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Preface

Currently, substantial research efforts are devoted to understanding the physics of
horizons. A horizon is a surface which separates a region of space-time which
is accessible to an observer from one which is not and from which this observer
cannot receive light or other physical signals. This feature gives rise to interesting
physics: with the emphasis given in modern times to the role played by information
in theoretical physics, it is easy to guess that a horizon will produce interesting
physical phenomena. If entropy is understood as information entropy, then a horizon
which hides information should be attributed some entropy. This is in fact what
the black hole thermodynamics developed in the 1970s found. The discovery of
Hawking radiation from black hole horizons made possible the development of
black hole thermodynamics, a remarkable and beautiful construct which shows
that, indeed, there is very interesting physics associated with horizons. Already
in special relativity without gravity, uniformly accelerated observers experience
acceleration horizons. When gravity is introduced, one encounters black hole and
cosmological horizons. Then, studying black holes, one meets inner, outer, Cauchy,
and extremal horizons, and in cosmology there are particle, event, de Sitter, and
apparent horizons.

The pioneers who developed black hole mechanics and thermodynamics in the
1970s discussed stationary black holes and event horizons. Dynamical situations
such as gravitational collapse, black hole evaporation by Hawking radiation, and
black holes interacting with nontrivial environments and exchanging mass-energy
require that the concept of event horizon be generalized. Conceivable dynamical
situations include black holes accreting surrounding fluids, black holes immersed
in a cosmological background, and, most significantly, black holes emitting (and
possibly absorbing) Hawking radiation, which becomes significant in the last
evolutionary stages. If a black hole is placed in a nontrivial environment, its mass-
energy should be also the internal energy which we need to account for in the first
law of thermodynamics. This mass-energy must be defined carefully, usually with
some quasi-local notion, which in turn is sometimes related to the notion of apparent
horizon.
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viii Preface

In dynamical situations, it is not clear what is meant by “black hole” because
the most salient feature of a black hole is precisely its horizon, and the event
horizon familiar from stationary black holes turns out to be essentially useless for
practical purposes in dynamical space-times. This major obstacle appears because
the definition of event horizon requires the knowledge of the entire future of space-
time, which is physically impossible to achieve in nonstationary situations. The
ambiguity in the notion of “horizon” therefore implies murkiness in the concept of
“black hole” itself. Simultaneously, thanks to the increase in the power of modern
supercomputers, great theoretical efforts are now made to predict in detail the
waveforms of gravitational waves emitted by black holes. These waveforms are
needed to build banks of templates to separate signals from noise in the laser
interferometric detectors of gravitational waves. The notion of event horizon is of
little use in the numerical study of fast astrophysical processes producing those
gravitational waves. Instead, “black holes” are routinely identified with outermost
marginally trapped surfaces and apparent horizons in numerical research. Hence,
a part of the research community is still focused on event horizons, while another
part dismisses it altogether and uses horizon surfaces, the role of which is not yet
understood clearly. This dichotomy needs to be addressed, and this work is intended
to give a contribution in this direction.

This book contains a series of graduate-level lectures introducing the main
problems in this area of theoretical physics. The first three chapters are pedagogical
in nature, while the remaining two report a series of “case studies” to which the
concepts of apparent and trapping horizon are applied. They consist of relatively
rare analytic solutions of Einstein’s theory and of scalar-tensor and f(Z%) gravity
which appeared in the literature and contain, at least in certain space-time regions,
black hole and cosmological apparent horizons. The dynamics of apparent horizons
can be rather bizarre and reserves several surprises. The phenomenology of apparent
horizons known thus far is described and analyzed. While this field of research is
definitely not settled and the last word is not said on any of the issues examined,
these lectures aim at collecting and summarizing the existing results and providing
an introduction and a toolkit for researchers approaching this field, especially
graduate students. An extensive bibliography refers the reader to specific points
which cannot be discussed in a single volume. I hope that these lectures will be
stimulating and that some of my readers will soon find new directions for this area
of research.

Sherbrooke, Canada Valerio Faraoni
April 2015
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Chapter 1
Stationary Black Holes in General Relativity

The noblest pleasure is the joy of understanding.

—Leonardo da Vinci

1.1 Introduction

Beginning with the Rindler horizons which appear for accelerated observers in
Minkowski space without gravity, one comes quickly to acknowledge the presence
of various types of horizons when gravity is introduced in spacetime: first one
encounters black hole horizons and cosmological horizons. Then, studying classical
and semiclassical black holes one is faced with inner, outer, Cauchy, and extremal
horizons. The early literature on black holes and the works which developed black
hole thermodynamics in the seventies had plenty to do with discussing stationary
black holes and event horizons (e.g., [23, 74, 75]). Dynamical situations such
as gravitational collapse, black hole evaporation due to Hawking radiation, and
black holes interacting with non-trivial environments and exchanging mass-energy
require that the concept of event horizon be generalized to some other construct
with which it is possible to work. Conceivable dynamical situations include black
holes accreting or expelling gravitating (i.e., non-test) matter; examples are Vaidya
spacetimes, black holes immersed in a cosmological “background” other than de
Sitter space, black holes emitting (and possibly also absorbing) Hawking radiation
(which becomes significant in the last evolutionary stages with backreaction playing
an important role), or black holes with variable mass because of other physical
processes. If a black hole is placed in a non-trivial environment, its mass-energy
should be also the internal energy which we need to account for in the first law of
thermodynamics. This mass-energy must be defined carefully; usually it is identified
with some quasi-local energy construct which is related to the notion of horizon. In
these lectures we will use the Misner-Sharp-Hernandez mass in spherical symmetry
and its generalization, the Hawking-Hayward quasi-local energy in the absence of
spherical symmetry.

Intuitively, an horizon is “a frontier between things observable and things
unobservable” [64]. Inequivalent notions of black hole horizon abound in the
technical literature and the terminology used features event, Killing, inner, outer,
Cauchy, apparent, trapping, quasi-local, isolated, dynamical, and slowly evolving

© Springer International Publishing Switzerland 2015 1
V. Faraoni, Cosmological and Black Hole Apparent Horizons,
Lecture Notes in Physics 907, DOI 10.1007/978-3-319-19240-6_1



2 1 Stationary Black Holes in General Relativity

horizons (Refs. [4, 7, 51, 74] are reviews of an extensive literature). For stationary
black holes some of these constructs coincide, but they are, in general, very different
or unrelated for dynamical black holes with masses and other physical parameters
which change with time. It is not clear what it is meant by “black hole” in dynamical
situations because the most salient feature of a black hole is precisely its horizon,
which is universally taken to signal the presence of a black hole. The ambiguity
in the appropriate notion of “horizon” therefore implies a serious ambiguity in the
concept of “black hole”.

The definition of event horizon inspired by (and historically attached to) station-
ary black holes turns out to be essentially useless for practical purposes in dynamical
spacetimes. This major obstacle manifests itself because knowing the event horizon
requires the knowledge of future null infinity, which is physically impossible to
achieve [3].

Astronomy is undergoing remarkable progress and it points out more and more
the important roles of stellar mass and supermassive black holes in astrophysical
processes. Great theoretical efforts are made to predict in detail the waveforms of
gravitational waves emitted by black holes. This programme is made possible by
the increase in power of modern supercomputers but it remains a very ambitious
goal. The notion of event horizon is of little use in the numerical study of the fast
dynamical evolution occurring in the gravitational collapse of a cosmic body, or in
the close inspiralling and merger of a black hole with its companion in a binary
system. “Black holes” are routinely identified with outermost marginally trapped
surfaces and apparent horizons in numerical work [6, 13, 73].

What about cosmological horizons? These surfaces are probably the playground
in which one should take baby steps in understanding horizon physics. The
cosmology textbooks discuss particle and event horizons in relation with early
universe inflation [42, 46, 49]. Different cosmological horizons, the apparent and
trapping horizons, are also used more and more. It was not long after the discovery
of Hawking radiation [32, 34] and the completion of black hole thermodynamics
that Gibbons and Hawking pointed out [28] that the event horizon of de Sitter space
behaves as a thermodynamic system and should be endowed with a temperature
and an entropy. The region of de Sitter space below the de Sitter horizon is static
and the horizon itself does not change in time, so it can be regarded to a certain
extent as the cosmological analogue of the Schwarzschild event horizon. There is an
important difference, though: a de Sitter horizon depends on the observer while the
Schwarzschild horizon does not. If the analogy carries through, then the analogue
of time-dependent black hole horizons would necessarily be the apparent and
trapping horizons of Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime,
which evolve with the cosmic time.

Similar to black hole thermodynamics for event horizons, there have been many
attempts to formulate a meaningful thermodynamics for other horizon constructs
(e.g., [4, 14, 35]). The thermodynamics of black hole apparent, trapping, isolated,
and dynamical horizons has been scrutinized often in recent years and thermody-
namical studies of FLRW apparent horizons have also appeared.
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At the same time, there has been a resurgence of interest in theories of gravity
alternative to General Relativity: they are motivated by various reasons. First, there
is the search for a quantum theory of gravity, which promotes interest in low-energy
effective actions, which invariably contain ingredients foreign to Einstein gravity,
such as scalar fields coupled non-minimally to the curvature (which give a scalar-
tensor nature to the theory), higher derivative terms, or perhaps non-local terms.
Other sources of interest in alternative gravity are the serious attempts [17, 68] to
explain the current acceleration of the universe discovered with type Ia supernovae
without invoking an ad hoc dark energy [1]. Although not as well motivated, there
are also attempts to remove the need for dark matter in galaxies and clusters by
modifying gravity, given that dark matter particles still elude direct detection.

Black holes in alternative theories of gravity evade the no-hair theorem of
General Relativity and one can have non-trivial scalar hair due to interactions
between scalar fields and astrophysical black holes [15, 63, 69, 70], which could
lead to detectable effects [5, 36]. Analytic solutions describing time-dependent black
holes in these theories allow one to get a glimpse of the phenomenology to expect.

More interest in alternative gravity comes from the thermodynamics of spacetime
idea, according to which Einstein theory corresponds somehow to a state of
thermodynamic equilibrium [38] and extended gravities to some sort of excitation
[19] in some “space of theories”. This idea, which seems to fit well in the wider
context of emergent gravity approaches to the problem of quantizing gravity, has its
foundations in the analysis of local Rindler horizons of observers with worldlines
threading spacetime, and in the prescription that the entropy is equal to one quarter
of the horizon area.

There are many instances in which cosmological and time-evolving horizons
play a role in theoretical research in gravity. In these lectures we review the main
properties of cosmological and black hole time-varying horizons in both General
Relativity and extended theories of gravity, and we attempt to provide a unified
view of their physics for applications to various areas of gravitational theory. We
begin with cosmological horizons, and then we discuss horizons associated with
time-dependent black holes. Since only a few exact solutions of General Relativity
and of other theories of gravity are known for which the horizons are explicitly time-
dependent, we concentrate on spacetimes which describe black holes embedded in
cosmological “backgrounds”, which have been studied in some detail.

We begin our study by reviewing basic material in the first two chapters. First
we recall the stationary black hole solutions of the Einstein equations: this first
chapter is meant to be only a refresher since there is no point in repeating the vast
and excellent literature on “standard” black holes. Chapter 2 reminds the reader
of the basic tools used in the analysis of black hole and other horizons, i.e., null
geodesic congruences, and introduces various definitions of horizons appearing
in the literature. The following chapter analyzes the various horizons of FLRW
space, including the thermodynamics proposed for these horizons. We also discuss
several coordinate systems for FLRW spaces which are useful in the study of the
dynamics and thermodynamics of cosmological horizons. The following chapters
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discuss analytic solutions of the field equations of various theories of gravity which
exhibit time-varying horizons and, often, horizons which appear and/or disappear in
pairs.

