)
- = =01 5.19
= S = o) (5.19)
is constant and of order of unity, showing that this background solution does not fit into a
“slow-roll” description.

It is straightforward to obtain the following implicit solution of ([5.16|) for x():

1
+ wlio =" atanh " (5.20)
2 K Ko

Modified conformal time. Introducing the modified conformal time coordinate 7 by
dt
av/f’
the modified Friedmann equation (5.16)) in modified conformal time 7 looks exactly like

the usual Friedmann equation in usual conformal time:

dij = (5.21)

8T
(a7)" = 5-ea (5.22)
A subscript a; = O0za denotes 7) derivatives. Assume that the total energy density is
dominated by a component with equation of state w and parametrized as

143w

8 c 2 14 3w —3(1+w)
l

where the prefactors were introduced for later convenience and H; = k(/3 accounts for
dimensions such that ¢ is dimensionless. In this case we find the solution

2 . s

n) — Y Pit3w 524

where the initial condition a(7 = 0) = 0 was used. The range of modified conformal time
is then 0 < 1 < oo.
For the choice (5.17)) the solution for x(7) is

2 H 2 14w
(%) - (#) =14 i T (5.25)

It describes a smooth transition from exponential expansion at limiting curvature with
H ~ H; to the late time stage dominated by the matter component with equation of state
w where H o< t~!. The end of the inflationary stage, i.e. the end of accelerated expansion,

happens at
H;\? 143w
— | === 5.26
( H; ) 31+ w)’ (5.26)

or, in modified conformal time at

Ny = ((2—)(;) e : (5.27)

1+ 3w
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5.4 Metric perturbations in comoving gauge

In the same way as the modified Einstein equation of mimetic gravity takes its simplest

form with the choice of time coordinate t = ¢, the analysis of metric perturbations is most

readily performed in comoving gauge d¢ = 0. Metric perturbations in different versions

of mimetic gravity and also in different gauges have been analysed already a number of

times, e.g. in [40, 57, B8, 60, 71, [76, 98, 100, 101]. See appendix [p.5] for the calculation of

second order actions around a non-flat Friedmann background in a more general theory.
Starting with a general ADM metric,

ds® = N?dt* — v;; (da’ + N'dt) (da? + N/dt), (5.28)
the mimetic constraint fixes the lapse function as

— Nig;p)?
N2 = (Ood = N'0:d) (5.29)

(1 +~90:90;0)
In comoving gauge where 9;¢ = 0 this implies N = ¢. Thus, the spatial slices coincide with
slices of constant ¢ and the homogeneous lapse N is determined only by the background.
Using the background solution ((5.13) amounts to setting N = 1. In this gauge it holds

that the quantities
O¢ = &, VIV OV, V0 = kK4, R="°R (5.30)

are given in terms of the extrinsic curvature x;; = % (455 — Nij — N;;) and intrinsic Ricci
curvature °R;; of spatial slices and their traces. Similar, straightforward calculations show
that the higher order terms from (5.8)) take the form

PV, RV'R = —+"9,(°R) ,(°R), (5.31)
Ao _ 34t 340
crey =70,y (5.32)
The spatial Cotton tensor is defined as in [2] by
A 1
3Cj = ﬁE lek (SR]'Z - Z_l’yjl SR) ) (533)

where V denotes the covariant derivative associated to 7;; and indices on spatial tensors
are raised with v%.

Perturbing around the flat Friedmann background in comoving gauge ¢ = t, the
metric perturbations can be further decomposed as

Yij = a*(t) (728 — 2E,; — 2F ) + (€)y5) N; = x.;—aS; (5.34)

where ' ' , '
F, =0, S, =0, h; =0, hi;=0. (5.35)
Indices are raised with 6 and comma denotes partial derivative. While the temporal
coordinate is completely fixed, there is still a remaining freedom of choice in the spatial

coordinates. In contrast to the synchronous gauge condition N; = 0, the choice £ = 0,
F; = 0 fixes the coordinates uniquely, cf. [86].
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5.4.1 Vector perturbations

In mimetic gravity, like in GR, the vector perturbations parametrized by F; and 5; as
Yij = aQ(t) (5” — E,j - -Fj,z) y Nz = —CLSZ‘ (536)

are non-dynamical in the absence of sources. Note that the spatial Ricci tensor °R;; =
O(F?) is second order in vector perturbations when perturbing around a spatially flat
Friedmann universe. Hence, higher order spatial curvature terms like in do not
contribute to the linearized equation of motion for vector perturbations. Choosing the
gauge S; = 0, we can use the equations of motion derived in synchronous coordinates in
[4] and express them in terms of the gauge invariant variable V; = S; — aF;. Assuming
hydrodynamical matter of the perfect fluid type, the only non-vanishing vector components
of the perturbed energy momentum tensor 67}, are of the form 07y; = (¢™ + p) du,;, [86].
The spatial modified Einstein equations become

0, (a*f (Vg +Via) =0, (5.37)

and have the solution o
V= -2 5.38
o (539)

Note that the gauge invariant vector perturbation V; decays both in the late time limit,
like in GR, as well as in the early time limit, as f — oo. This is completely in line with
the previous results from [4] that due to asymptotic freedom anisotropies decay during
contraction at limiting curvature. Provided that the constant of integration C'; and thus
the maximum value of V; is bounded, we see that in this model vector perturbations never
become important. Reinserting this solution into the 0 — ¢ modified Einstein equation

fAV; = 167 (€™ + p) a duy,, (5.39)

with A = 6¥9,0;, shows that for the physical velocity dv* = —a~'du; it holds that

ACY,;
167at (€™ + p)’

Sv' = (5.40)
where f cancels and which is thus the same equation that one finds in standard GR. Note
that only the matter energy density and pressure are appearing since mimetic matter does
not source vector perturbations.
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5.4.2 Tensor perturbations

Tensor perturbations are parametrized by
2 Ly
Vg = @\ Mg+ g+ Shiteg | Ni=0, (5.41)

where indices on h;; are raised with 6% and h! = 0, h;z = 0. Expanding 1) to second
order in h;; yields the second order action (see appendix
@8, = - [aratsatd £ ()2 — L(on)? — IL(0%h,,)? (5.42)
h — 64 Ta i a2 iJ b i ) .
where " denotes t derivatives, (Oh;;)* = 0" Oxh¥0;h;; and (03hy;)? = (0Ah;)?. Since f > 0,
tensor perturbations do not exhibit any instabilities provided that 7. > 0.
We can read off the propagation speed of gravitational waves,

cr = [ (k) = G(r), (5.43)

and find that it deviates from unity in the early time/high curvature regime. In particular,
note that ¢y is vanishing at limiting curvature x = k¢ in the case of asymptotic freedom.
Using (5.17)), right at the end of inflation ¢z = ﬁ Already one second later, in the
late time regime where x oc t~! and t roughly corresponds to the time since the end of

inflation, the propagation speed of gravitational waves is approximately

1\? Kol 2 /sec)? 86

The limiting curvature ko could naturally be taken to lie a few orders of magnitude below
the Planck curvature k, = 1/t, for the sake of singularity resolution. Thus, late time
experimental constraints like 1 — cp < O(107'%), which stems from the multi messenger
event GW170817 ([72], |73]) that happened around ¢t ~ 10° years after the conjectured
inflationary period, are not touched in the slightest by this deviation of ¢y from the speed
of light in the limiting curvature regime. They do, however, tightly constrain low curvature
/ IR modifications due to additional terms in the Lagrangian like ((J¢)? or in particular
VENY OV V0, see [102], cf. [103].

Mode expansion. Introducing y = af'/* and substituting the expansion
. d’k U, n) tkx
R 32w er(k 5.45
R B ) (5.45)
where the mode function u; and the contraction e]'e” of the polarization tensor only

depend on the magnitude of k by isotropy, the second order action in modified conformal
time dn = % becomes

1 _
®s), = 5/dﬁd?’k{ Up i — (k2 kaﬁ %) u,z} (5.46)
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A subscript wy,; = Oug /07 denotes derivatives. The modified Mukhanov-Sasaki equation
for uy, reads

or 6 2 Y
(e Ek + k- " w, =0, (5.47)
and the power spectrum of gravitational waves is given by [80]
8 k‘3 |uk|2
6p(k, ) = — : 5.48
h( ’77) T yz ( )

In the late time limit f — 1, 7 — 7 is identical to regular conformal time and (5.47)
becomes just like in GR,

g + (K2 = %) g = 0. (5.49)

Initially, at 7 — 0 the k® term is dominating. The requirement of an initial minimal level
of quantum fluctuations determines the initial conditions at 77 — 0 (up to an unimportant
phase factor, see [80]) as

a i 0'Tl€3/2
5 Uk =1 .
UTk3/2’ i a

wp = (5.50)

In the initial region where the k° term is dominating and a;a < k*c7, the solution of

(5.47) with initial conditions ((5.50)) is well described by the WKB approximation

o= - <—i /dﬁﬁ) . (5.51)

ork3/? a(n)2

Note that the initial spectrum is scale invariant, by virtue of the same higher order k°® term
that is needed for a power counting renormalizable theory. After “horizon” exit, i.e. when
Yqi/y becomes dominating, the solution of ((5.47) is

_ _ o0 dﬁ,

uk(77) = y(1) (AT +BT/ — ) : (5.52)
k . 7 y2(17')

where the second term is decaying compared to the first term and will be ignored for the

following estimates. The primordial spectrum of tensor perturbations is hence given by