In the following, a spacetime (.#, g4») is described by a 4-dimensional manifold
/ on which a metric tensor field g,, with Lorentzian signature — + ++ is defined.
We follow the notations and conventions of Wald’s book [74]. In particular, we use
units in which the speed of light ¢ and Newton’s constant G are unity. The Riemann
tensor is given by
+rerd —rerd (1.1)

ac” eb bc” ea

Rabcd = Fadc,b - Fb‘i'.a
in terms of the Christoffel symbols I, of the metric g,,. The Ricci tensor is the
contraction

Rac = Rabcb ’ (12)

and the Ricci scalar is Z = gR,,.

1.2 Stationary Black Holes of General Relativity

For introductions to the theory of General Relativity and basic properties of its
stationary black hole solutions, we refer the reader to well known textbooks
[11,48,58,74]; for a useful list of references on “standard” general-relativistic black
holes see [16, 24, 58]. Here we review background material used in the following
chapters and the main asymptotically flat black hole solutions of Einstein theory.
According to the no-hair theorems [12, 33, 37, 50, 66, 67], the Schwarzschild and
Kerr spacetimes and their charged (Reissner-Nordstréom and Kerr-Newman) gen-
eralizations are the generic asymptotically flat electrovacuum black hole solutions
of this theory. In General Relativity a black hole formed by gravitational collapse
will settle down to a state determined by only three parameters: its mass M, angular
momentum J, and electric charge Q, irrespective of the initial configuration, the
nature of the collapsing matter, and the details of the collapse. Perturbation analyses
show that perturbations are radiated away quickly according to laws established by
Price (a field with spin s will radiate away a multipole / > s in such a manner
that, in the late stage of collapse, the field decays with a power-law tail scaling with
time as *7*! where p = 1 for initially static multipoles and p = 2 otherwise
[30, 60, 61]). A black hole characterized only by the three parameters M, J, and Q
can correspond to a very large number of possible configurations unobservable by
an observer located outside the horizon and then, heuristically, to a large entropy.
Let us review the classic black hole spacetimes in various coordinate systems. It
is often convenient to introduce coordinates tied to particular families of timelike
observers or to use null coordinates based on outgoing or ingoing null geodesics. It
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is sometimes useful to see the latter as the null limit of the worldlines of timelike
observers. All the spacetimes which we review in this chapter are asymptotically
flat and stationary.

1.3 Schwarzschild Spacetime

The Schwarzschild metric was discovered soon after Einstein introduced the theory
of General Relativity and is the prototype of a black hole spacetime. Several
coordinate systems have been developed in order to study it.

1.3.1 Schwarzschild Coordinates

The Schwarzschild line element is

2M dR?
ds* = — (1 - 7) dr* + o + R*d$2}, (1.3)
R

in Schwarzschild (or “curvature”) coordinates in which R is the areal radius, i.e.,

| of
R = e with .o being the area of 2-spheres of symmetry, and where
4

A2 = df? + sin® 6 dg? (1.4)

is the line element on the unit 2-sphere, which will be used throughout these
lectures. The metric (1.3) is a vacuum solution of the Einstein equations and it is
static, spherically symmetric, and asymptotically flat; it exhibits the well-known
event horizon at R = 2M, which corresponds to a singularity of the Schwarzschild
coordinates at which gop = 0, but not to a true spacetime singularity—the invariants
of the curvature tensor are finite there. There is a true spacetime singularity at R = 0,
where the invariants of the curvature tensor diverge. The Schwarzschild coordinate
patch only covers the region R > 2M exterior to the horizon.

The concept of event horizon will be discussed in detail in Sect. 2.4. For now, it
is sufficient to know that light and massive particles which start out in the region
R < 2M cannot escape from it. The entire region R < 2M “below the horizon” is
not seen by observers located at radii R > 2M (the region “outside the horizon”).

The Schwarzschild line element represents a one-parameter family of metrics
parametrized by the mass parameter M. Only non-negative values of this parameter
are physical, while the limit M — 0 gives Minkowski space.!

'One should be careful, however, in taking limits of the spacetime geometry based on coordinate
systems: the M — 0 limit of Schwarzschild space, really, produces either Minkowski space or a
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1.3.2 Isotropic Coordinates

It is common to see the Schwarzschild metric presented using the isotropic radius r

defined by
M2
RE?(I—i——_) . (1.5)
2r

Isotropic coordinates (¢, 7, 6, ¢) consist of the usual Schwarzschild time ¢ and polar
coordinates (6, ¢), with the Schwarzschild areal radius R replaced by the isotropic
radius 7. Using 7, there are two copies of the spacetime region R > 2M outside the
horizon because Eq. (1.5) gives

_ R M 2M
=1y -2 (1.6)
2 R R

Isotropic coordinates for the Schwarzschild geometry were studied in detail in
Refs. [8, 76].
The definition (1.5) gives the relation between differentials

M2
and, using the relation
2
oM 1— M.)
1—-=— = 2r (1.8)
M 9
R <1 + 5

it is easy to obtain the Schwarzschild line element in isotropic coordinates from
Eq.(1.3)

1 — My 4
ds® = — ﬁ dr + (1 + g) (a0 + Pa2y,) . (1.9)
T35

The Schwarzschild event horizon R = 2M corresponds to ¥ = M /2, where the two
values (1.6) of the coordinate r coincide.

Kasner metric [27] and, strictly speaking, a coordinate-free approach [55-57] is needed to make
limits rigorous.
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1.3.3 Kruskal-Szekeres Coordinates

The Kruskal-Szekeres coordinates [44, 72] replace the Schwarzschild coordinates
(t, R) leaving the polar angles (6, ¢) untouched and are based on ingoing and out-
going radial null geodesics. Introduce first the Regge-Wheeler tortoise coordinate
[62, 77]

=R+2MIn

R 1 (1.10)
2M '
defined in the range —oo < r* < 400 corresponding to 2M < R < +oo. This
coordinate is chosen so that
dR? 2M
— = (1-=)@")? (1.11)
1—2M/R R

and the 2-metric of the (¢, *) surface is explicitly conformally flat,
2M
dstyy = (1 - ?) [—dr® + (@r)?] . (1.12)

The differential of r* is related to that of the areal radius R by

dR

arf = ———.
1—2M/R

(1.13)

Then the null coordinates
u=t—r*, v=t+7r" (1.14)
(“retarded time” and “advanced time”, respectively) turn the line element (1.3) into
M N M
ds* = (1 - 7) [—di® + (dr*)?] + RdS2},) = — (1 - ?) dudv + R*d$23, .
(1.15)
where R(u, v) is an implicit function of u and v defined by *(R) = (v — u) /2. Now
introduce the new null coordinates

U= Fe /M, V= el/M (1.16)

where the upper sign refers to the exterior region (there are two copies of the region
R > 2M in these coordinates). The function R(U, V) is given implicitly by

R
ef/2M (ﬁ — 1) =-UvV (1.17)
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and one obtains the Schwarzschild line element in Kruskal-Szekeres coordinates

ds* = ——— e *Mquav + R* s, (1.18)
which is clearly regular at R = 2M.

The surfaces R = constant correspond to UV = constant, which describes
hyperbolae with two branches asymptotic to the U and V axes. The event horizon
R = 2M corresponds to U = 0 and/or V = 0, while the singularity R =
0 corresponds to two branches of the corresponding hyperbola UV = 1. The
spacetime region R > 2M covered by the Schwarzschild coordinates corresponds to
V > 0and U < 0 (“region I” in Fig. 1.1), but it is clear that the Schwarzschild
manifold includes also the region U > 0 and V > 0 (“region II”’). There are
also two other regions (“region III” and “region IV”’) describing a Schwarzschild
white hole, i.e., the time-reversal of a black hole, which constitutes the maximal
extension of the Schwarzschild manifold. However, these regions are not accessible
to timelike or null particles because the Kruskal diagram describes vacuum and
must be cut off at the timelike surface of collapsing matter. The R = 0 singularity of
the Schwarzschild metric is spacelike because the coordinate R turns timelike when
crossing from outside to inside the event horizon R = 2M and for 0 < R < 2M a
surface R = constant is spacelike (much like a surface ¢+ = constant in the region
R > 2M outside the event horizon).

1.3.4 Eddington-Finkelstein Coordinates

The Eddington-Finkelstein coordinates [18, 21] use either the retarded or
the advanced time (1.14). The ingoing Eddington-Finkelstein coordinates are
(v, R, 0, @), the outgoing Eddington-Finkelstein coordinates are (u, R, 0, ¢).

In ingoing Eddington-Finkelstein coordinates (v, R, 0, ¢), using Eq.(1.13) and
dt = dv —dr* = dv — dR/ (1 — 2M/R), one obtains

FES (1 _ 2_M) dv® + 2dvdR + R2d$2> (1.19)
= R 2 - ’

In outgoing Eddington-Finkelstein coordinates (u,R, 0, ¢), dt = du + dr* = du +
= 7 gives

2M
ds? = — (1 - 7) du® — 2dudR + R*d$2, . (1.20)

(Note the difference in the sign of the off-diagonal term in outgoing and ingoing
coordinates.) The coordinates (v, R) cover regions I and II of the Kruskal-Szekeres
diagram, while the coordinates (u, R) cover regions III and IV. Clearly, since u
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Fig. 1.1 The Kruskal-Szekeres plane: the horizon R = 2M corresponds to the U and V axes,
the singularity R = 0 to the hyperbola UV = 1, and region I is covered by the Schwarzschild
coordinates (¢, R). The Schwarzschild black hole is described by regions I and II and the white
hole by regions III and IV. The timelike worldline of a particle crossing the event horizon and
falling onto the singularity is also shown

describes outward-propagating radial null rays and these cannot exit from the
Schwarzschild event horizon, the coordinates (#, R) cannot describe regions I and 11
but they are useful to describe the white hole regions. In an Eddington-Finkelstein
(v,R) or (u,R) diagram, outgoing radial null geodesics do not propagate at 45°
angles while ingoing radial null geodesics do. In fact radial null geodesics, which
have ds* = 0 and df = dg = 0, satisfy

2M
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Curves with dv = 0 (v = constant) correspond to ingoing rays of constant
slope dv/dR = 0 at 45° angles with the axes of the (7, R) plane, while dv =
2dR/ (1 — 2M/R) corresponds to rays of variable slope dv/dR = 2/ (1 —2M/R).

1.3.5 Painlevé-Gullstrand Coordinates

Painlevé-Gullstrand coordinates for the Schwarzschild geometry [29, 54] are dis-
cussed in various references [25, 26, 43, 65]; a pedagogical introduction is given in
Ref. [47], which we follow here.

The three spatial coordinates (R, 6, ¢) are the usual Schwarzschild coordinates,
while the Painlevé-Gullstrand time T is the proper time of radial freely falling
observers who start from rest at infinity. The components of the timelike 4-velocity
u® of such observers in Schwarzschild coordinates can be found by solving the
geodesic equation, but it is easier to resort to the staticity of the Schwarzschild
spacetime and to energy conservation along timelike geodesics. The normalization
u‘u. = —1 gives

2
- 2M) My (1.21)

02 _1_ ="

while, denoting by £ = (3/0r)? the timelike Killing vector, the energy per unit

mass E = — = —u‘E. is conserved along timelike geodesics travelled by particles
m
of mass m [74]. It is
- 2M 2M

which, in conjunction with Eq. (1.21), yields

. 2M
E*=1- =+ (u")?. (1.23)

Since the observer is infalling, it is u' < 0. At R — +00, this relation yields

2

=2 _ V(o) _ 1 _ .2
Er=1+ / 2 Tz Voo
l—v(oo) (00)

where v(0) is the three-dimensional velocity at infinity and y(«) is the correspond-
ing Lorentz factor. The energy per unit mass of this observer can be expressed as

- 0 1

E=uy)=—F—7=x. (1.24)

2
1-— V{0)
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The Painlevé-Gullstrand time 7 is obtained by setting® v(oo) = 0. With this choice

- [2M
one obtains E = 1, u° = 1- 2M/R)_1, andu! = — x Therefore, one has

M 1 2M
u- = j,— 7,0,0 , (125)
R
V2M/R
u, = —1,—m,0,0 . (126)
R
Now, it is
u, = =V, T =—0,T (1.27)

for a function T this property is crucial for the introduction of the Painlevé-
Gullstrand time 7. In fact, by integrating it using Eq. (1.26) one obtains 9,7 = 1
and

T=1t+f(R) (1.28)

VIM/R

1 —2M/R "

T = [ VMR e g(0). (1.29)

1—2M/R

for 1 = 0 while, for u = 1, one obtains dgT =

By comparing Eqgs. (1.28) and (1.29) one obtains

T=t+/—'2M/RdR, (1.30)

1—2M/R

which is immediately integrated to

R 1 a7~ 1

T=t4+4M|— + |2 || (1.31)
oM 2 R
R+

2A more general family of coordinates parametrized by the parameter p = 1 — v(zoo) with

0 < v(c0) < 1areintroduced in [45] and discussed in [47]; it includes as special cases the Painlevé-
Gullstrand coordinates for p — 1, Eddington-Finkelstein coordinates in the lightlike limit p — 0,
and it is related to another family of coordinate systems characterized by p > 1 and discussed in
Refs. [25, 26].
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As a check, by differentiating the last expression it is easy to see that T satisfies
Eq. (1.27). Contrary to the Kruskal-Szekeres coordinates, the Painlevé-Gullstrand
time is given as an explicit function of ¢ and R.

Since, from Eq. (1.30), it is df = dT — \/2M/R (1 —2M/R)™" dR, one obtains
the Schwarzschild line element in Painlevé-Gullstrand coordinates

2M [2m
ds* = — (1 - 7) dr* +2 = dTdR + dR* + R*d$2},, (1.32)

or, alternatively,

2
ds* = —dT? + (dR + 4/ m dT) + R2d$22 (1.33)
- R (2) - :

The metric (1.32) is clearly regular at the event horizon R = 2M but singular at
R = 0; it is non-diagonal and the three-dimensional surfaces 7 = constant are flat,
as can be seen by setting 7 = constant which gives dsé) = dR®> + de.Q(zz), the
Euclidean line element in three dimensions.

The Painlevé-Gullstrand coordinates do not cover the white hole portion of the
Kruskal-Szekeres plane but only regions I and II because the radial freely falling
observers cross the future, but not the past, event horizon (see Ref. [47] for a
discussion).

Following Ref. [52] (the authors of which actually consider the more complicated
situation of non-static and non-asymptotically flat metrics), we can reintroduce
the speed of light ¢ and define the quantity v(R) = +/2M/R to rewrite the line
element (1.32) as

ds* = —[* —v*(R)]dT? + 2v(R)dTdR + dR* + R*d$2},, . (1.34)

1.3.6 Kerr-Schild Coordinates

A Kerr-Schild metric is an algebraically special metric of the form [40, 41, 71]
8ab = Nab + A kakp , (1.35)

where 1., is the flat Minkowski metric, A is a scalar function, and £“ is a null
geodesic vector with respect to both 7., and g,:

Nakk> =0,  gupkk? =0, (1.36)
k°0.k* = k°V .k =0, (1.37)
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where k* = 7“°k,. The inverse of the Kerr-Schild metric (1.35) is

g = n" — XkekP (1.38)
since g.,8" = 8¢. Kerr-Schild coordinates are those in which a Kerr-Schild metric
assumes explicitly the form (1.35). The Einstein field equations for Kerr-Schild
metrics in Kerr-Schild coordinates are linear [31]. The Kerr-Schild class of metrics
includes the Reissner-Nordstrom, Kerr-Newman, Vaidya, and pp-wave spacetimes.
Kerr-Schild coordinates for the Schwarzschild metric are (7, R, 0, ¢), where the time
coordinate used is [48]

i=v—R=t+r"—R. (1.39)

The null geodesic vector corresponds to the tangent of the ingoing radial null
congruence and the Schwarzschild metric in Kerr-Schild coordinates is [48]

oM aM oM
ds* = — ( )Jz —didR + ( n )dR2 + R, (1.40)

where A = 2M /R and k, = (1, 1,0, 0) in coordinates (IR, 0, ¢).

1.3.7 Novikov Coordinates

The Novikov coordinates [48, 53] employ the comoving time t of geodesic
observers and the comoving radius

Rinax
2M

R -1, (1.41)

where R.x 1s the largest R-coordinate attained by a test particle ejected near the
singularity R = 0 [48, 53]. The Schwarzschild line element in Novikov coordinates
is

1+R2) (9R
ds* = —dr* + ( ”;2 ) ( R ) dR;, + R*dS2},) . (1.42)
* *

where R = R (t, R4) is given implicitly by

T R (R/2M)’ 32 R/2M
L (1R, - (R O Y il
o = T LHR) oy 1+ R (1 Ry cos 1+R

(1.43)
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1.4 Reissner-Nordstrom Metric

The Reissner-Nordstrom spacetime describes the geometry of a static, spherically
symmetric, asymptotically flat, electrically charged black hole which solves the
Einstein-Maxwell equations (therefore, not the vacuum, but the “electrovacuum”
Einstein equations) with a purely electric radial field.

1.4.1 Schwarzschild Coordinates

The Reissner-Nordstrom line element in Schwarzschild coordinates is

2m 2 2m 2\

while the only non-vanishing components of the Maxwell tensor are those of the
electric field

Q

FOl — _Flo _ )
R2

(1.45)
This line element describes a two-parameter family of metrics parametrized by the

mass m (which is the Arnowitt-Deser-Misner mass [2]) and the electric charge Q.

) ) " 2m  Q? .
The inverse metric component g'* = | 1 — N3 + el vanishes at

Ry =m=+ Vm?— 02, (1.46)
and therefore there are two horizons, commonly called inner and outer horizon.?
The metric (1.44) describes a black hole spacetime when |Q| < m and a naked
singularity when |Q| > m. The case |Q| = m describes an extremal black hole for
which the inner and outer horizons coincide, R+ = R— = m.

Since gop vanishes at Ry, the Schwarzschild coordinates (¢, R, 6, ¢) become
singular there and they only cover the region R > R .

1.4.2 Kruskal-Szekeres Coordinates

A Kruskal-Szekeres coordinate patch can be introduced which covers the region
R_ < R < 400, but it does not penetrate the inner horizon R = R_ and another

3In the terminology to be introduced later, the outer horizon R = R is an event and an apparent
horizon, while the inner horizon R = R_ is an apparent, but not an event, horizon, and is also a
Cauchy horizon which is unstable [9, 59].
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coordinate patch is needed there (that is, Kruskal-Szekeres coordinates are specific
to a single horizon). We introduce u = ¢t — r* and v = ¢ + r* as usual, the function

2 2
fR=1- ?m + %, and the quantity
/R 1 2
K+Ef(2+) :R—z(m—]?—). (1.47)
+ +

Then, for R— < R < 400, we define the Kruskal-Szekeres coordinates
Uy = Fe ¥+, Vi =Y, (1.48)

with the upper sign for the exterior region R > R, and the lower one for the

interior region R < R, . These coordinates are well behaved near the outer horizon

but become singular near the inner horizon where r* — 400 (see Ref. [58]

for a detailed discussion). Near the outer horizon the metric in Kruskal-Szekeres
coordinates is

ds® ~ — iz

Ky

dU4dVy + RdS2},, . (1.49)

A second patch of Schwarzschild coordinates, distinct from the one used for R >
R4, can be used in the region R < R < Ry. To extend the metric inside the
inner horizon, define again u = ¢ — r* and v = ¢ + r* using the inner Schwarzschild
radial and the tortoise coordinates, in addition to

J'(R-)
5

K_ (1.50)

and then
U_ = Fe ", Vo = —e“", (L.51)

with the upper sign for R > R_ and the lower one for R < R_. Near the inner
horizon R = R_ the line element is [58]

2
ds® ~ — = dU_dV_ + R2dS2}, . (1.52)

which is regular at R = R_. The coordinates (U_, V_, 0, 0) are regular at the inner
horizon but singular at the outer one R = R.

For R < R_, it is goo = —f < 0, hence the singularity at R = 0 is timelike,
contrary to the Schwarzschild R = 0 singularity which is spacelike. This means
that the Reissner-Nordstrom singularity can be avoided by observers in the region
R < R_, which can go around it in 3-space, while in the Schwarzschild spacetime all
observers who have crossed the horizon R = 2M must meet the R = 0 singularity
within a finite time.
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1.5 Kerr Spacetime

The stationary and axially symmetric Kerr metric [39] is interpreted as describing a
spinning black hole. The Kerr line element in Boyer-Linquist coordinates (t, r, 0, ¢)
is

2 4 in® 0 X 2
ds? = — (1 - ﬂ) d? — T didg + = sin dg + %dr2 + p2d0?
0

0? P

(1.53)

or, equivalently,

2 p>A 2, X o 2 P 2 2 102
ds" = ——dt" + — sin” 0 (dp — wdt)” + — dr” + p~d6~, (1.54)
b)) 0> A
where
0> =r*+d’cos’ 0, (1.55)
A=r—2mr+d°, (1.56)
¥ = (P+d)’ —dAsin®0, (1.57)
2

w =88 _ 219 (1.58)

833 »))

This line element describes a two-parameter family of spacetimes parametrized by
the mass M and the angular momentum per unit mass a (the total angular momentum
at spatial infinity given by the Komar formula is / = Ma). When a — 0 the Kerr
metric reduces to the Schwarzschild one.

The inverse metric has components

z
00
=, 1.59
g A (1.59)
2Mar
03 30
=g =" 1.60
g g A (1.60)
A
gl =, (1.61)
p
22 1
8§ ==, (1.62)
P
n A-d sin® @
P= (1.63)

02 Asin’ 0

The metric is singular at A =0 and p = 0; the first surface corresponds to
a coordinate singularity while the second one corresponds to a true spacetime
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singularity. In fact, the Kretschmann scalar

48m? (r2 — a? cos? 9) (p4 — 16a%r?* cos® 9)

RapcaR™ = > (1.64)
P
diverges there.
The static limit surface is defined by ggo = 0, which yields
rsL = m + vm? —a?cos? 6 . (1.65)

This static limit surface is also defined by considering static observers, i.e.,
observers whose 4-velocity is parallel to the timelike Killing vector £ = (9/dr)“
of components £ = (1,0,0, 0),
a __ a __ %-a
u' =yt = ——— (1.66)

\% _gcdé C%—d
or, in components,

§on
- (1.67)

A% |goo] .

This equation becomes invalid, and static observers no longer exist, when r
approaches the static limit ;. When r < rg. all observers are forced to co-rotate
with the spacetime, a phenomenon known as the “dragging of inertial frames”.

The static limit is not an event horizon; there is an event horizon located at

ry =m+~vm?—a?, (1.68)

where the quantity A vanishes. The static limit touches the event horizon at the poles
60 = £+ /2, where rsi. = r4, and the region between the static limit and the event
horizon is called ergosphere. The event horizon exists only if a < m, equivalent
toJ < m?> If a = m (or J = m?), the black hole is extremal. For a > m, the
Kerr metric describes a naked singularity and the extremal black hole, therefore,
constitutes a threshold between black holes and naked singularities in parameter
space.