. 8 2
62 (k, 1) ~ ;k:” |AL]" (5.53)

The initially scale invariant spectrum would only be preserved for modes which exit the
“horizon” before the k? term starts do dominate and in a region where y o a, i.e. where the
propagation speed cr is almost constant. This is certainly not satisfied for modes exiting
the horizon during the inflationary stage of an asymptotically free model where f is rapidly
changing. Hence we can expect a primordial spectrum of tensor perturbations which is far
from being scale invariant on large scales.
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Radiation dominated background. For a concrete example with the simplest possible
background evolution, consider the case where the total energy density is dominated by a
component with equation of state w = 1/3. In this case, fixing ¢ by setting a(7j;) = 1 at
the end of inflation, the solution is a(n7) = H;n and we find

. 3H4~2
y= 1+ Hpt, - 2Tl (5.54)
Y

(14 (Hig)*)*

Before the end of inflation at 7j; = 1/H;, the modified Mukhanov-Sasaki equation ([5.47) is
well approximated by

~4
Uk 777 + <}2§74k6 + K2 — 3H,4ﬁ2) up = 0, (5.55)

with the dimensionless o7 := orH;. The “horizon” exit of the mode k happens at 7, =
k/ le\/ﬁ where D solves

57D* + D = 3. (5.56)

Note that by the assumption made before, this is only valid for modes k* < DH}? which
exit the “horizon” before the end of inflation, i.e. 7, < 7.
In the initial region where the k® term is dominating, the solution of ([5.55) is given by

_ H? 17 02K
uk(n) = k3/125T exp (—Z ]_};477) , (5.57)

where the initial conditions have been taken into account.

It depends only on &7 if modes will exit the “horizon” before or after the gradient term
is dominating over the k% term. For 67 > 1 the gradient term will never become important
and D = (3/64)"/3. By matching the absolute value of |u;| from and (5.52) we can

estimate

H;  a(7j) ~ 1
k3267 y(ik) — V/Dork'/?
On the other hand, if 67 < 1 then there is an intermediate region where the k% term
is dominating and D = 3. In this region, starting at

|| ~

(5.58)

k
o= k<= 5.59
the absolute value |ug| is approximately constant and we can estimate
H;  a(n. 1
|AT| ~ (7.) (5.60)

k3/25 y(ﬁk) o1y

Note that this is identical to the result that one would get if 67 = 0 and the initial
conditions were determined from the k? term.
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In summary, the primordial spectrum of large wavelength modes k? < D H}? becomes

8 |2 if or < 1

2 ep o~
Mggw lfO'T>>1

(5.61)

3o 3

0y (k1) ~ {

Note that here 1/k is the physical wavelength at the end of inflation. In both cases the
spectrum is indeed far from being scale invariant, with a large blue tilt and a spectral index
of

np = 2. (5.62)

For a different background, e.g. w = 0 the situation becomes more complicated because
Ys7/y initially diverges as ~ —1/7?. Hence, after an initial sub-“horizon” k® domination
region, there can be an earlier intermediate super-“horizon” region, followed again by a sub-
“horizon” region where k% dominates before finally exiting the horizon. A similar situation
occurs for scalar perturbations in a dust dominated background, see below.

5.4.3 Scalar perturbations

The scalar metric perturbations in comoving gauge are characterized through ¢ and y by
Vi = a*(t)e* o, Ni = X, (5.63)

where

c=—p— s (5.64)
¢
is the gauge invariant curvature perturbation in comoving gauge d¢ = 0.
In contrast to standard GR, even in the absence of any matter fluctuations the conformal
degree of freedom of mimetic gravity can become dynamical. In this case the action
expanded to second order in scalar perturbations (see appendix becomes

1

"~ 8

2s dis 77a3{ _ 342”62 + a_12(aoz _ Z_% (0%¢)?

(5.65)
_ [%(6” — f)Ax — 2%25} Q%AX},

where " denotes ¢ derivatives, (9¢)* = 6"9,(0¢ and (9°¢)? = (DAC)?. In the case ("~ f =0,
variation with respect to x shows that ¢ = 0 and thus the conformal degree of freedom is
frozen. In the case ¢” — f # 0, the second order action after integrating out x becomes

1 30" f . 1 2
(Z)SC = g dt dgl‘ a3{ﬁ C2 + ? (0()2 — % (83C)2 } (566)
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No ghost instability. Since f > 0, the condition to have no ghost instability reads
K//
E// _ f
The other possible case ¢ < 0 was excluded because for a smooth low curvature GR limit
it must hold that ¢/ — 1, f — 1 as k — 0.

The condition ((5.67) constrains the slope of the modified Friedmann equation (5.15))
by

>0 = ("> (5.67)

&7 0 10 !
?Waf; = (k=) = " S0, (5.68)
which can be rewritten as ol 3
0< < ?WG(/{). (5.69)

Note that this condition is fully general and does not make use of the simplifying choice of
A given by . Using , the condition becomes kG’ < 0 and we see that the running
gravitational constant can only decrease when going to higher curvatures. This condition
is always satisfied for the asymptotically free background solutions from section [5.3}

Instability of spatially flat bouncing solutions. In a previous mimetic model [42],
limiting curvature was realized by a bounce. In order to achieve a bouncing background
solution in a spatially flat universe, the modified relation a(H?) cannot be one-to-one. In
fact, the generic background evolution described in section [5.3| can only be circumvented
by including multi-valued functions with intricate branch changes in the Lagrangian, cf.
[47]. Moreover, it was discussed in [48|] that the bouncing solution from [42] is unstable
under perturbations. From the above it is easy to see that this is an unavoidable feature of
any bouncing solution of : In order to obtain a bounce there must be a region where
H 2(5) decreases until it eventually reaches a zero at some finite ay;, > 0. In this region
the condition is violated and hence there is a ghost instability.

The stability analysis for bounces in non-flat universes found in [4], driven by higher
order spatial curvature terms, is performed in appendix [5.5}

Gradient instability? As has been noticed in [7I], mimetic models without any higher
derivatives typically exhibit a gradient instability. In fact, also for models which include
higher derivatives, a negative square of the speed of sound ¢ < 0 is something we have to
deal with, at least in the low curvature regime, in any mimetic model with a well behaved
GR limit. However, in this same limit also ¢” — f and thus the scalar degree of freedom
of mimetic gravity stops to propagate.

In a theory with higher mixed derivatives, the sign of the gradient term can be made
negative in the high curvature regime. In fact, for the Lagrangian the second order
action is

1 30" f 6f 6f’

@S, = ol L d’z a3{m ¢+ {f + £ (a?)l 5(8¢)* + —a (6% } (5.70)
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A similar second order action has been used in [58] and in [76]. However, the models
considered in these works were not symmetric under shifts of ¢. Using a ¢ dependent
potential essentially amounts to the introduction of a time dependent background. In
this way it is easy to produce any background evolution one could wish for, including an
inflationary stage, cf. [61]. In such a highly flexible model, indeed the sign of the gradient
term in can be adjusted more or less independent of the background. However, note
that such an adjustment must restrict to the high curvature regime. Otherwise the GR
limit is violated, as it happens in [70].

Sticking to shift-symmetric mimetic models, the background evolution and the evolution
of perturbations are no longer decoupled, but must be driven by the same dynamics.
Trying to use asymptotic freedom and the background solution from section in the
model (5.70)), we find that the gradient term would actually become negative during the
inflationary stage, however the sign of the (9%¢)? term is strictly positive and diverges as
f — oo. This shows that even though higher mixed derivatives can make c% positive at
high curvatures, in shift symmetric models they actually lead to a higher order instability
that could be removed only by a high amount of tuning.

Instead, let us return to our original theory without higher mixed derivatives but
with higher spatial derivatives coming from . In the corresponding second order action
the gradient term comes with the constant prefactor +1 and in the case g = 0 we
would read off the speed of sound

/- f
3fﬂf

< 0. (5.71)

2 _
Cs—_

We will continue to use the name c% to refer to this quantity also in the case og # 0, but
it is important to note that in this case due to the modified dispersion relation the true
speed of sound is in general different from c%. Note that c% has to be negative throughout

by (5.67). Using (5.17)), it can be rewritten as

&= —w. (5.72)

Note that ¢% goes to zero in the late time limit as required by the GR limit G — 1, but
it also goes to zero in the early time limit as G — 0. The minimal value ¢% = —1/12 is
reached when G = 1/2 at kK = K¢/ V2. At the earliest times, the gradient term in (5.66))
will be dominated by the higher order spatial derivative term -5 (9¢)?. In this region there
is no instability, provided that o4 > 0. Thus, the potential gradient instability region is
sandwiched between the region of domination of the higher order term and the late time
region where the scalar degree of freedom is “frozen”. These two other regions are without
instabilities and hence the gradient instability gets to act, if at all, only during a limited
time. As I will show below in two concrete examples, provided that og > 1/H;, the wrong
sign gradient term cannot lead to any dangerous instability.