There are two roots of g11 = 0, the equation which, as we will see later,
locates the horizons. Using Eq.(1.61), this condition is seen to be equivalent to
A = r? — 2mr + a®> = 0, which has as roots the radius of the event horizon r = ry
and

r—=m—~Nm?—a?. (1.69)

This surface is analogous to the inner horizon of the Reissner-Nordstrom spacetime.
The two horizons at r = r4 coincide for an extremal black hole with a = m.
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1.6 Kerr-Newman Metric

The Kerr-Newman spacetime is interpreted as describing an electrically charged
spinning black hole. It is a three-parameter (mass M, angular momentum per unit
mass a, and electric charge Q) family of metrics. The Kerr-Newman line element in
Boyer-Linquist coordinates is

2A 2 2
d&:-%Tm%wjmﬁmw—wwf+ﬂuﬁ+ﬁw2 (1.70)

o A

where
0 =1+ a*cos’ 6, (1.71)
A=r*=2mr+d + Q, (1.72)
¥ = (P +d)’ —dAsin®0, (1.73)
2 2
—A

L G it +; ). (1.74)

The Kerr-Newman metric reduces to the Kerr metric in the limit Q — 0 and to the
Reissner-Nordstrom one when a — 0. The static limit is given by

rsL(0) = m + \/mz—Qz—azcoszé; (1.75)
the horizon is located at
ry =m+ ym?—Q%—ad?, (1.76)

with the ergosphere comprising the region ry < r < rgr.

1.7 Energy Conditions

Here we summarize the point-wise energy conditions of General Relativity. The
energy conditions satisfied by a certain form of matter are formulated in terms of its
energy-momentum tensor 7. In order to visualize an energy condition, it is useful
to see the form that it assumes for a perfect fluid characterized by the stress-energy
tensor

Tap = (P + p) ugup + Pgap . (1.77)
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e The weak energy condition (WEC) is
Tpt“” >0 for all timelike vectors . (1.78)
For the fluid (1.77), this condition becomes
p>0 and p+P>0. (1.79)
e The dominant energy condition (DEC) consists of the WEC and of the extra
requirement that T t, be a null or timelike vector (i.e., T T 1° 1 < 0) for any
timelike vector #*. For the fluid (1.77) the DEC assumes the form

p =P, (1.80)

(i.e., the speed of the energy flow does not exceed the speed of light).
* The null energy condition (NEC) consists of

T 1°1° >0  forall null vectors [*; (1.81)
for the fluid (1.77), this means that
p+P=>0. (1.82)
Violations of the NEC are studied in the context of macroscopic traversable
wormholes and occur in cosmology if the expansion of the universe is super-
accelerated (H > 0, where H is the Hubble parameter); in this case energy is
called phantom energy.
e The null dominant energy condition (NDEC) consists of

Tl >0 and T%1, is null or timelike for any null vector . (1.83)

The NDEC resembles the DEC but here [/ is null instead of timelike. The NDEC
for the fluid (1.77) amounts to

p>|P|l or p=-P. (1.84)

* The strong energy condition (SEC) consists of

1
(Tab -5 Tgab) “1* > 0 for any timelike vector 1 (1.85)

or, for the fluid (1.77),

p+P>0 and p+3P>0. (1.86)
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This condition ensures that gravity is always attractive and is violated by a
positive cosmological constant (which satisfies P = —p™)), during inflation,
or in a dark energy-dominated cosmological era with P < —p/3.

Quantum systems are expected to violate all of the energy conditions, including
positivity of the energy density, on short timescales (e.g., [22]). However, while a
negative energy density is permitted for a quantum system during a certain interval
of time, it appears that later on the system more than compensates with a positive
energy density (quantum interest), thus respecting some averaged energy conditions.

Even at the classical level, alternative theories of gravity and the theory of a scalar
field nonminimally coupled to the Ricci curvature contain fields which can violate
all of the energy conditions [10, 20].

1.8 Conclusions

The previous list of spacetimes commonly associated with black holes is not
exhaustive. For detailed discussions of these spacetimes, the timelike and null
geodesics in them, and the thermodynamics of their horizons, see Refs. [11, 23,
48, 58, 71, 74, 75]. In the following chapters we assume that the reader has some
familiarity with these basic solutions of Einstein’s theory and we will focus on
causal barriers which preclude the knowledge of spacetime regions to families of
(timelike) observers.

Problems

1.1. Prove that u =t —r" and v = ¢+ r* are null coordinates. Show that the
coordinates u = t — r and v = ¢ + r, instead, are not null.

1.2. Establish the causal character of the inner and outer horizons of the Reissner-
Nordstrom metric (1.44).
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Chapter 2
Horizons

The greatest deception men suffer is from their own opinions.

—Leonardo da Vinci

2.1 Introduction

We will now review standard tools used in the analysis of horizons and black hole
physics, most notably the congruences of null geodesics crossing a horizon. Many
textbooks present this standard material but we will recall it here anyway to provide
a more self-contained discussion. Then we will present the laws describing how
these null geodesic congruences are affected by gravity. Certain formulae which
are used in the calculations of the following chapters will also be introduced here.
The case of spherical symmetry is particularly important because most of the known
analytic dynamical solutions of Einstein theory and of alternative theories of gravity,
which are used to gain physical insight into both gravitational physics and the
physics of horizons, are spherically symmetric.

2.2 Null Geodesic Congruences and Trapped Surfaces

A null geodesic is a curve on the spacetime manifold which has null tangent I (i.e.,
I*l, = 0) and satisfies the geodesic equation

PV ¢ =a(L) 1, 2.1

where A is a parameter along the curve. The geodesic equation expresses the fact
that the tangent is transported parallel to itself as one moves along the geodesic, or,
the fact that this curve is “as straight as possible” in the curved spacetime.

The parameter A can be chosen so that the geodesic equation simplifies to

IPVy¢ =0 (2.2)
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or, in components,

d?xH u dx® dxP _
dA? “Bgr dr

2.3)

where x# (1) are the coordinates of points along the curve. If the geodesic equation
reduces to the simple form (2.3), we say that it is affinely parametrized and that A is
an affine parameter. Two affine parameters A and A’ can differ at most by an affine
transformation,

A =a\+b (2.4)

where a and b are real constants (e.g., [78]).

Let O be an open region of the spacetime manifold; a congruence of curves in
O is a family of curves such that through every point of O passes one and only one
curve of the family. The tangents to these curves define a vector field on O (and,
conversely, every continuous vector field in O generates a congruence of curves,
those to which the vector field is tangent). If the field of tangents is smooth, we say
that the congruence is smooth. In particular, we can consider a congruence of null
geodesics with tangents [ in the open region O.

Consider a congruence of affinely parametrized null geodesics with tangent [
and affine parameter A, which satisfy [°l, = 0 and I°V,[“ = 0. Let us consider now
another parameter s which labels the various geodesics of the congruence in O,
so that the family of curves parameterized by A and s generates a 2-dimensional
surface with coordinates A and s. Points along the geodesics of the congruence
in O have spacetime coordinates x* = x**(A, s) and, in analogy with the tangent
I* = 9x* /9, we can introduce the deviation vector with components n* = dx* /ds.
By construction, it is

nl, =0 2.5)

but n“ can still have a component along the curves, that is, parallel to /“ because [ is
null (this would not be the case if we were considering timelike geodesics instead).
However, we can restrict ourselves to deviation vectors which are considered to
be equivalent if they differ only by a component along /. More precisely: define
the equivalence relation n° ~ n* < n* —n® = bl* for some real number b. It is
straightforward to show that ~ is an equivalence relation and we can consider
equivalence classes of deviation vectors.

The tangent space composed of all vectors orthogonal in this sense to [
constitutes a 2-dimensional vector space and we can consider its dual and the space
of tensors built with them (see Refs. [78, 95] for details). It can be proved that the
geodesic deviation vector ¢ satisfies the geodesic deviation equation

D2 na

Dz = —Rpequln‘u, (2.6)
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which expresses the fact that neighbouring geodesics deviate from each other
because of the spacetime curvature.

Consider now a congruence of null geodesics with tangent [ parametrized by
an affine parameter A, with [,/ = 0 and [Vl = 0. The metric h,, in the 2-space
orthogonal to [* is constructed as follows [78]: select another null vector field n*
such that n.n° = 0. The null vectors [° and n¢ are defined up to rescalings; here we
normalize them according to [“n. = —1, but other choices are possible and will be
used later. Then, the 2-metric orthogonal to /¢ is

hub = Zab + lanb + lbna . (27)

It is easy to verify that A, is purely spatial and 4%, is a projection operator onto the
2-space orthogonal to [“:

hap 14 = hap I° =0, (2.8)
e, =2, (2.9)
he hSy = h. (2.10)

Only the null congruence with tangent [ is fixed and the choice of n? is not unique,
but geometric and physically relevant quantities do not depend on it.
Let n“ be the geodesic deviation vector and define the tensor field [78, 95]

By, = Vi, 2.11)
which satisfies IV, n° = B%, n” and is orthogonal to the null geodesics, B,l* =
B!’ = 0. The transverse part of the deviation vector (“relative velocity” of two
neighbouring geodesics) is

i = h " ="+ ()l (2.12)

The orthogonal component of [°V.n?, denoted by a tilde, is [78]
(V) = W'l aB’ 7 = By i’ (2.13)
The transverse tensor By, is decomposed into its symmetric and antisymmetric parts,

and the symmetric part is further decomposed into its trace and trace-free parts as
[78, 95]

- - - 0
Buy = Bap) + Blap) = (5 hap + Uab) + Wap (2.14)

where the trace

0 = gBy, = §°Byy = V.. I (2.15)
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is the expansion of the affinely-parametrized congruence (this quantity does not
depend on the vector n?);

0
O = = hav (2.16)
2
is the expansion tensor;
~ 0
Oap = Bap) — ) Rab 2.17)
is the shear tensor; and
Wab = Blay] (2.18)

is the vorticity tensor. The expansion, shear, and vorticity tensors are purely
transversal:

Ol =6, =0, (2.19)
owl =0,° =0, (2.20)
O l° = wpl? =0, (2.21)

and the shear and vorticity are trace-free, 0%, = w“, = 0. The shear scalar and
vorticity scalar are

o2 =o,0?, ®* = Wy o™ (2.22)

and they are non-negative. The propagation of the expansion along a null geodesic
is ruled by the Raychaudhuri equation [78, 95]

2
% = —% — 0% + 0 = Ryl (2.23)
(which is invariant under redefinitions of n), and similar propagation equations hold
for o, and wgy, [95]. This equation describes how null rays are focused (d0/dA < 0)
or defocused (df/dA > 0) by expansion itself, shear, rotation, and matter (related
to R, through the Einstein equations). Conventional forms of energy in General
Relativity satisfy the positive curvature condition R, I > 0 and the old adage
“gravity always focuses” follows from this condition. Therefore, a gravitational lens
will focus light rays passing nearby. Shear acts as gravity while rotation acts in the
opposite direction. This effect is familiar in Newtonian gravity, where the rotation
of a massive body is associated with a centrifugal acceleration which counteracts
the gravitational attraction (except at the poles).
Thus far, we have considered affinely-parametrized geodesics. If the congruence
of null geodesics with tangent I is not affinely-parametrized, the geodesic equation
assumes the form
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IV = k[ (2.24)

instead of [I°V .l = 0, where the quantity x which measures the failure of I* to
be affinely-parametrized is sometimes used, on a horizon, as a possible defini-
tion of surface gravity [72, 77]. The expansion of a congruence of non-affinely
parametrized null geodesics is then

0=V.I—« (2.25)
and the Raychaudhuri equation becomes [78]

2

% =k6— % — 0+ w? — Ryl (2.26)

A compact and orientable surface has two independent directions orthogonal to

it, corresponding to ingoing and outgoing null rays. In the presence of spherical

symmetry, one is naturally led to study congruences of radial ingoing and outgoing

null geodesics with tangent fields I and n?, respectively, which are orthogonal to the

2-spheres of symmetry. In this case the role of the vector n? is played by the tangent

to the ingoing null geodesics (hence the use of the same symbol). To compute the

expansion of the null vector [ when the geodesic to which it is tangent is not
necessarily affinely-parametrized, the relation

e b alb
6, = h™V, I, = [g“” + %] Vil (2.27)
—n¢ 8cd

is useful. Here h,” acts as a projection tensor onto the two-dimensional surface
to which both [ and n® are normal. If /“ is null everywhere then the expression
1V, I, in the third term on the right hand side vanishes identically. Equation (2.27)
is independent of the field equations of the theory of gravity and can be applied
when [° and n¢ are not normalized to satisfy [n. = —1 (this normalization is usually
imposed but it is not necessary and it sometimes conflicts with other requirements
that one may want to impose on [ and n¢, such as in the various possible definitions
of surface gravity on a horizon [72] or in calculations of quasi-local energy [49]).

The following are basic definitions for closed 2-surfaces in regard to the
ingoing and outgoing null geodesic congruences,! which have expansions 6, and
6,, respectively [4, 21, 24, 68]:

* A normal surface corresponds to 6; > 0 and 6, < O (this is the case, e.g., of a
2-sphere in Minkowski space in the absence of gravity).

I'While these 2-surfaces are usually assumed to be spacelike [4, 19, 21] this condition is not
imposed here.
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e A trapped surface [76] corresponds to 6; <0 and 6, < 0. In this case, the
outgoing, in addition to the usual ingoing, future-directed null rays are converg-
ing instead of diverging—Ilight propagating outward is dragged back by strong
gravity.

e A marginally outer trapped (or marginal) surface (MOTS) corresponds to 6§, = 0
(where [* is the outgoing null normal to the surface) and 6, < 0.

e An untrapped surface is one with 6,6, < 0.

e An anti-trapped surface corresponds to 6; > 0 and 6, > 0 (both outgoing and
ingoing future-directed null rays are diverging).

* A marginally outer trapped tube (MOTT) is a 3-dimensional surface which can
be foliated entirely by marginally outer trapped (2-dimensional) surfaces.

It was proved by Penrose that, in General Relativity, if a spacetime contains
a trapped surface, the null energy condition holds, and there is a non-compact
Cauchy surface for the spacetime, then the spacetime contains a singularity [76].
Trapped surfaces seem to be essential features in the black hole concept and
notions of “horizon” of practical utility will be identified with the boundaries of
spacetime regions which contain trapped surfaces. The mathematical conditions for
the existence and uniqueness of MOTSs are not totally clear at the moment. In
general, a marginally outer trapped tube can be distorted smoothly, which implies
that MOTTs are non-unique [2, 21, 39].

We will now examine various types of horizons which appear in the literature on
black holes, cosmology, quantum field theory in curved spaces, and the thermody-
namics usually associated with these horizons.

2.3 Rindler Horizons for Accelerated Observers
in Minkowski Spacetime

In Minkowski space, consider a particle of position x(f) moving with 3-velocity
u = dx/dt in an inertial frame. Its 3-dimensional acceleration is a = du/dt. The
transformation law of the 3-acceleration between this frame and another inertial
frame moving with constant speed v with respect to it is [87]

-l a (2.28)
a, = — ——=, .
! ]/3 (1 - UMX)B
1 a, vy,
d=—|a, + —‘} , (2.29)
Yoy —vwy)’ [ (- vuy)

, 1 |: LT i| (230)
a, ——|a —_—, .
21—t L (I —vuy)

-1/2 . .
where y = (1 —v?) /% is the Lorentz factor. Let us define now uniform accelera-
tion: for simplicity, assume that the particle moves along the x-axis, sou = (u, 0, 0).



2.3 Rindler Horizons for Accelerated Observers in Minkowski Spacetime 31

Clearly, one cannot proceed as in Newtonian theory by requiring that du/dt = con-
stant = a for constant acceleration because then u(¢) = uy + at exceeds the speed
of light when ¢ is sufficiently large, which is not possible in Special Relativity.
Therefore, a different definition is required (e.g., Ref. [38]). A particle has uniform
acceleration if and only if its acceleration has the same value at each instant in any
inertial frame comoving with the particle (i.e., in any frame moving with the same
velocity as the particle, in which the particle is instantaneously at rest). At different
times there are different inertial frames which are comoving but it is required that
they all measure the same acceleration a of the particle. In other words, it is required
that the particle move along a straight line and has constant proper acceleration a
(where the proper acceleration is the particle acceleration in the frame in which the
particle is instantaneously at rest).

In any instantaneously comoving frame (characterized by v = u), the particle
has velocity and acceleration

u =0, 2.31)
du’'
o = a = const. 2.32)

Then, the transformation rule for the acceleration between inertial frames gives (we
invert Eq. (2.28) by exchanging primed and unprimed quantities and changing v into
—v)

du 1 du (233)
dr y3 (] + vu’)3 dr '
and, setting ' = 0 and du//df’ = a = constant,
—3/2.d
(1—uw)™" ?L; =a. (2.34)
dz Z

This equation is integrated by remembering that / =

(@ —2) N

yielding the algebraic equation for u

—1”_ — =a(—n) (2.35)

where we assumed that an integration constant u, vanishes. This algebraic equation
is solved as

de o alt—h) (2.36)

d V1 + @t —1)
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and this ordinary differential equation can be easily integrated to yield

x(f) —xp = 2\/1 +a(t—19)* — é (2.37)

By squaring and collecting terms, one obtains

(x—xo+ 1) _—1)’ _
(&) (&)

For simplicity we take the initial condition xo = 1/a at fy =0, reducing

Eq. (2.38) to
1 2
2—P= (—) , (2.39)
a

(2.38)

a family of hyperbolae parametrized by the constant acceleration a and called
hyperbolic motions [25] or worldlines of Rindler observers [38]. The worldline of
the uniformly accelerated observer can be parametrized by its proper time 7 and has
equation

inh h
X(r) = (t(t),x(r),(), o) - (Sm (az) cos (“’),0,0) (2.40)
a a
and tangent
Wt = (cosh(ar), sinh(a), 0, 0) (2.41)
with u.u® = —1. Then, it is
 _ lanh(ar) (2.42)
v = u = — = tanh(at .
dt
and the Lorentz factor is
y = cosh(ar). (2.43)

1
As is evident by writing r = 4 4/x% — —» these hyperbolae have the branches of the
a

light cone through the origin t = £x as asymptotes. The effect of choosing arbitrary
initial condition xy and arbitrary initial time #; is only to move the origin. Each
hyperbola is the worldline of a uniformly accelerated observer travelling in the x-
direction. It is clear from Fig. 2.1 that the lines + = £x separate the spacetime in
two regions: the region to the left of this null cone through the origin is forever
unaccessible to the uniformly accelerated observer because signals sent from it
would have to travel faster than light to cross the line r = x and reach the observer.
This observer has an horizon, called Rindler (or acceleration) horizon. An horizon is
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Fig. 2.1 The Rindler horizon of a uniformly accelerated observer is the boundary of the shaded
region, i.e., the line r = x. A light signal emitted from the shaded region would have to travel faster
than light to reach the accelerated observer to the right of it

a causal barrier, a surface which separates spacetime into two regions—the region
beyond the horizon cannot causally influence the region in which the observer is
located and no information sent by the region beyond the horizon can ever leak out
and reach the observer. Vice-versa, signals sent by the observer can cross the event
horizon and propagate through the other region. The location of the event horizon
depends on the uniformly accelerated observer: different accelerated observers will
determine different acceleration horizons.

A uniformly accelerated observer in Minkowski spacetime is subject to the
Unruh effect of quantum field theory [34, 44, 89] (see, e.g., [27] for a pedagogical
exposition). Although an observer at rest in this Minkowski spacetime “sees” a
quantum vacuum corresponding to zero particles of a quantum field (usually taken,
for simplicity, to be a massless minimally coupled scalar field), the uniformly
accelerated observer will detect a thermal bath of particles in equilibrium at the
Unruh temperature given by

kT = (E) - (2.44)

c) 2n’
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where kp is the Boltzmann constant, 7 is the reduced Planck constant, and the
speed of light ¢ has been restored. The Unruh effect is analogous to the thermal
Hawking emission by black holes, with the uniform acceleration a playing a role
analogous to that of the surface gravity at a black hole horizon. Although there
is no gravity in Minkowski space, the Killing vector £ = x(d/01)* 4 #(3/0d,)* of
Minkowski spacetime defines a surface gravity equal to a [27], as we will see in
Sect. 2.12.
By defining the Rindler coordinates (T,X,Y,Z) as

t = X sinh(aT), (2.45)
x = Xcosh(aT), (2.46)
y=Y, (2.47)
=27, (2.48)
or, inversely, as
7= tann™! (). (2.49)
a x
X=~vx2-1, (2.50)
Y=y, (2.51)
Z=z, (2.52)

for |f| < |x|, the Minkowski line element ds* = —df* + dx*> + dy* + dz” is turned
into the Rindler line element

ds* = —a’X*dT?* + dX* + dY* + dZ* . (2.53)
The Rindler coordinate chart covers the region

—o0o<T< 400,
0<X< 400,
—o0 <Y < 400,

—0<Z<+00.

The Rindler metric is nothing but the Minkowski metric in a chart covering the
wedge |f| < |x|. Although the Rindler metric does not look flat, a calculation of
the Riemann tensor (which vanishes identically) shows that the geometry is indeed
flat. The Rindler metric has a coordinate singularity at X = 0, which corresponds
to the Rindler horizon ¢ = £x. The metric can be continued analytically beyond the
horizon by going back to the original Minkowski coordinates (¢, x, y, z).
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2.4 Event Horizons

The traditional notion of horizon emerging from the study of static or stationary
black holes in General Relativity is that of event horizon. An event horizon is a
connected component of the boundary of the causal past of future null infinity [47,
48, 78, 95]. In the notations of Ref. [95], in which .# is future null infinity and
J= () is its causal past, i.e., the set of all events which can send lightlike signals
to T, the event horizon is 9 (J (S Jr)). This definition embodies the most peculiar
feature of a black hole, i.e., the horizon is a causal boundary which separates a region
from which nothing can come out to reach a distant observer from a region in which
signals can be sent out and eventually arrive to this observer. An event horizon is
generated by the null geodesics which fail to reach infinity and, therefore (provided
that it is smooth) is always a null hypersurface.

In black hole research and in astrophysics the concept of event horizon is
implicitly taken to define the concept of static or stationary black hole itself.
However, since to define and locate an event horizon one must know all the future
history of spacetime (one must know all the geodesics which do reach null infinity
and, tracing them back, the boundary of the region from which they originate),
an event horizon is a globally defined concept. To state that an event horizon has
formed (which traditionally is understood to mean that a black hole has formed or
is about to form) requires knowledge of the spacetime outside our future light cone,
which is impossible to achieve (unless, of course, the spacetime is stationary and
the black hole has existed forever—then nothing changes and by knowing the state
of the world now one knows it forever). It is often said that the event horizon has a
teleological nature. It has been shown [6, 19] that, inside a collapsing spherical shell
in Vaidya spacetime, an event horizon forms and grows, starting from the centre,
and an observer can cross it and be unaware of it even though his or her causal
past consists entirely of a portion of flat Minkowski space. In other words, the event
horizon “knows” about events belonging to a spacetime region very far away and
with no causal connection (a property called “clarvoyance” [18]).

Because of its global nature, an event horizon is not a practical notion to work
with, and it is nearly impossible to locate precisely an event horizon in a general
dynamical situation. In practice, astrophysical black holes did not exist forever but
formed in a highly dynamical process of gravitational collapse. Numerical relativity
codes are written to follow a gravitational collapse, the merger of a binary system,
or other dynamical situations ending in a black hole, and they crash at some point.
It is clearly impossible to follow the evolution of a system all the way to future null
infinity. Numerical relativists routinely use marginally trapped surfaces as proxies
for event horizons (see, e.g., [16, 29]).