115

Mode expansion. Introducing the time coordinate 7 and the expression z,

. 3fe a [ 3f¢" \'*
the second order action ([5.66) written in terms of the canonically normalized variable
v = z( becomes

(5.73)

1 ¢ TT
@S, = 5 /dT d*z {vz + (0v)? — O—j(a%)2 + 2—02} . (5.74)
a z
A subscript v, = 0v/07 denotes derivatives. Performing the mode expansion of v into

Fourier modes v, the modified Mukhanov-Sasaki equation becomes

4
Ve + ("—fkﬁ YR Z—) v = 0. (5.75)
a z
The power spectrum of the curvature perturbation ¢ is given by [86]
kg ’Uk‘2
62 (k) = : 5.76
¢ ( ) 27252 ( )

In the initial region where the k% term is dominating and a; a < k*c%, the solution of (5.75))
with quantum vacuum initial conditions is well described by the WKB approximation

a(7) _ oik?
vk = exp | —¢ [ dT D.77
and it has a scale invariant spectrum. After “horizon” exit, when z../z is dominating, the

solution of ((5.75) is

o) = 2(7) (Ag 4+ B / h Z;i(i,)) | (5.78)

where the second term is decaying compared to the first term and will be ignored in the
following estimates. At late times the primordial spectrum after horizon exit is

l{?3
5~ o | AL (5.79)

The wrong sign gradient term —k? will never get to dominate and cannot cause instability,
provided that at “horizon” exit the condition

4
95,6 _ *mT 2
k° ~ k 5.80
at z > ( )

holds. In other words, the physical wavelength A,nys = a/k at horizon exit should satisfy

)\phys . L 0g. (581)

98 1.6, ZTT
a4kNZ
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The initial scale invariant spectrum would be preserved only if at horizon exit z x a, i.e.

i_ 30"
kU —f

~ const. (5.82)

This condition will in general not be satisfied both at late times where ¢/ — f — 0 and at
early times where f — oo, £ — 0o. Thus, without a substantial amount of tuning of the
functions f and A in order for to be satisfied at least in some intermediate region
where the relevant modes exit the “horizon”, one can already expect a primordial spectrum
that will be far from scale invariant.

Note that all modes ( will at some point exit the “horizon” and never again re-enter,
also after transitioning to the post-inflationary phase. This is a manifestation of the fact
that in the GR limit the scalar degree of freedom of pure mimetic gravity is dust-like and
non-propagating. It is clear that aiming for a more realistic model, matter perturbations
would have to be taken into account.

Radiation dominated background. In modified conformal time 7} the radiation dom-
inated background solution from section is given by a(n) = H;7n, where ¢ was fixed by
setting a(7y) = 1, and we can find the explicit expressions

~ dn — Zrr .
s= L+, L=V ED), T =usHPE (583)

The modified Mukhanov-Sasaki equation ([5.75)) becomes

4
95 16 2 4.2
r —k” — k* — 18H =0, 5.84
Vkrr + (HanA‘ 1M ) Uk ( )

where the dimensionless 55 = H;og was introduced. Assuming that ¢ > O(1), the

“horizon” crossing happens at
FANYC &
e = | — — 5.85
' (18) H? (5.85)

and the condition is satisfied for all modes.

Accelerated expansion ends at 77y = 1/H; and before that we can approximate 7 = 77/ V3
and write the 7 derivatives in as 7 derivatives. Matching the absolute value of the
initial solution with quantum vacuum initial conditions

H?n 352k3
vr(77) l—neXP <—i\/_L”j7> ’ (5.86)

- 31/45 o J3/2

to the solution ([5.78)) after horizon exit, we can estimate the late time spectrum of large
wavelength modes k% < H?(18/5%)'/3 which exit the horizon before the end of inflation as

(2/3)° ¥

2 ~ ' 7
HOBES = S (5.87)
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Note that here 1/k is the physical wavelength at the end of inflation. It is far from being
scale invariant with a large blue tilt and a spectral index of

ns —1=2. (5.88)
Combining with (5.61]), the tensor to scalar ratio is given by
2 [24(369)%° iter<i
- \2/3
2(Y2) ifor>1

T

(5.89)

Q

It can be small only if o7 > o5 > 1/H,.

Dust/MDM dominated background. If we consider now the background solution
dominated by dust or mimetic dark matter with equation of state w = 0, the situation
gets complicated by an additional early intermediate super-“horizon” region. Even though
in this case long wavelength modes go through a short gradient instability phase, we will
find that the growth of modes during this stage is completely negligible if og > 1/H,.

Using the background solution in modified conformal time 7 from section 5.3 with w = 0
and fixing ¢ by a(7);) = 1 at the end of inflation, the scale factor is given by a(7) = H?7?/8
and we calculate

dn Zrr 3(—14 154a?)
2 = /2 Hyi (1 + 209), Te=VAlra, et o

The modified Mukhanov-Sasaki equation ({5.75)) now reads

g 6 3 5 231
— | k ——/{3 - — (H = 91
Vgrr + ((Hl a) + 477 16 ( la) v =0, (5 9 )

and we see that compared to (5.84]) there is an additional term coming from z,,/z.
Assuming gg > 1, modes with

2 H2
k> O(10~ ) 13 (5.92)
og
exit the horizon at 13
. o
Tk ~ O(l)ﬁ\/@, (5.93)

and both the gradient term and the 1/7? term never become important.
On the other hand, modes with wavelengths larger than ((5.92)) already exit the horizon

for a first time at
52/3
Mk~ O(1) 5 ir — k. (5.94)



118 5. On Stability of Asymptotically Free Mimetic Horava Gravity

Since z,,/z is changing sign at 7, = (28/77)Y/¢/H;, modes will at some point shortly re-
enter the horizon due to the gradient term before finally re-exiting again. Expanding z,,/z
around 7jy, we can estimate the duration A7 of the gradient instability region as

_ k3 01072
l S

During this short time span the mode function v, can only grow by a factor ~ exp (kA7)
which is completely negligible for 55 > O(1).

Ignoring the effects of the gradient instability region, one would estimate the primordial
spectrum of the longest wavelength modes k < H,/ 62/ ® which exit the horizon well before
the end of inflation as 3

2 ~ _—

o¢ ~ O(l)Hl. (5.96)
Again, this is far being scale invariant with a spectral index ng — 1 = 3. Since in this
dust/MDM dominated case large wavelength modes go through several intermediate re-
gions lasting only for a short time, such an analysis like in the radiation dominated case
where the leading order solutions in different regions were continuously matched at the
crossing between regions should be taken with caution. A full calculation of primordial
spectra would require a numerical study beyond the scope of this paper.

5.5 Conclusions

The initial idea of “Asymptotically Free Mimetic Gravity” was to find a concrete modified
theory of gravity with limiting curvature to address the singularity problem of GR. It has
been successful in achieving this goal in a variety of settings, including both cosmological
as well as black hole spacetimes. It was found that the concept of “asymptotic freedom”, i.e.
the vanishing of the [J¢ dependent gravitational constant at limiting curvature, becomes
a crucial ingredient to resolve anisotropic singularities. Along the way it was realized that
Hotava-like higher order spatial curvature terms can be added in a simple, covariant way
to mimetic gravity with the goal of renormalizability.

Combining both ideas, in this paper I considered “Asymptotically Free Mimetic Hotava
Gravity”. In this theory, an initial stage of exponential expansion with graceful exit is
a necessary feature of any non-singular modified flat Friedmann universe. It is a natural
question to ask whether it could provide a full-blown inflationary scenario without inflaton.
Since the existence of the inflationary background solution is independent of the matter
content, as it is anyway suppressed by asymptotic freedom, there is no need to assume
vanishing matter density during inflation. Thus, the idea of inflation driven by asymptotic
freedom of gravity could open an interesting possibility to avoid the necessity of a reheating
stage for the sake of populating the universe with matter after inflation.

In this work I analyzed stability of the inflationary background solutions under metric
perturbations, considering only the degrees of freedom of pure mimetic gravity. It was
found that a ghost instability is naturally avoided by any model with asymptotic freedom.
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Although the gradient term of scalar perturbations is of the wrong sign throughout, its
short era of domination is sandwiched between the domination of higher order spatial
curvature terms and the late time region where the scalar degree of freedom of mimetic
gravity remains frozen forever. Thus, the gradient instability can be circumvented thanks
to higher order spatial curvature terms. Under the condition that og > 1/H,, I showed
that the inflationary background solutions of asymptotically free models are free of any
dangerous instability.

After passing stability tests, we have to ask if the primordial spectra produced by
such an inflationary model can agree with CMB observations. In this paper I showed
that for the simplest one-component models the answer to this question is negative. The
initially scale invariant spectra of both tensor and scalar perturbations can in general
not be preserved until the horizon exit. For the concrete case of a radiation dominated
inflationary background, the primordial spectra of the largest wavelength modes were found
to be far from scale invariant with a large blue tilt and np = ng—1 = 2. Moreover, a small
tensor-to-scalar ratio r < O(107!) requires tuning of the higher order coefficients such that
or > 0(104)0'5.