Strictly speaking, an event horizon .7Z is a tube in spacetime; it is a common
abuse of terminology to refer to the intersections of 7 with surfaces of constant
time (which produce 2-surfaces) as “event horizons”. Although improper, this
terminology is widespread and extends to the other notions of horizon that we define
below.
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Example 2.1. In the Schwarzschild geometry

2M dR?
ds* = — (1 - ?) dr* + T R*d$2},, (2.54)
R

the surface R = 2M is a well known event horizon.

Example 2.2. The outer horizon Ry = m + +/m? — 0? of the Reissner-Nordstrom
metric (1.44) is an event horizon. The inner horizon R_ = m — v/m? — Q? is not
because in the entire region R < R there are outgoing radial null geodesics which
fail to reach future null infinity and the surface R = R_ is not a boundary of a region
with this property.

2.5 Killing Horizons

Remember that a Killing vector field k¢ is one that satisfies the Killing equation
Vaky + Vipks = 0. (2.55)

A Killing vector describes a symmetry of spacetime in a geometric, coordinate-
invariant way [38, 48, 95].

A Killing horizon ¢ of the spacetime (M, g.») is a null hypersurface which
is everywhere tangent to a Killing vector field k* which becomes null, kk. = 0,
on . This Killing vector field is timelike, k%4, < 0, in a spacetime region which
has ¢ as boundary. Stationary event horizons in General Relativity are usually
Killing horizons for a suitably chosen Killing vector [28]. For example, in the
Schwarzschild geometry (1.3), the timelike Killing vector k* = (3/0dr)? in the
R > 2M region outside the horizon becomes null at R = 2M and spacelike
inside (i.e., for R < 2M). The event horizon R = 2M is also a Killing horizon.
More generally, any event horizon in a locally static spacetime is also a Killing
horizon for the Killing vector k* = (d/0t)" associated with the time symmetry. If
the spacetime is stationary and asymptotically flat (but not necessarily static), it
must be axisymmetric and any event horizon is a Killing horizon for the Killing
vector

k= (3/9n)" + £2u (0/39)" | (2.56)

which is a linear combination of the vectors associated with time and rotational sym-
metries, and where §2y is the angular velocity at the horizon (this statement requires
the assumption that the Einstein-Maxwell equations hold and some assumption on
the matter stress-energy tensor [48, 96]).

The concept of Killing horizon ceases to be useful in spacetimes, or spacetime
regions, which are not stationary and do not admit timelike Killing vectors. There
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have been attempts to use conformal Killing horizons in spacetimes which are
conformal to the Schwarzschild one ([37, 84], see also [61-63, 85]) but this approach
is a priori very restrictive and, in retrospect, it does not seem to have been very
productive. Instead, the introduction of the Kodama vector, which resembles in some
way a Killing field but is defined in spacetimes without Killing vectors, seems to be
much more useful in defining surface gravities and in the thermodynamics of time-
evolving horizons.

When present, a Killing horizon defines a notion of surface gravity «ijiiing, as we
will see in Sect. 2.10.

2.6 Apparent Horizons

A future apparent horizon? is the closure of a surface (usually a 3-surface) which
is foliated by marginal surfaces (6; = 0). The future apparent horizon is a surface
defined by the conditions on the time slicings [50]

6 =0, 2.57)
6, <0, (2.58)

where 6; and 6, are the expansions of the future-directed outgoing and ingoing null
geodesic congruences, respectively. Equation (2.57) tells us that the future-pointing
outgoing null geodesics momentarily stop propagating outward and, presumably,’
turn around at the horizon, while the condition (2.58) distinguishes between black
holes and white holes.

Apparent horizons are defined quasi-locally* and do not refer to the global causal
structure of spacetime—they don’t have the teleological nature of event horizons.
Apparent horizons (and also trapping horizons, see below) depend on the choice
of the foliation of the 3-surface with marginal surfaces [82, 97]. Also the ingoing
and outgoing null geodesics orthogonal to these surfaces and their expansions 6,
and 6, depend on the foliation [42]. The expansions 6; and 6, are scalars and are,

2This is not the definition of apparent horizon originally introduced in the book by Hawking and
Ellis [48], which is not easy to work with in practice [21]. It is unfortunate that the term “apparent
horizon” corresponds to different precise definitions in the literature. The definition that we provide
here is more useful than that of [48] in practical (including numerical) applications and is the one
which is adopted in most of the recent literature.

3The fact that these null rays “hesitate” (9, = 0) does not necessarily imply that they are turning
around and will subsequently propagate inward. One could have, for example, a wormhole throat
at which outgoing null rays “hesitate” and then propagate outward again.

4“Quasi-local” refers to a quantity which can be measured by an observer in a finite lifespan

experiment, as opposed to a global quantity which requires the observer to know the entire future
history or causal structure of spacetime which is, of course, physically impossible and would
require an infinite observation time in the non-stationary case.



38 2 Horizons

therefore, independent of the coordinate system chosen, but sometimes a choice
of coordinates helps in specifying locally the foliation (for example by choosing
spacelike surfaces of constant time coordinate—different time coordinates identify
different families of hypersurfaces of constant time), which is a geometric construct
and is coordinate-independent. However, congruences of outgoing and ingoing null
geodesics orthogonal to these surfaces will, of course, change by changing the
foliation while being coordinate-independent. The dependence of apparent horizons
on the spacetime slicing is made clear by the fact that non-symmetric slicings of the
Schwarzschild spacetime exist which do not admit any apparent horizon [82, 97].

Apparent horizons are, in general, distinct from event horizons: for example,
these horizons do not coincide in the Reissner-Nordstrom black hole (inner horizon)
and in the Vaidya spacetime [78]. Also in static black holes which are perturbed,
the apparent and the event horizons do not coincide. During the spherical collapse
of uncharged matter, an event horizon forms before the apparent horizon does and
these two horizons approach each other until they eventually coincide as the final
static state is reached [48].

Apparent horizons are always found inside the event horizon provided that
the null curvature condition Ry, I’ > 0 V null vector ¢ is satisfied [48]. This
requirement coincides with the null energy condition 7,,1** > 0 V null vector [
if the Einstein equations are imposed, and in this case it is believed to be a
“reasonable” condition on physical matter. But the Hawking radiation produced
by horizons violates the weak and the null energy conditions [92]. Also a simple
scalar field non-minimally coupled to the curvature can violate the energy conditions
[17] and the null curvature condition is easily violated in alternative theories of
gravity (for example, Brans-Dicke [26] and scalar-tensor [20, 74, 94] theories)
and the apparent horizon is reported to lie outside of the event horizon during
spherical collapse in Brans-Dicke gravity, although it eventually settles inside the
event horizon when the static Schwarzschild configuration is achieved [81]. One
should not be too attached to the notion of event horizon and should perhaps look at
other notions of horizon as more realistic even though they depend on the spacetime
slicing (apparent, trapping, and dynamical horizons have this dependence).

2.7 Trapping Horizons

A future outer trapping horizon (FOTH) is the closure of a surface (usually a 3-

surface) foliated by marginal surfaces such that on its 2-dimensional “time slicings”
the conditions ([50], see also [73] and references therein)

0,=0, (2.59)

6, <0, (2.60)

2,0, =n"V,0, <0, (2.61)
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are satisfied, where 6, and 6, are the expansions of the future-directed outgoing and
ingoing null geodesic congruences, respectively. The condition (2.61) is introduced
to distinguish between inner and outer horizons (e.g., in the non-extremal Reissner-
Nordstrom solution) and also distinguishes between apparent horizons and trapping
horizons (it is not imposed for apparent horizons but it is required for trapping ones).

One obtains the definition of past inner trapping horizon (PITH) by exchanging
1“ with n* while reversing the signs of the inequalities,

6, =0, (2.62)
6 >0, (2.63)
L0, =19V, 0, > 0. (2.64)

The past inner trapping horizon characterizes a white hole or a cosmological
horizon.

If we don’t exchange [ and n%, we can say that, in general, a trapping horizon
(TH) satisfies the definition requirements [21]

6,=0, (2.65)
6, #0, (2.66)
2.0, #0, (2.67)

and is

e Futureif 6, < 0,

e Pastif 6, > 0,

e Quterifn°V,0, <0,
e Innerif n°v,0, > 0.

For black holes, the trapping horizon has been associated with thermodynamics,
and it has even been claimed that it is the trapping horizon area and not the
area of the event horizon which should be associated with entropy in black hole
thermodynamics [31, 45, 56, 68]. This claim, however, is the subject of controversy
[32, 70, 83]. The Parikh-Wilczek “tunneling” approach [75] predicts Hawking
radiation also for apparent and for trapping horizons, not only for event horizons
[30, 35, 54, 58, 67, 71, 93] but also this aspect is not entirely free of controversy
[15].

Trapping horizons do not, in general, coincide with event horizons. Dramatic
examples are spacetimes which possess trapping horizons but not event horizons
[53, 80]. The difference between the areas of the trapping and the event horizon in
particular spacetimes have been studied in Ref. [69].

Example 2.3. In the Reissner-Nordstrom spacetime with the natural spherically
symmetric foliation, the event horizon r = r4 is a future outer trapping horizon
(FOTH), the inner Cauchy horizon r = r_ is a future inner trapping horizon (FITH),
while the white hole horizons are past trapping horizons (PTHs).



40 2 Horizons
2.8 Isolated and Dynamical Horizons

In the realm of black holes, isolated horizons correspond to isolated systems in
thermal equilibrium not interacting with their surroundings, which could instead
be dynamical. The concept of isolated horizon has been introduced in the context
of loop quantum gravity [3, 7-11, 13, 41]. In general, this horizon construct is too
restrictive when one wants to allow mass-energy to cross the “horizon” in whatever
direction.

A weakly isolated horizon is a null surface ¢ with null normal I* such that
0, =0, —T,l" is a future-oriented and causal vector, and & (nbValb) = 0. In this
context [ is a Killing vector of the intrinsic geometry on 57, without reference to
the surroundings, and can be used to define a “completely local Killing horizon” in
the absence of energy fluxes across 7. The vector field [ generates a congruence
of null geodesics on .7#°, which can be employed to define a surface gravity k using
the non-affinely parametrized geodesic equation

IVl =k, (2.68)

which also yields
Kk = —mpl*V, I’ (2.69)
where nyl” = —1. The surface gravity  defined in this way is constant on the weakly

isolated horizon 7, corresponding to the zeroth law of thermodynamics. The vector
field n“ is not unique, hence this notion of surface gravity is not defined uniquely.
An Hamiltonian analysis of the phase space of isolated horizons identifies
boundary terms with energies of these boundaries and produces a first law of
thermodynamics for isolated horizons with rotational symmetry, i.e.,

SH, = Si 5 + Q287 (2.70)
g

Here J is the angular momentum, H , is the Hamiltonian, < is the area of the
2-dimensional cross-sections of .77, and 2 is the angular velocity of the horizon.

Next, a dynamical horizon [6] is a spacelike marginally trapped tube (MTT).
This definition allows energy flows to cross the dynamical horizon. A set of flux laws
describing the related changes of the area of the dynamical horizons are available
[6]. An apparent horizon which is everywhere spacelike is a dynamical horizon, but
an apparent horizon is not required to be spacelike.’ Being spacelike, dynamical
horizons can be crossed only in one direction by causal curves, while this is not the
case for apparent horizons which can be partially or entirely non-spacelike.

5 An apparent horizon which is everywhere timelike is called a timelike membrane [4, 5, 24].
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To end this string of definitions, slowly evolving horizons have also been defined
and examined [21-23, 59]: they are “almost isolated” FOTHs and they are meant
to characterize black hole horizons which evolve very slowly in time. This slow
evolution is expected in many astrophysical processes but not, for example, in the
final stages of collapse or evaporation. Slowly evolving horizons are analogous to
thermodynamic systems in a regime near equilibrium.