However, it is clear that this analysis is incomplete, as any more realistic model would
also have to include matter fluctuations. While the primordial spectrum of the dust-like
scalar degree of freedom of mimetic gravity might be far from scale invariant, any other
spectator field in the inflationary background solution would still acquire a nearly scale
invariant spectrum. Depending on the details of the conversion process of perturbations
between matter degrees of freedom and the conformal degree of freedom of mimetic grav-
ity, one could thus speculate that in a “curvaton™like extension of the asymptotically free
mimetic model, a nearly scale invariant primordial matter power spectrum would be ob-
tainable. It remains an interesting open question whether it is possible to construct a
viable inflationary scenario from shift-symmetric mimetic gravity.
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Appendix

A: Calculation of second order actions

In this appendix I present the calculation of the second order actions used above. For
generality, I will consider the action

So = ~1ox d'ev/=g{L(X;) + A (g" ¢, — 1)}, (5.97)
where L is a general function of the quantities
X, =0¢ S
Xy = VHVY6V,V,0 — 5(0¢)* = kYR
X; =R ~ 9R
Xy =—R" (V,V,6 — 106 g,,) ~ RV, (5.98)
X, = R }SLW _ % R2 ~  3pi ?ﬁij
X¢ = —P"V,RV'R ~ AV (CR)V,(CR)
X7 = —PUPOPIV,R°V"Ros + X5 =2 7"V, (°R7) V,(°Ry)
where
P! =6 — 0" (5.99)
Ry = PSP/ Rog + Vo (0°V,V,0) (5.100)
R :=2¢"¢" G, — ()% + VIVGV V0 (5.101)

The right column of , denoted by =, shows the quantities X; evaluated in comoving
gauge ¢ =t where N = 1, but the shift IV; is still arbitrary. They are given in terms of the
trace and trace-less part k = Y9x5, Rij = ki — 575, "R = 77 Ryj, *Rij = Rij — $°Ryy;
of the extrinsic curvature x;; = LN (%j — vjNi — %Nj) and of the intrinsic Ricci tensor
3R,; of the spatial slices of , respectively. V; denotes the covariant derivative with
respect to the spatial metric 7;;. Indices on spatial tensors are raised with +%.

Note that terms depending on the square of the spatial Cotton tensor 55 as introduced
in are also covered by the general Lagrangian ansatz, since

CrCY =30 3CT = Xy 4 (2 — 3)Xg + 1X X5 + 3 5RjRCR, (5.102)

where = now denotes equality up to a total covariant spatial derivative V. In an isotropic

universe the trace-less part of ®R;; is first order in perturbations, hence the last term in

is always higher order and does not contribute to the second order action.
Consider now perturbations around the general non-flat Friedmann background

ds? = dt? — ®(t)n;da’da?, =
J D)

(5.103)
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in comoving gauge ¢ = t. The metric perturbations of ([5.28)) are then further decomposed
as

Vij = a2(t) (6_2wT]ij — 2D1D]E — QD(ZF]) + <€h)ij) s Nz = X,i — aSi (5104)
where
D F, =0, 797hy; =0,  9*Dyhy =0,  n7D;S; =0 (5.105)

and D; denotes the covariant derivative associated with ;.

Background. Variation of the zeroth order action ©S = (O)Sg + (08, with respect to
a® yields

0,508 = — o d*z \/n [L — 500 (¢®L1) — 4L3 % — 167p| 6(a®) (5.106)

where subscripts L; denote derivatives of L with respect to X; evaluated on the background.
Here it was used that for homogeneous, isotropic matter

S, /d4x\/ wogh’ = /d4x\/ﬁp 5(a®). (5.107)
The background equation of motion is hence
1 3 »
L— 580 (a Ll) — 4L3§ = 167p. (5.108)

Using the continuity equation a%@g (a3e) = —S%p, the first integral of ((5.108)) becomes the
modified Friedmann equation

1
“ (kL — L) = CMDM

5 " + 8me = 8, (5.109)

where the constant of integration cypy describes the contribution of mimetic matter.
Tensor perturbations. Tensor perturbations are parametrized by
2 Ly
Yij = a U + hij —+ éhz hkj s NZ = 0, (5110)
where indices on h;; are raised with 7. With this parametrization the inverse spatial

metric is

. 1 . A
N = = (nw —hY 4 §hlk’hi> + O(h3) (5.111)
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and it holds that \/7 = a*,/77 and k = 32 are still homogeneous up to O(h?). The extrinsic
curvature and intrinsic Ricci scalar up to second order are

! ij Lo
SR = = (6%— 4th]thz~j — §%h]hz‘j> ) (5.113)

where = now denotes equality up to a total covariant spatial derivative D. The spatial
Ricci tensor and its trace-less part up to first order are given by

1 ~ 1
“Rij = 25em;; — 5 Bhij + 3shyj, Rij = —5 A + 32, (5.114)

where A =7 D;D;. The quantities ((5.98) expanded to second order are

X1 == 3%
Xy = (6% — 1Dyh D*hij — $3¢ W hyy)

>80 (Dih” D¥hyj + 25¢h" hyj) (5.115)
(AARY Ahy; + 3¢Dgh" D*hij + 5°h" b))

>
I
< g»s"“ go|>—l w|

X7 = 2% (ADyARY D*Ahyj + 5cARY Ahyj + 52 Dyh D* hyj)

and we find the second order action

1

G, — ———
h 64r

d41' 77&3{[12 hzjh” — (Lg + iao (CZL4) — i—;{L5) i—;’ h”h”—l— (5116)

+ (Lg + %(9{) (CZL4> — i—;{ (L5 -+ a—;{QL7)) a%hijAhij -+

Ls+ %Ly L7

at

R A?h;; h”A3h }

Subscripts L; denote derivatives of L with respect to X; evaluated on the background.

Scalar perturbations. The scalar metric perturbations in comoving gauge are parametrized
through ¢ and x by )

i = a*(t)e* 0, Ni = X, (5.117)
where i
(=C—In(14+2(z*+y*+27)). (5.118)

The metric determinant is given by /7 = a 3¢3C = 3. /me¥ and the trace of extrinsic
curvature is

k=32 130 — Ay, (5.119)
a



123

where the Laplacian A = 7%V, V; of the covariant derivative V with respect to v;; is given
by

Ax = 5Ax — ZCAx+ 5n7Cxy + O () - (5.120)
To first order, the traceless part of x;; is given entirely through x as

Rij = —V;Vix + $Axyi; = —D;Dix + 3Axmi; + O(CX). (5.121)

The spatial metric v;; is conformally flat which simplifies the calculation of

Rij = - <§zg - @@) - (5@ + §k§k> Vij (5.122)
= 2sem;; — (D; D¢ + Alnyg) + (GG — n™CuCamij)
R = %ZC (63 — 4A¢ — 207 (¢ 5) (5.123)

= L (65— AAC — 1252 + 12502 + 8CAC — 209¢,C,) + O (¢
a
*Rij = — (D;Di¢ — LA¢n;) + O(C?) (5.124)

where A = 1Y D;D;. Combining these results, the quantities (5.98)) expanded to second
order read

Xi =32 +3¢ - LAx + 2¢Ax — L (D¢)?

Xy = 1 (2(Ax)? - 2(Dy)’)
X5 = L (630 — 4AC — 123¢C + 1252 + 8CAC — 2(DC)?)
Xu= 54 (2AC +25() 129
Xs = 5 (3(AQ)? - 23¢(DC)?)
Xo = 8 ((DAQ)* = 63 (AQ)® + 952 (DC)°)
1

Xr= 5% (2 (DAg) — 652 (AQ)? + 12524(DC)?)

a

with the notation (D¢)* = n9¢iC,
Neglecting matter fluctuations of S, = [d*z,/na® e¥*p and usmg the background equa-
tion of motion ((5.108)), the total second order action ®S = (2)8 + @8, becomes

@5 _ L

397 d4$ 770,3{ — [L3 — %60 (CLL13> L33:| a—2C2+ (5126)

+ L3962 — [Lg — 20y (aLys) — %(24Lg3 + Ls) + %2 (12Lg + L7)} 4 CACH+
+ [16Ls3 + 5 L5 — 122 (16Lg + L7)] & (A*C — [32Lg + 5L7] 55 CA%C
+ [(8L13 +4L4) (352 + AC) — 6L1ya%C + (L + 3Lo)Ax + 4%L2X] G%AX}.

Subscripts L; denote derivatives of L with respect to X; evaluated on the background.
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Variation with respect to Ay yields

In the spatially flat case the second order action for ( after integrating out x, assuming
Ly + %LQ = 0, becomes

1 12011 Ly ALoLis — L0 L
@G, — —_— [ qipgdd S22 2 |1y 2413 — 5Ll 4 A
¢ 327 v {Lll—f—%LQC 3 a0 a L11+%L2 a2C C

(4L13 + 2L4)*
Lll + %LQ

+ [16L33 +3L5 — } L (A% — [32L6 + 3L7] & <A3¢}. (5.128)

NB. Note that in the case L33 = L5 = Lg = Ly = 0 it is tempting to make the choice,
L4 = —6Lq3 such that

L[5 { 1214, Lo

?s. = 7
¢ 327T Lll —+ %LQ

(*—[Ls— 30 (aLi3)] & gAg}. (5.129)
However, note that in this case a gradient instability can only be prevented at the expense
of introducing a gradient instability for tensor perturbations.

B: Stability analysis of higher order spatial curvature
bounces

As seen in [4], the goal of singularity resolution in spatially non-flat universes requires
the introduction of a scalar spatial curvature dependent potential. By isotropy of the
background, there is a degeneracy of higher order spatial curvature terms that will lead to
the same background dynamics. In the following I will consider the generalization

L=Luna+ Lpa+ V(E) + o E (é'm/ﬁm, — %éz) , (5130)

where now or, 0g and «a can depend on R. Note that in the spatially flat case this
Lagrangian is equivalent to (5.3)).

Background. The modified Friedmann equation with non-vanishing spatial curvature

becomes
2(kl'—0) =1 (V (°R) = °R) + 8re. (5.131)

It is independent of the higher order terms o7, og and . This modified Friedmann equation
has been discussed in [4]. A bounce is made possible if the term V (°R) is negative and
dominating over ¢ at small scale factor. Assuming a cubic potential,

V (°R) = 64" (f?’R)g - —6a—i4

5.132
- , (5132
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this will be satisfied, provided that the matter equation of state satisfies w < 1. The
bounce then happens at the minimal value of the scale factor

143w\ 1w (e 30w 4
Qmin — ( 5 ) (E) (53(171”), (5133)
where ([5.23) was assumed. In the case sz = 1 a re-collapse happens at
1+3 _Siigw) Ve
w wo\/c
Gmax = ( 9 ) E (5134)

Second order actions. The second order action for tensor perturbations is

1 o 2
@s, = o dix na3{ fh®hg, — (1 — V' + % (o] + 2a4)) 2 B (5.135)
T
— (1 — V' + 3 (200 + 3a4)> L (Dhgy)?
4 4\ 5 (12 2 Op 3 2
— (7UT + (16 )ﬁ(‘D hab) — F(D hab) s
where (Dhay)? = 10D h® Dahgy, (D?*hey)? = AR Ahgy, (D3hey)? = 14D AR Dy Ah gy
Neglecting matter perturbations, the second order action for scalar perturbations, after
integrating out y is

1 . 30f (A +33) _
@8, = o /d4:z:\/ﬁa3{c G _f]E>A+_ 3%]2% (—[3(1=V)+4vV"%] 59> (5.136)

+[1 -V +3%8V"+ %(20" — 30%)] & (DC)* +

- (4" 2t = 3] & (007 - % (0%

Ghost instability? The condition for no ghost instability of the mode characterized by
the eigenvalue —k? of the curved Laplacian A can be written as

0" f (k* — 3)

(ﬁ" — f)kQ +3f% : (5137)

In the case £” # f, the condition for short wavelength modes k? > s is the same as (5.67))
in the spatially flat case. On the other hand, in the limit ¢/ — f — 0, f — 1 (which applies
also in the region around the bounce where H vanishes) the condition becomes

»xk? > 3. (5.138)
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In an open universe » = —1 the spectrum of the curved Laplacian is continuous and
bounded by k? > 1. Hence all modes suffer from a ghost instability. In a closed universe
» = 1, however, the eigenvalues of A are discrete and given by [104], [105]

k* =n?— s, n € Nxj. (5.139)

The discreteness of the spectrum is due to the periodic boundary conditions that eigen-
functions have to satisfy. Note that only the modes n = 1,2 would suffer from a ghost
instability. However, these two longest wavelength modes can be shown to correspond to
pure gauge terms [106], [I07]. In conclusion, in the closed case s = 1 there is no ghost
instability.

Gradient instability? Let us now consider » = 1 and take for simplicity the cubic
potential and constant o4 > 0, 05 > 0, o' > 0. In this case tensor perturbations
do not exhibit any instability and the sixth order term in does not lead to an
instability of scalar perturbations. The condition following from the right sign of the forth
order term reads

at > 308 + 20 (5.140)

From the gradient term we can read off that there is a gradient instability wherever
1+ 2 (20" — 305 — 76%) > 0. (5.141)

Using (5.140)), we see that if § < 20% this condition is satisfied at all times and there is a
gradient instability throughout. Conversely, if §* > 20 it is possible to avoid the gradient
instability in the region around the bounce, provided that

A < 3 (76" + 308 — 2a*) . (5.142)

min

In order to avoid the gradient instability at all times, it would be necessary to have

at . < 3 (76% + 304 — 20%) < 9 (5 — 20%) (5.143)

max

where for the last inequality ([5.140|) was used. Note, however, that in this case

4
Amax ~ Umax \ 3(1+w)
( > (—5 ) < 0(10), (5.144)

Qmin

and hence a gradient instability region is unavoidable for any universe that undergoes any
significant amount of expansion.



Bibliography

1]

2l

3]

4]

[5]

(6]

17l

8]

9]

[10]

[11]

[12]

A. H. Chamseddine, V. Mukhanov, and T. B. Russ, Asymptotically Free Mimetic
Gravity, Eur. Phys. J. C 79, 558 (2019), arXiv:1905.01343 |hep-th| .

A. H. Chamseddine, V. Mukhanov, and T. B. Russ, Mimetic Hofava gravity, Phys.
Lett. B 798, 134939 (2019), arXiv:1908.01717 |hep-th| .

A. H. Chamseddine, V. Mukhanov, and T. B. Russ, Black Hole Remnants, JHEP
10, 104 (2019), arXiv:1908.03498 |hep-th| .

A. H. Chamseddine, V. Mukhanov, and T. B. Russ, Non-Flat Universes and Black
Holes in Asymptotically Free Mimetic Gravity, Fortsch. Phys. 68, 1900103 (2020),
arXiv:1912.03162 |[hep-th] .

T. B. Russ, On Stability of Asymptotically Free Mimetic Hotava Gravity, (2021),
arXiv:2103.12442 |gr-qc| .

A. Einstein, Zur Allgemeinen Relativititstheorie, Sitzungsber. Preuss. Akad.
Wiss. Berlin  (Math. Phys. ) 1915, 778 (1915), |Addendum:  Sitzungs-
ber.Preuss.Akad. Wiss.Berlin (Math.Phys.) 1915, 799-801 (1915)].

R. Penrose, Gravitational collapse and space-time singularities, Phys. Rev. Lett. 14,
57 (1965).

S. Hawking, The occurrence of singularities in cosmology. III. Causality and singu-
larities, Proc. Roy. Soc. Lond. A 300, 187 (1967).

S. W. Hawking and R. Penrose, The Singularities of gravitational collapse and cos-
mology, Proc. Roy. Soc. Lond. A 314, 529 (1970).

A. Vilenkin and A. C. Wall, Cosmological singularity theorems and black holes, Phys.
Rev. D 89, 064035 (2014), arXiv:1312.3956 [gr-qc| .

M. Markov, Limiting density of matter as a universal law of nature, JETP Letters
36 (1982) 266.

V. L. Ginsburg, V. F. Mukhanov, and V. P. Frolov, Cosmology of the superearly
universe and the ‘fundamental length’, Sov. Phys. JETP 67, 649 (1988).


http://dx.doi.org/10.1140/epjc/s10052-019-7075-y
http://arxiv.org/abs/1905.01343
http://dx.doi.org/10.1016/j.physletb.2019.134939
http://dx.doi.org/10.1016/j.physletb.2019.134939
http://arxiv.org/abs/1908.01717
http://dx.doi.org/10.1007/JHEP10(2019)104
http://dx.doi.org/10.1007/JHEP10(2019)104
http://arxiv.org/abs/1908.03498
http://dx.doi.org/ 10.1002/prop.201900103
http://arxiv.org/abs/1912.03162
http://arxiv.org/abs/2103.12442
http://dx.doi.org/ 10.1103/PhysRevLett.14.57
http://dx.doi.org/ 10.1103/PhysRevLett.14.57
http://dx.doi.org/10.1098/rspa.1967.0164
http://dx.doi.org/ 10.1098/rspa.1970.0021
http://dx.doi.org/ 10.1103/PhysRevD.89.064035
http://dx.doi.org/ 10.1103/PhysRevD.89.064035
http://arxiv.org/abs/1312.3956

128

BIBLIOGRAPHY

[13]

M. A. Markov and V. F. Mukhanov, De sitter-like initial state of the universe as a
result of asymptotical disappearance of gravitational interactions of matter, Il Nuovo
Cimento B (1971-1996) 86, 97 (1985).

[14] V. P. Frolov, M. A. Markov, and V. F. Mukhanov, Black Holes as Possible Sources

of Closed and Semiclosed Worlds, Phys. Rev. D 41, 383 (1990).

[15] V. Frolov, M. Markov, and V. Mukhanov, Through a black hole into a new universe?

[16]

[17]

18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

Phys. Lett. B 216, 272 (1989).

M. Trodden, V. F. Mukhanov, and R. H. Brandenberger, A Nonsingular two-
dimensional black hole, Phys. Lett. B 316, 483 (1993), arXiv:hep-th/9305111 .

V. F. Mukhanov and R. H. Brandenberger, A Nonsingular universe, Phys. Rev. Lett.
68, 1969 (1992).

R. H. Brandenberger, V. F. Mukhanov, and A. Sornborger, A Cosmological theory
without singularities, Phys. Rev. D 48, 1629 (1993), arXiv:gr-qc/9303001 .

R. H. Brandenberger, Nonsingular cosmology and Planck scale physics, 17th Texas
Symposium on Relativistic Astrophysics, (1995), arXiv:gr-qc/9503001 .

R. H. Brandenberger, Implementing Markov’s limiting curvature hypothesis, 6th
Moscow Quantum Gravity, (1995), arXiv:gr-qc/9509059 .

D. Lovelock, The Einstein tensor and its generalizations, J. Math. Phys. 12, 498
(1971).

D. Lovelock, The four-dimensionality of space and the einstein tensor, J. Math. Phys.
13, 874 (1972).

T. Kaluza, Zum Unitdtsproblem der Physik, Sitzungsber. Preuss. Akad. Wiss. Berlin
(Math. Phys. ) 1921, 966 (1921), arXiv:1803.08616 [physics.hist-ph] .