2.9 Kodama Vector and Surface Gravity

Various notions of surface gravity associated with horizons have been introduced
in the literature. In static and stationary situations a timelike Killing vector field is
present outside the horizon and becomes null on it, and these notions of surface
gravity coincide and are well known from the study of the Kerr-Newman black
holes of General Relativity. In dynamical situations, however, there is no timelike
Killing vector and the various notions of surface gravity encountered in the literature
turn out to be inequivalent. In spherical symmetry, the Kodama vector mimics the
properties of a Killing vector and gives rise to a conserved current and a surface
gravity.

The Kodama vector [60] generalizes the notion of Killing vector field to
spacetimes which do not admit one and has been used as a substitute of a Killing
vector in the thermodynamics of time-dependent horizons. The Kodama vector is
defined only in spherical symmetry.® Write the spacetime metric as

ds® = hapdx“dx” + R*d$2},) . (2.71)

where a,b = 0,1 and R is the areal radius, and let €., be the volume form of the
2-metric h,, [95]; then the Kodama vector is defined as [60]

K = €*V,R (2.72)

with k¥ = K¥ = 0. The Kodama vector lies in the 2-dimensional (7, R) surface
(where ¢ is the time coordinate) orthogonal to the 2-spheres of symmetry.” In a
static spacetime the Kodama vector is parallel (in general, not equal) to the timelike
Killing vector. In the region in which it is timelike, the Kodama vector defines a
class of preferred observers with 4-velocity u® = K/ +/|K°K,|.

SReference [88] attempts to generalize the Kodama vector to non-spherically symmetric space-
times.

"Moreover, K*V,R = ¢®V,RV,R = 0 because ¢ is antisymmetric and V,RV,R is symmetric.
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It can be proved ([60], see [1] for a simplified proof) that the Kodama vector has
zero divergence

V.K*=0; (2.73)
this property has the consequence that the Kodama energy current
J* = GK, (2.74)
(where G, is the Einstein tensor) is covariantly conserved, V“J, = 0 even if there
is no timelike Killing vector. This surprising property is sometimes called the
“Kodama miracle” [1, 60].
If the spherically symmetric metric is written in Schwarzschild-like coordinates,

ds’ = —A(t,R)dr* + B (t,R) dR* + R*d$2}, . (2.75)

then the Kodama vector takes on the simple form (e.g., [60, 79])

AN
Ka = ﬁ (E) . (276)

Proof. Denoting by & the determinant of the 2-metric h,,, we have /|h| = VAB
and the volume form of A, is

€ = VAB (V, tV,R — VaRVbt)

so that
€ = ggMecy = g 8" VAB (80841 — Sa08c1)
_ m(gaOgbl — g% .
Then the only non-vanishing components of €* are €”' = —¢'* = (AB)™"/? and the

Kodama vector has components

g0 1 9\
K' = VR = el = JAB §M0g0,11 — _ (_) .
£ 8 VAB  AB \ 0t

a

It is shown in [51] that the Noether charge associated with the Kodama conserved
current is the Misner-Sharp-Hernandez mass [55, 64]. This notion of mass energy,
too, is defined only in spherical symmetry.
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The Kodama vector was used in Ref. [79] (see also [33]) to simplify the evolution
equations and the initial value problem for the coupled Einstein-Klein-Gordon
equations with spherical symmetry.

2.10 Surface Gravities

Surface gravity is defined classically in terms of geometric properties of the metric
tensor. However, the same quantity appears in black hole thermodynamics as the
proportionality factor between the variation of the black hole mass (acting as the
internal energy) dM and the variation of the event horizon area (proportional to the
entropy) dA. Since it is not established at present which definition of black hole mass
is appropriate in non-trivial backgrounds (different definitions are possible, see the
review [86]), it is obvious that also the definition of surface gravity will be subject to
the same ambiguities. Moreover, surface gravity appears also semiclassically since,
up to a numerical constant, it coincides with the Hawking temperature of a black
hole.

The traditional definition of surface gravity is given on a Killing horizon for
stationary spacetimes [95]. However, given that Killing horizons are not defined
in general non-stationary situations in which one considers quasi-local horizons
instead of event/Killing horizons, a different concept of surface gravity is necessary
in these cases. There are several definitions of surface gravity in the literature, and
they are inequivalent. The recurrent definitions are reviewed in Ref. [72] and are
briefly recalled here.

2.10.1 Killing Horizon Surface Gravity

As already remarked, a Killing horizon defines a notion of surface gravity «xiiiing as
follows [95]: on the Killing horizon the Killing vector k¢ satisfies

kavakb = KKi]lingkb, Q.77
SO Kkilling measures the failure of the geodesic Killing vector k“ to be affinely-
parametrized (the “inaffinity”) on the Killing horizon.

Proof. We need to prove [72] that, on the Killing horizon, k“V,k” is proportional
to k». First, note that the equation defining the Killing horizon is k4, = 0, hence
Vi (kk:) = 2k°Vypk, is orthogonal to the horizon. But since k¢ is also normal to the
horizon (because k* is null there) and it generates this horizon, then kVyk.  kp.
Using the Killing equation V, k, + Vpk, = 0, one obtains

kCkac = —kCVCk;, X kb s

s0 k°V ky o ky,, or k°V k;, = KKilling k. O
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Another property of the Killing surface gravity is (cf. Ref. [95], p. 332)
1
K12<iuing =73 (VK") (Vaks) - (2.78)

In static spacetimes (and only in those!) one can interpret the surface gravity Kxiiing
as the limiting force required at spatial infinity to hold in place a unit test mass just
above the event horizon by means of an infinitely long massless string [95]. This
interpretation shows the non-local nature of the notion of Killing surface gravity.

Since the Killing equation V, k, + Vpk, = 0 determines the Killing vector k*
only up to an overall normalization, there is freedom to rescale k* and the value
of the surface gravity depends on the non-affine parametrization chosen for k“.
However, in stationary situations one has the freedom of imposing that £k, = —1
at spatial infinity.

Example 2.4. For the Kerr-Newman black hole (1.70)-(1.74), the Killing surface
gravity is [95]

M2 — a2 — Q2
2M(M+ M2—a2—Q2) -

(2.79)

KKilling =

The Killing surface gravity can be generalized to any event horizon that is not
a Killing horizon by replacing the Killing vector k* with the null generator of the
event horizon [72].

2.10.2 Surface Gravity of Marginally Trapped Surfaces

Consider the outgoing and ingoing null normals /“ and n“ to a marginally trapped
(spacelike compact 2-dimensional) surface, and assume that the expansion of [
vanishes, with [ and n* normalized so that [“n. = —1. [ is not a horizon generator
in general, but it is still a non-affinely parametrized geodesic vector on the trapping
horizon. This fact allows one to introduce a surface gravity « by

IV, lb =kl (2.80)

or
kK = —nll°V,1,. (2.81)
The value of this surface gravity depends on the parametrization of /“, for which
various proposals have been advanced. By writing [ as the tangent to a null curve

x*(A) with parameter A, a parameter change (which depends on the spacetime point)
A — A’ forces the components of [* to change as
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dxt podxt Nd)k

M= 5= e o le 3 Y 2.82
a N v =W (2.82)

so that

MV I =

QIV, (21" = «'Q1",

Qi + (I'V,2) 1" = k1", (2.83)
and

K=Kk =Kk +1'V, Q. (2.84)

The Hayward proposal for spherical symmetry [52] uses the Kodama vector K*
which is always available in spherical symmetry [60]. This future-directed vector
satisfies

Vy (K, T*) = 0. (2.85)

The Hayward notion of surface gravity kgodama fOr a trapping horizon is given by
1
E gabKC (VeKy — ViK,) = KKodamaKb . (2.86)

This definition is unique because of the uniqueness of the Kodama vector. The
surface gravity Kkodama agrees with the surface gravity on the horizon of a Reissner-
Nordstrom black hole but not with other dynamical surface gravity constructs. An
expression equivalent to (2.86) is [52]

1 1 —
KKodama = 5 Ij(h)R = ﬁ au ( —h hHVaUR) , (2.87)

where 4 is the determinant of the metric h,, in the 2-space orthogonal to the
2-spheres of symmetry. The Hamilton-Jacobi approach (a variant of the Parikh-
Wilczek method [75]) to study the Hawking radiation of time-dependent horizons,
leads naturally to the Kodama-Hayward definition of surface gravity [36] (see
Ref. [90] for a review of tunneling methods).

2.10.3 Fodor et al. Surface Gravity

The proposal by Fodor et al. [43] applies to spherically symmetric and asymptoti-
cally flat spacetimes and is based on the normalization [z, = —1 of the ingoing
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null normal n¢, where * is the asymptotic time-translational Killing vector at
spatial infinity. The curve with tangent n¢ is affinely-parametrized everywhere. By
requiring that [°n, = —1, this choice fixes the parametrization of [ and one obtains
[43]

KFodor = _nhlavalb . (2.88)

2.10.4 Isolated Horizon Surface Gravity

This proposal, due to Ashtekar, Beetle, and Fairhurst [8] applies to an isolated
horizon. The null normal n* is normalized in such a way that its expansion
agrees with that of the Reissner-Nordstrom black hole and with [“n, = —1.
This normalization identifies a unique surface gravity as a function of the horizon
parameters. This notion of surface gravity appears to be quite limited, for example
it cannot be extended to the Einstein-Yang-Mills case [12, 72].

2.10.5 Proposal for Slowly Evolving Horizons

The notion of slowly evolving horizons [22] extends the previous proposal for
surface gravity. On the isolated horizon the normal is 7* = Bl + Cn“, with Band C
scalar fields defined there, which weigh the contributions of /“ and n” (for an isolated
horizonitis B = 1, C = 0). The slowly evolving horizon surface gravity is

ksg = —Bn®l’Vyl, — Cln’Vyn, . (2.89)

2.10.6 Other Proposals

There are other proposals for surface gravity in the literature, including Hayward’s
trapping gravity [50]

1
Ktrapping = 5 —n¢ Va 91 (290)

and the Mukohyama-Hayward proposal ([66], see also [72]).

All these definitions have been computed, for a general spherically symmetric
metric in Eddington-Finkelstein coordinates and in terms of the Misner-Sharp-
Hernandez mass [55, 64], in Ref. [72]. A critical comparison of these definitions
for black holes in spherical symmetry and using Painlevé-Gullstrand coordinates is
contained in Ref. [77].
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2.11 Spherical Symmetry

The assumption of spherical symmetry greatly simplifies the study of horizons and
the solution of the field equations. While exact spherical symmetry is unrealistic
for astrophysical black holes (which rotate and may be distorted by other bodies
and by magnetic fields) and for realistic universes perturbed by non-spherical
inhomogeneities, it is an important assumption for the fundamental theory and it
may also be a realistic approximation in certain situations, especially in cosmology.

In spherical symmetry, the apparent horizons (existence, location, dynamics,
surface gravity, etc.) can be studied by using the Misner-Sharp-Hernandez mass
Mysu [55, 64], which coincides with the Hawking-Hayward quasi-local energy
[46,49] for spherical spacetimes. In General Relativity the Misner-Sharp-Hernandez
mass is defined only for spherically symmetric spacetimes. In terms of the areal
radius R and angular coordinates (6, ¢), a spherically symmetric line element is
written as

ds” = hapdx“dx” + R*d$2},) . (2.91)

where a, b = 1, 2. The Misner-Sharp-Hernandez mass Myisy is defined by [55, 64]

M
R v/ R v (2.92)
or by?
R
Mysy = 5 (1= hV,RV,R) . (2.93)

Note that the Misner-Sharp-Hernandez mass is an invariant quantity of the 2-space
normal to the 2-spheres of symmetry.