O. Klein, Quantentheorie und finfdimensionale Relativititstheorie, Z. Physik 37,
895-906 (1926).

G. R. Dvali, G. Gabadadze, and M. Porrati, 4-D gravity on a brane in 5-D Minkowski
space, Phys. Lett. B 485, 208 (2000), arXiv:hep-th /0005016 .

A. A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity,
Phys. Lett. B 91, 99 (1980).

E. Cartan, Sur une généralisation de la notion de courbure de Riemann et les espaces
a torsion, C. R. Acad. Sci. (Paris) 174, 593-595 (1922).

E. Cartan, Sur les variétés a connexion affine et la théorie de la relativité généralisée,
Part I: Ann. Ec. Norm. 40, 325-412 (1923) and ibid. 41, 1-25 (1924); Part II: ibid.
42, 17-88 (1925).


http://dx.doi.org/10.1007/BF02732276
http://dx.doi.org/10.1007/BF02732276
http://dx.doi.org/ 10.1103/PhysRevD.41.383
http://dx.doi.org/https://doi.org/10.1016/0370-2693(89)91114-3
http://dx.doi.org/ 10.1016/0370-2693(93)91032-I
http://arxiv.org/abs/hep-th/9305111
http://dx.doi.org/10.1103/PhysRevLett.68.1969
http://dx.doi.org/10.1103/PhysRevLett.68.1969
http://dx.doi.org/10.1103/PhysRevD.48.1629
http://arxiv.org/abs/gr-qc/9303001
http://arxiv.org/abs/gr-qc/9503001
http://arxiv.org/abs/gr-qc/9509059
http://dx.doi.org/10.1063/1.1665613
http://dx.doi.org/10.1063/1.1665613
http://dx.doi.org/ 10.1063/1.1666069
http://dx.doi.org/ 10.1063/1.1666069
http://dx.doi.org/10.1142/S0218271818700017
http://dx.doi.org/10.1142/S0218271818700017
http://arxiv.org/abs/1803.08616
http://dx.doi.org/ 10.1007/BF01397481
http://dx.doi.org/ 10.1007/BF01397481
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://arxiv.org/abs/hep-th/0005016
http://dx.doi.org/ 10.1016/0370-2693(80)90670-X

BIBLIOGRAPHY 129

28]

[29]

[30]

[31]

[32]

3]

[34]

[35]

[36]

37|

[38]

[39]

[40]

|41]

[42]

[43]

T. W. B. Kibble, Lorentz invariance and the gravitational field, J. Math. Phys. 2,
212 (1961).

D. W. Sciama, The Physical structure of general relativity, Rev. Mod. Phys. 36, 463
(1964), |[Erratum: Rev.Mod.Phys. 36, 1103-1103 (1964)].

M. Maggiore and M. Mancarella, Nonlocal gravity and dark energy, Phys. Rev. D 90,
023005 (2014), arXiv:1402.0448 |hep-th| .

C. Brans and R. H. Dicke, Mach’s principle and a relativistic theory of gravitation,
Phys. Rev. 124, 925 (1961).

G. W. Horndeski, Second-order scalar-tensor field equations in a four-dimensional
space, Int. J. Theor. Phys. 10, 363 (1974).

J. D. Bekenstein, The Relation between physical and gravitational geometry, Phys.
Rev. D 48, 3641 (1993), arXiv:gr-qc/9211017 .

N. Deruelle and J. Rua, Disformal Transformations, Veiled General Relativity and
Mimetic Gravity, JCAP 09, 002 (2014), arXiv:1407.0825 |gr-qc] .

A. H. Chamseddine and V. Mukhanov, Mimetic Dark Matter, JHEP 11, 135 (2013),
arXiv:1308.5410 [astro-ph.CO| .

S. Hawking and G. Ellis, The Large Scale Structure of Space-Time, Cambridge Uni-
versity Press, 1975.

A. Golovnev, On the recently proposed Mimetic Dark Matter, Phys. Lett. B 728, 39
(2014), [arXiv:1310.2790 [gr-qc] .

A. O. Barvinsky, Dark matter as a ghost free conformal extension of Einstein theory,
JCAP 01, 014 (2014), farXiv:1311.3111 [hep-th] .

K. Hammer and A. Vikman, Many Faces of Mimetic Gravity, (2015),
arXiv:1512.09118 |gr-qc| .

F. Arroja, N. Bartolo, P. Karmakar, and S. Matarrese, Cosmological perturbations
in mimetic Horndeski gravity, JCAP 04, 042 (2016), arXiv:1512.09374 [gr-qc] .

L. Sebastiani, S. Vagnozzi, and R. Myrzakulov, Mimetic gravity: a review of re-
cent developments and applications to cosmology and astrophysics, Adv. High Energy
Phys. 2017, 3156915 (2017), arXiv:1612.08661 [gr-qc]| .

A. H. Chamseddine and V. Mukhanov, Resolving Cosmological Singularities, JCAP
03, 009 (2017), larXiv:1612.05860 [gr-qc| .

A. H. Chamseddine and V. Mukhanov, Nonsingular Black Hole, Eur. Phys. J. C 77,
183 (2017), arXiv:1612.05861 |gr-qc] .


http://dx.doi.org/ 10.1063/1.1703702
http://dx.doi.org/ 10.1063/1.1703702
http://dx.doi.org/ 10.1103/RevModPhys.36.1103
http://dx.doi.org/ 10.1103/RevModPhys.36.1103
http://dx.doi.org/10.1103/PhysRevD.90.023005
http://dx.doi.org/10.1103/PhysRevD.90.023005
http://arxiv.org/abs/1402.0448
http://dx.doi.org/ 10.1103/PhysRev.124.925
http://dx.doi.org/10.1007/BF01807638
http://dx.doi.org/ 10.1103/PhysRevD.48.3641
http://dx.doi.org/ 10.1103/PhysRevD.48.3641
http://arxiv.org/abs/gr-qc/9211017
http://dx.doi.org/ 10.1088/1475-7516/2014/09/002
http://arxiv.org/abs/1407.0825
http://dx.doi.org/10.1007/JHEP11(2013)135
http://arxiv.org/abs/1308.5410
http://dx.doi.org/ 10.1016/j.physletb.2013.11.026
http://dx.doi.org/ 10.1016/j.physletb.2013.11.026
http://arxiv.org/abs/1310.2790
http://dx.doi.org/ 10.1088/1475-7516/2014/01/014
http://arxiv.org/abs/1311.3111
http://arxiv.org/abs/1512.09118
http://dx.doi.org/10.1088/1475-7516/2016/04/042
http://arxiv.org/abs/1512.09374
http://dx.doi.org/10.1155/2017/3156915
http://dx.doi.org/10.1155/2017/3156915
http://arxiv.org/abs/1612.08661
http://dx.doi.org/ 10.1088/1475-7516/2017/03/009
http://dx.doi.org/ 10.1088/1475-7516/2017/03/009
http://arxiv.org/abs/1612.05860
http://dx.doi.org/10.1140/epjc/s10052-017-4759-z
http://dx.doi.org/10.1140/epjc/s10052-017-4759-z
http://arxiv.org/abs/1612.05861

130

BIBLIOGRAPHY

[44]

[45]

|46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

J. de Haro, L. Aresté Salo, and S. Pan, Limiting curvature mimetic gravity and its re-
lation to Loop Quantum Cosmology, Gen. Rel. Grav. 51, 49 (2019), arXiv:1803.09653

lgr-qc| .

N. Bodendorfer, A. Schéifer, and J. Schliemann, Canonical structure of general rela-
tivity with a limiting curvature and its relation to loop quantum gravity, Phys. Rev.
D 97, 084057 (2018), arXiv:1703.10670 [gr-qc| .

N. Bodendorfer, F. M. Mele, and J. Miinch, Is limiting curvature mimetic grav-
ity an effective polymer quantum gravity? Class. Quant. Grav. 35, 225001 (2018),
arXiv:1806.02052 [gr-qc] .

S. Brahma, A. Golovnev, and D.-H. Yeom, On singularity-resolution in mimetic
gravity, Phys. Lett. B 782, 280 (2018), larXiv:1803.03955 [gr-qc| .

M. de Cesare, Reconstruction of Mimetic Gravity in a Non-SingularBouncing Uni-
verse from Quantum Gravity, Universe 5, 107 (2019), arXiv:1904.02622 |gr-qc| .

S. Weinberg, Ultraviolet Divergences in Quantum Theories of Gravitation, in General
Relativity: An Einstein Centenary Survey (1980).

P. Horava, Quantum Gravity at a Lifshitz Point, Phys. Rev. D 79, 084008 (2009),
arXiv:0901.3775 |hep-th] .

A. O. Barvinsky, D. Blas, M. Herrero-Valea, S. M. Sibiryakov, and C. F.
Steinwachs, Renormalization of Hotava gravity, Phys. Rev. D 93, 064022 (2016),
arXiv:1512.02250 |hep-th| .

A. O. Barvinsky, M. Herrero-Valea, and S. M. Sibiryakov, Towards the renormaliza-
tion group flow of Horava gravity in (3 + 1) dimensions, Phys. Rev. D 100, 026012
(2019), arXiv:1905.03798 |hep-th| .

D. Blas, O. Pujolas, and S. Sibiryakov, On the Eztra Mode and Inconsistency of
Horava Gravity, JHEP 10, 029 (2009), arXiv:0906.3046 |[hep-th]| .

C. Germani, A. Kehagias, and K. Sfetsos, Relativistic Quantum Gravity at a Lifshitz
Point, JHEP 09, 060 (2009), arXiv:0906.1201 [hep-th| .

S. Mukohyama, Dark matter as integration constant in Horava-Lifshitz gravity, Phys.
Rev. D 80, 064005 (2009), arXiv:0905.3563 |[hep-th| .

S. Ramazanov, F. Arroja, M. Celoria, S. Matarrese, and L. Pilo, Living with ghosts
in Hofava-Lifshitz gravity, JHEP 06, 020 (2016), arXiv:1601.05405 |hep-th]| .

G. Cognola, R. Myrzakulov, L. Sebastiani, S. Vagnozzi, and S. Zerbini, Covariant
Horava-like and mimetic Horndeski gravity: cosmological solutions and perturbations,
Class. Quant. Grav. 33, 225014 (2016), arXiv:1601.00102 |gr-qc| .


http://dx.doi.org/10.1007/s10714-019-2534-1
http://arxiv.org/abs/1803.09653
http://arxiv.org/abs/1803.09653
http://dx.doi.org/10.1103/PhysRevD.97.084057
http://dx.doi.org/10.1103/PhysRevD.97.084057
http://arxiv.org/abs/1703.10670
http://dx.doi.org/10.1088/1361-6382/aae74b
http://arxiv.org/abs/1806.02052
http://dx.doi.org/10.1016/j.physletb.2018.05.039
http://arxiv.org/abs/1803.03955
http://dx.doi.org/10.3390/universe5050107
http://arxiv.org/abs/1904.02622
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://arxiv.org/abs/0901.3775
http://dx.doi.org/10.1103/PhysRevD.93.064022
http://arxiv.org/abs/1512.02250
http://dx.doi.org/10.1103/PhysRevD.100.026012
http://dx.doi.org/10.1103/PhysRevD.100.026012
http://arxiv.org/abs/1905.03798
http://dx.doi.org/ 10.1088/1126-6708/2009/10/029
http://arxiv.org/abs/0906.3046
http://dx.doi.org/10.1088/1126-6708/2009/09/060
http://arxiv.org/abs/0906.1201
http://dx.doi.org/ 10.1103/PhysRevD.80.064005
http://dx.doi.org/ 10.1103/PhysRevD.80.064005
http://arxiv.org/abs/0905.3563
http://dx.doi.org/10.1007/JHEP06(2016)020
http://arxiv.org/abs/1601.05405
http://dx.doi.org/ 10.1088/0264-9381/33/22/225014
http://arxiv.org/abs/1601.00102

BIBLIOGRAPHY 131

[58]

[59]

[60]

[61]

[62]

|63]

[64]
[65]

[66]

[67]

|68]

[69]

Y. Zheng, L. Shen, Y. Mou, and M. Li, On (in)stabilities of perturbations in mimetic
models with higher derivatives, JCAP 08, 040 (2017), arXiv:1704.06834 |gr-qc| .

Y. Zheng, Hamiltonian analysis of Mimetic gravity with higher derivatives, JHEP
01, 085 (2021), larXiv:1810.03826 [gr-qc| .

A. Ganz, N. Bartolo, and S. Matarrese, Towards a viable effective field theory of
mimetic gravity, JCAP 12, 037 (2019), arXiv:1907.10301 |gr-qc] .

A. H. Chamseddine, V. Mukhanov, and A. Vikman, Cosmology with Mimetic Matter,
JCAP 06, 017 (2014), larXiv:1403.3961 |astro-ph.CO)| .

S. Ansoldi, in Conference on Black Holes and Naked Singularities (2008)
arXiv:0802.0330 |gr-qc| .

R. Brandenberger, L. Heisenberg, and J. Robnik, Low-Energy String Theory Predicts
Black Holes Hide a New Universe, (2021), arXiv:2103.02842 |hep-th| .

I. Dymnikova, Vacuum nonsingular black hole, Gen. Rel. Grav. 24, 235 (1992).

[. Dymnikova, Spherically symmetric space-time with the reqular de Sitter center, Int.
J. Mod. Phys. D 12, 1015 (2003), arXiv:gr-qc/0304110 .

[. Dymnikova, Universes Inside a Black Hole with the de Sitter Interior, Universe 5,
111 (2019).

A. Bonanno and M. Reuter, Renormalization group improved black hole space-times,
Phys. Rev. D 62, 043008 (2000), arXiv:hep-th /0002196 .

A. Bonanno and M. Reuter, Spacetime structure of an evaporating black hole in
quantum gravity, Phys. Rev. D 73, 083005 (2006), arXiv:hep-th /0602159 .

R. Penrose, Structure of space-time in Battelle Rencontres, 1967 Lectures in Math-
ematics and Physics, edited by C. DeWitt and J. A. Wheeler.

[70] W. G. Unruh and R. M. Wald, Information Loss, Rept. Prog. Phys. 80, 092002

(2017), arXiv:1703.02140 |hep-th] .

[71] A. Tjjas, J. Ripley, and P. J. Steinhardt, NEC violation in mimetic cosmology revis-

[72]

ited, Phys. Lett. B 760, 132 (2016), arXiv:1604.08586 |gr-qc| .

B. P. Abbott et al. (LIGO Scientific, Virgo), GW170817: Observation of Gravita-
tional Waves from a Binary Neutron Star Inspiral, Phys. Rev. Lett. 119, 161101
(2017), larXiv:1710.05832 |gr-qc] .

[73] B. P. Abbott et al. (LIGO Scientific, Virgo, Fermi-GBM, INTEGRAL), Gravitational

Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB
170817A, Astrophys. J. Lett. 848, L13 (2017), arXiv:1710.05834 |astro-ph.HE] .


http://dx.doi.org/10.1088/1475-7516/2017/08/040
http://arxiv.org/abs/1704.06834
http://dx.doi.org/ 10.1007/JHEP01(2021)085
http://dx.doi.org/ 10.1007/JHEP01(2021)085
http://arxiv.org/abs/1810.03826
http://dx.doi.org/ 10.1088/1475-7516/2019/12/037
http://arxiv.org/abs/1907.10301
http://dx.doi.org/10.1088/1475-7516/2014/06/017
http://arxiv.org/abs/1403.3961
http://arxiv.org/abs/0802.0330
http://arxiv.org/abs/2103.02842
http://dx.doi.org/10.1007/BF00760226
http://dx.doi.org/ 10.1142/S021827180300358X
http://dx.doi.org/ 10.1142/S021827180300358X
http://arxiv.org/abs/gr-qc/0304110
http://dx.doi.org/ 10.3390/universe5050111
http://dx.doi.org/ 10.3390/universe5050111
http://dx.doi.org/ 10.1103/PhysRevD.62.043008
http://arxiv.org/abs/hep-th/0002196
http://dx.doi.org/10.1103/PhysRevD.73.083005
http://arxiv.org/abs/hep-th/0602159
http://dx.doi.org/10.1088/1361-6633/aa778e
http://dx.doi.org/10.1088/1361-6633/aa778e
http://arxiv.org/abs/1703.02140
http://dx.doi.org/10.1016/j.physletb.2016.06.052
http://arxiv.org/abs/1604.08586
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/1710.05832
http://dx.doi.org/10.3847/2041-8213/aa920c
http://arxiv.org/abs/1710.05834

132

BIBLIOGRAPHY

[74]

[75]

[76]

[77]

78]

[79]

[30]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[38]

A. D. Linde and V. F. Mukhanov, Nongaussian isocurvature perturbations from in-
flation, Phys. Rev. D 56, R535 (1997), arXiv:astro-ph/9610219 .

D. H. Lyth and D. Wands, Generating the curvature perturbation without an inflaton,
Phys. Lett. B 524, 5 (2002), arXiv:hep-ph/0110002 .

S. A. Hosseini Mansoori, A. Talebian, and H. Firouzjahi, Mimetic inflation, JHEP
01, 183 (2021), arXiv:2010.13495 |gr-qc] .

N. Afshordi, D. J. H. Chung, and G. Geshnizjani, Cuscuton: A Causal Field The-
ory with an Infinite Speed of Sound, Phys. Rev. D 75, 083513 (2007), arXiv:hep-
th /0609150 .

J. Quintin and D. Yoshida, Cuscuton gravity as a classically stable limiting curvature
theory, JCAP 02, 016 (2020), arXiv:1911.06040 [gr-qc| .

A. H. Chamseddine, A. Connes, and V. Mukhanov, Quanta of Geometry: Non-
commutative Aspects, Phys. Rev. Lett. 114, 091302 (2015), arXiv:1409.2471 |[hep-th]|

A. H. Chamseddine, A. Connes, and V. Mukhanov, Geometry and the Quantum:
Basics, JHEP 12, 098 (2014), arXiv:1411.0977 [hep-th| .

A. H. Chamseddine, Quanta of Space-Time and Azxiomatization of Physics, in Foun-
dations of Mathematics and Physics One Century After Hilbert, pages 211-251, Ed-
itor J. Kouneiher, Springer 2018.

A. H. Chamseddine and V. Mukhanov, Ghost Free Mimetic Massive Gravity, JHEP
06, 060 (2018), arXiv:1805.06283 |hep-th]| .

A. H. Chamseddine and V. Mukhanov, Mimetic Massive Gravity: Beyond Linear
Approzimation, JHEP 06, 062 (2018), arXiv:1805.06598 |hep-th| .

L. Landau and E. Lifshitz, The Classical Theory of Fields fourth edition, Butter-
worth, Heinemann, 1980.

M. Markov, Pis’'ma Zh. Eskp. Teor. Fiz. 36 (1982) 214; 46 (1987) 341 [JETP Lett.
36 (1982) 265; 46 (1987) 431.

V. Mukhanov, Physical Foundations of Cosmology, Cambridge University Press,
2005.

A. Wang, Hotava gravity at a Lifshitz point: A progress report, Int. J. Mod. Phys. D
26, 1730014 (2017), arXiv:1701.06087 [gr-qc| .

G. Leibbrandt, Introduction to Noncovariant Gauges, Rev. Mod. Phys. 59, 1067
(1987).


http://dx.doi.org/ 10.1103/PhysRevD.56.R535
http://arxiv.org/abs/astro-ph/9610219
http://dx.doi.org/ 10.1016/S0370-2693(01)01366-1
http://arxiv.org/abs/hep-ph/0110002
http://dx.doi.org/10.1007/JHEP01(2021)183
http://dx.doi.org/10.1007/JHEP01(2021)183
http://arxiv.org/abs/2010.13495
http://dx.doi.org/ 10.1103/PhysRevD.75.083513
http://arxiv.org/abs/hep-th/0609150
http://arxiv.org/abs/hep-th/0609150
http://dx.doi.org/ 10.1088/1475-7516/2020/02/016
http://arxiv.org/abs/1911.06040
http://dx.doi.org/10.1103/PhysRevLett.114.091302
http://arxiv.org/abs/1409.2471
http://dx.doi.org/10.1007/JHEP12(2014)098
http://arxiv.org/abs/1411.0977
http://dx.doi.org/10.1007/JHEP06(2018)060
http://dx.doi.org/10.1007/JHEP06(2018)060
http://arxiv.org/abs/1805.06283
http://dx.doi.org/ 10.1007/JHEP06(2018)062
http://arxiv.org/abs/1805.06598
http://dx.doi.org/ 10.1142/S0218271817300142
http://dx.doi.org/ 10.1142/S0218271817300142
http://arxiv.org/abs/1701.06087
http://dx.doi.org/10.1103/RevModPhys.59.1067
http://dx.doi.org/10.1103/RevModPhys.59.1067

BIBLIOGRAPHY 133

[89]
[90]

91

[92]

93]

[94]

[95]

[96]

[97]

98]

[99]

[100]

[101]

[102]

103

G. Lemaitre, The expanding universe, Mon. Not. R. Astron Soc. 91, 490 (1931).

V. Belinski and M. Henneaux, The Cosmological Singularity (Cambridge Monographs
on Mathematical Physics), Cambridge University Press (2017).

Y. Choquet-Bruhat and S. Cotsakis, Global hyperbolicity and completeness, J. Geom.
Phys. 43, 345 (2002), arXiv:gr-qc/0201057 .

E. Poisson, A Relativist’s Toolkit: The Mathematics of Black-Hole Mechanics, Cam-
bridge University Press (2004).

R. Kantowski and R. K. Sachs, Some spatially homogeneous anisotropic relativistic
cosmological models, J. Math. Phys. 7, 443 (1966).

V. Mukhanov and S. Winitzki, Introduction to quantum effects in gravity, Cambridge
University Press (2007).

V. P. Frolov and I. D. Novikov, Black hole physics: Basic concepts and new develop-
ments, Kluwer Academic Publishers, 1998.

G. Domeénech, S. Mukohyama, R. Namba, A. Naruko, R. Saitou, and Y. Watanabe,
Deriative-dependent metric transformation and physical degrees of freedom, Phys.
Rev. D 92, 084027 (2015), arXiv:1507.05390 |hep-th] .

S. Bianco, V. N. Friedhoff, and E. Wilson-Ewing, Modified dispersion relations,
inflation and scale invariance, Phys. Rev. D 97, 046006 (2018), arXiv:1609.06891

|lgr-qc| .

K. Takahashi and T. Kobayashi, Fxtended mimetic gravity: Hamiltonian analysis
and gradient instabilities, JCAP 11, 038 (2017), arXiv:1708.02951 [gr-qc| .

A. Ganz, P. Karmakar, S. Matarrese, and D. Sorokin, Hamiltonian analysis of
mimetic scalar gravity revisited, Phys. Rev. D 99, 064009 (2019), arXiv:1812.02667

|lgr-qc| .

H. Firougzjahi, M. A. Gorji, and S. A. Hosseini Mansoori, Instabilities in Mimetic
Matter Perturbations, JCAP 07, 031 (2017), larXiv:1703.02923 |hep-th]| .

M. A. Gorji, S. A. Hosseini Mansoori, and H. Firouzjahi, Higher Derivative Mimetic
Gravity, JCAP 01, 020 (2018), |arXiv:1709.09988 |astro-ph.CO| .

A. Casalino, M. Rinaldi, L. Sebastiani, and S. Vagnozzi, Alive and well: mimetic
gravity and a higher-order extension in light of GW170817, Class. Quant. Grav. 36,
017001 (2019), arXiv:1811.06830 [gr-qc] .

A. Emir Giimriik¢tioglu, M. Saravani, and T. P. Sotiriou, HoFava gravity after
GW170817, Phys. Rev. D 97, 024032 (2018), arXiv:1711.08845 [gr-qc| .


http://dx.doi.org/ 10.1016/S0393-0440(02)00028-1
http://dx.doi.org/ 10.1016/S0393-0440(02)00028-1
http://arxiv.org/abs/gr-qc/0201057
http://dx.doi.org/10.1063/1.1704952
http://dx.doi.org/10.1103/PhysRevD.92.084027
http://dx.doi.org/10.1103/PhysRevD.92.084027
http://arxiv.org/abs/1507.05390
http://dx.doi.org/ 10.1103/PhysRevD.97.046006
http://arxiv.org/abs/1609.06891
http://arxiv.org/abs/1609.06891
http://dx.doi.org/10.1088/1475-7516/2017/11/038
http://arxiv.org/abs/1708.02951
http://dx.doi.org/10.1103/PhysRevD.99.064009
http://arxiv.org/abs/1812.02667
http://arxiv.org/abs/1812.02667
http://dx.doi.org/ 10.1088/1475-7516/2017/07/031
http://arxiv.org/abs/1703.02923
http://dx.doi.org/ 10.1088/1475-7516/2018/01/020
http://arxiv.org/abs/1709.09988
http://dx.doi.org/ 10.1088/1361-6382/aaf1fd
http://dx.doi.org/ 10.1088/1361-6382/aaf1fd
http://arxiv.org/abs/1811.06830
http://dx.doi.org/ 10.1103/PhysRevD.97.024032
http://arxiv.org/abs/1711.08845

134 BIBLIOGRAPHY

[104] S. Akama and T. Kobayashi, General theory of cosmological perturbations in open
and closed universes from the Horndeski action, Phys. Rev. D 99, 043522 (2019),
arXiv:1810.01863 |gr-qc| .

[105] L. F. Abbott and R. K. Schaefer, A General, Gauge Invariant Analysis of the Cosmic
Microwave Anisotropy, Astrophys. J. 308, 546 (1986).

[106] E. M. Lifshitz and I. M. Khalatnikov, Investigations in relativistic cosmology, Adv.
Phys. 12, 185 (1963).

[107] J. M. Bardeen, Gauge Invariant Cosmological Perturbations, Phys. Rev. D 22, 1882
(1980).


http://dx.doi.org/10.1103/PhysRevD.99.043522
http://arxiv.org/abs/1810.01863
http://dx.doi.org/ 10.1086/164525
http://dx.doi.org/ 10.1080/00018736300101283
http://dx.doi.org/ 10.1080/00018736300101283
http://dx.doi.org/10.1103/PhysRevD.22.1882
http://dx.doi.org/10.1103/PhysRevD.22.1882

	Zusammenfassung
	Abstract
	Acknowledgements
	Publications
	Summary
	Introduction
	The theory
	Results & Conclusions
	Big Bang replaced by initial dS 
	Anisotropic singularity resolution requires asymptotic freedom
	Modified black hole with stable remnant
	Higher spatial derivatives avert gradient instability

	Outlook

	Asymptotically Free Mimetic Gravity
	Introduction
	Action and equations of motion
	The synchronous coordinate system
	Asymptotic freedom and the fate of a collapsing universe
	Quantum fluctuations
	Conclusions

	Mimetic Horava Gravity
	Black Hole Remnants
	Introduction 
	The Lemaître coordinates
	Modified Mimetic Gravity
	Asymptotic Freedom at Limiting Curvature
	Exact Solution
	Black hole thermodynamics
	Conclusions

	Non-flat Universes and Black Holes in A.F.M.G.
	The Theory
	Introduction
	Action and equations of motion

	Non-flat Universes
	Friedmann Universes
	Bianchi Universes

	Modified Black Hole
	Black hole in synchronous coordinates
	On generality of the solution = T
	Modified Einstein equations
	A spatially flat exact solution
	Conformal diagrams
	Electric charge
	First order rotation

	Conclusions
	Appendix
	A: Synchronous coordinates
	B: Explicit calculations in the variation of the action


	On Stability of Asymptotically Free Mimetic Horava Gravity
	Introduction
	The theory
	Background dynamics
	Metric perturbations in comoving gauge
	Vector perturbations
	Tensor perturbations
	Scalar perturbations

	Conclusions
	Appendix
	A: Calculation of second order actions
	B: Stability analysis of higher order spatial curvature bounces


	Bibliography