Horizons in the presence of spherical symmetry are discussed in a clear
and elegant way using the Nielsen-Visser formalism ([73], see also Ref. [71]).
They consider the most general spherically symmetric metric with a spherically
symmetric spacetime slicing, which assumes the form

2M(t, R dR?
UP — _e=2HR) [1 _ ; )} 4P+ + R223, (2.94)

2M(1.R)
1 — ==

8In (n+1) spacetime  dimensions, the  Misner-Sharp-Hernandez ~ mass s

-1
Mysy = %R”_Zw (1 —hV,RV,R), where the line element is
T
n/2
ds® = hgpdx“dx’ + R*dS2},_,, (a.b =1,2) and V,, = ————— is the volume of the (n — 1)-
rE+1

dimensional unit ball [14].
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in Schwarzschild-like coordinates. A posteriori, M(¢, R) turns out to be the Misner-
Sharp-Hernandez mass. This form is ultimately inspired by the Morris-Thorne
wormhole metric [65], it compromises between the latter and the gauge (2.75), and
is particularly convenient in the study of both static and time-varying black holes
[73, 91]. It is not assumed that the spacetime is stationary or asymptotically flat.

The line element (2.94) can be rewritten in Painlevé-Gullstrand coordinates as
(see Appendix A.1)

—2 2M 2% [2M
ds® = _(ai/—az)z (1 - ?) o’ + a: AN dtdR+dR*+R*d2}, . (2.95)

where ¢(z,R) and M(t, R) are implicit functions of (z, R) and the hypersurfaces’
© = constant are flat (setting dt = 0 gives ds;) = dR*+R*d$2},,, the 3-dimensional
Euclidean metric in spherical coordinates). By defining the implicit functions of
(t.R) [73]
e_¢(l~R)
) R)= —— )
<R =G

2M(t, R) e R 2M
R) =7/~ =c,/=—. 2.97
v (%K) R ocjor VR 2.97)

the line element is rewritten as

(2.96)

ds’ = —[c* (t.R) —v* (t.R) ] de* + 2v (1, R)dTdR + dR* + R*d2},, .  (2.98)

We now list a number of results obtained in [73] which are useful for practical
computations in spherical symmetry.
The outgoing radial null geodesic congruence has tangent field

" =
c(t,R)

(1, c(t,R) —v(t,R),0, O) , (2.99)

in Painlevé-Gullstrand coordinates (t,R, 0, ¢), while the ingoing radial null
geodesics have tangent field

1
nt = 1,—c(z,R) — v(z,R),0,0 | , (2.100)
c(t,R)
9The hypersurfaces T = constant are obviously spacelike since 7 is a timelike coordi-
nate. To be explicit, the normal N, = V,7 to a surface T = constant has norm squared

NN = g%o = —e?" < 0 and N is timelike.
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with the normalization [73]
gapln® = —2. (2.101)

The expansions of these radial null geodesic congruences are computed as

0, = 1 v/ 2.102
) = — — =1, (2.102)
0 - = l—i—\/—M 2.103
" R R ' ( ’ )

A 2-sphere of symmetry of radius R is [51, 73, 78]

» Trapped if R < 2M,
* Marginal if R = 2M,
* Untrapped if R > 2M.

The apparent horizon is the boundary between trapped and untrapped surfaces and
corresponds to ; = 0 and 6, < 0 and is, therefore, given by
2M (7, Ran)

=1 < VRVR|\y=0 < ¢ |z=0, (2.104)
Ran(7)

where the last equation holds in both Painlevé-Gullstrand coordinates and in the
gauge (2.94) and is obtained by using the inverse of the metric (2.98)

1
&) = = ) (2.105)

0 0 0 R%sin’6

The condition g®% =0 is a very convenient and practical recipe to locate the
apparent horizons in spherical symmetry when the areal radius R is used as a
coordinate. Sometimes it is convenient to perform a coordinate transformation to
this radial coordinate to rewrite the line element using R explicitly.

The gradient of the areal radius R and the normal n, = V,R to the surfaces
R = constant become null at the apparent horizon. It is clear that this recipe
resembles the change in causal character of the Schwarzschild radial coordinate
(which is also an areal radius) on the Schwarzschild event horizon. In general,
however, the apparent horizon is not a null surface like the event horizon of the
Schwarzschild black hole (see the examples below).
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Nielsen and Visser provide also the derivative

2 2M 2(1 —2M, R
L | =n"Va | 2 (1= 202 () Ran )
R R Riy 2can

AH

(2.106)
with a prime and an overdot denoting partial differentiation with respect to R and
7, respectively, and with the subscript AH denoting quantities evaluated on the
apparent horizon. It is noted in Refs. [71, 73] that 1 — 2M/y; > 0 is required for
the horizon to be outer in a spacetime with regular asymptotic region, hence the
condition for the apparent horizon to be also a trapping horizon is

RAH > —ZCAH . (2]07)

Equation (2.103) tells us that along ingoing radial null geodesics with tangent n“ it
is R = —2e™?, hence the apparent horizon at Rag = 2My is a trapping horizon if
it is outer (ZMQH < 1) and does not move inward faster than the ingoing radial null
geodesics (in which case the latter would not be trapped).

If matter satisfies the null energy condition, and assuming the Einstein equations,
the area of the apparent horizon cannot decrease. Various energy fluxes across the
apparent horizon are also introduced and computed in [73]. The Nielsen-Visser
surface gravity at the horizon is computed using I Vpl® = k1%, obtaining [73]

_ 1 —=2M' (7, Ry(7))
ki(t) = Res(D) . (2.108)

An extremal horizon is one which has vanishing surface gravity,
1 —2M' (z,Ru(t)) = 0. (2.109)

The fact that the Misner-Sharp-Hernandez mass (which coincides with the Haw-
king-Hayward quasi-local energy in spherical symmetry [46, 49]) can be employed
to locate apparent horizons in spherical symmetry makes it clear once again that the
apparent horizon is a quasi-local concept and is independent of the global causal
structure. However, it is not a completely local concept.

Using the Misner-Sharp-Hernandez mass it is easy to see when there are an
inner and an outer horizon. When this situation happens, it is My, > 1/2 at the
inner horizon and My, < 1/2 at the outer horizon. Graphically, this means that
(at a given time t, or at all times if the metric is stationary) at the intersections
between the graph of the function Mysg(R) and the line Mysy = R/2 (which are
apparent horizons), the curve Mysy(R) is steeper [respectively, less steep] than this
line. If Mysg(R) rises faster than R/2, in an asymptotically flat spacetime in which
Mysu(R) eventually asymptotes to a constant as R — 400, a continuous My;sy will
have to cross the line R = Mysy/2 again, and there will be an outer horizon [71].
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2.12 Rindler Horizons Revisited

Armed with the notions of Killing horizon and Killing surface gravity, let us
revisit now the Rindler horizon of a uniformly accelerated observer in Minkowski
spacetime. The Killing vector field of this space associated with Lorentz boosts in
the x-direction has components

S“=x(%) +t(%) , (2.110)

or £ = (x,1,0,0) in Cartesian coordinates (,x,y,z). Since £6. = —x’ + 2, this
vector is timelike if |x| > |¢[, null on the light cone t = =%x, and spacelike if |x| < |¢].
Therefore, there is a Killing horizon at t = +x.

Along the worldline (2.40) of a uniformly accelerated observer it is

1

£ =—x+r=—= (2.111)
a

and, therefore, we are led to normalize the Killing vector according to

. « 8 o 8 o
k" = af —ax(at) +at(ax) , (2.112)

or k* = (ax, at, 0, 0) in Cartesian coordinates with norm squared
Kk, = a® (—x2 + t2) .

Along the worldline (2.40) of a uniformly accelerated observer, k¢ is normalized to
—1.

The vanishing of the norm of the Killing vector k* describes a Killing horizon for
the uniformly accelerated observer; the entire Minkowski space can be threaded by
observers and their associated Rindler horizons.!” Now, we can associate a Killing
surface gravity kxining to this Rindler-Killing horizon as specified by Eq. (2.77). We
have

KV kP = K09,kP + K'0.kP = ax0,kP + at 0 kP
and

K'V,k* = (a’t,a’x,0,0) . (2.113)

10This fact is essential in Jacobson’s thermodynamics of spacetime formalism [40, 57].
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On the Rindler-Killing horizon ¢ = =x, it is k" V,k* |gg = (:I:azx, a’x, 0,0) and
Eqgs. (2.77) and (2.113) give

(:i:azx, a’x, 0, 0) = KKilling (ax, £ax,0,0) . (2.114)

In order for the Killing vector (2.112) to be future-oriented on the horizon r = +x,
one needs to choose the positive sign in k* |py = (Fat, at, 0, 0) and in Eq. (2.114),
obtaining the Killing surface gravity of the Rindler horizon

Kkilling = @ » (2.115)

which coincides with the uniform acceleration of the Rindler observer. The Unruh
temperature (2.44) can then be written as

ks T = (E) KKilling (2.116)

c 2

2.13 Conclusions

We are now aware of the various notions of horizon and of surface gravity in the
literature. We have studied, in particular, the situation of spherical symmetry which
will accompany us for the rest of these lectures. Our simplified exposition is not
comprehensive and can certainly be made more rigorous: the reader can find more
detailed and technically more satisfactory treatments in the references provided, but
those would break the flow of our discussion. We are now going to apply the theory
of horizons discussed in this chapter to specific solutions of the Einstein equations
(and, later, of the field equations of alternative theories of gravity), in the presence
of spherical symmetry. The simplest situation that comes to mind is that of horizons
in spatially homogeneous and isotropic cosmologies, and its study is our next step.
In spite of its simplicity, this situation is not entirely trivial.

Problems

2.1. The tangent field /“ to a null geodesic congruence is rescaled according to
I* — a I, where « is a positive constant. How does the expansion 6; change? How
does it change if the null vector n“ used to define the 2-metric h,;, orthogonal to [ is
simultaneously rescaled as n® — ! n preserving the normalization [n. = —1?

2.2. Find the outgoing and ingoing radial null geodesic congruences [ and n“ of
the Reissner-Nordstrom metric and normalize them so that [“n, = —1.

2.3. Derive Egs. (2.42) and (2.43).
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2.4. Compute 6, 6,, and n“V, 0, for the non-extremal Reissner-Nordstrom solution.
2.5. Verify that (2.110) is a Killing vector of Minkowski spacetime.
2.6. Use Eq. (2.78) to obtain directly Eq. (2.115).

2.7. Verify that the time and spatial translations, spatial rotations, and Lorentz
boosts given by

a i a ¢ a ¢ .
E(i)—x (E) +l‘(§) (1—1,2,3),

respectively, are Killing fields of the Minkowski metric (in fact they are all the
Killing vector fields of this metric).

2.8. Compute the Misner-Sharp-Hernandez mass of a sphere of constant areal
radius for the Reissner-Nordstrom metric (1.44). Does it reduce to a familiar result
in the Q — 0 limit to Schwarzschild? Check'! that the extremal Reissner-Nordstrom
black hole corresponds to 1 — 2Myy (Ru) = 0.

2.9. Given the Rindler metric in spherical coordinates
ds* = —a*R? cos? 0 cos® ¢ dT? + dR* + de.Q(zz) ,

compute the tangents l‘(‘ 4 to the congruences of ingoing and outgoing radial null
geodesics and their expansions ¢(+). Show that there are no apparent horizons in the
spacetime region covered by the Rindler chart.
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Chapter 3
Cosmological Horizons

Simplicity is the ultimate sophistication.

—Leonardo da Vinci

3.1 Introduction

Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetimes are spherically sym-
metric about every spatial point and are, therefore, trivially spherically symmetric,
but are nevertheless important. These cosmological spacetimes are much simpler
than black hole spacetimes but still contain horizons. Cosmological horizons have
been studied in inflationary scenarios of the early universe in relation to the so-
called horizon problem. In general, FLRW spaces contain time-dependent apparent
horizons expressed by particularly simple equations and are interesting from our
point of view. Due to their simplicity, it is convenient to discuss these apparent
horizons before approaching the more complicated horizons of time-dependent
black holes in the following chapters.

We begin by using an analogy between black hole and cosmological horizons
and examining various coordinate systems for FLRW spaces which mimic the
corresponding ones for Schwarzschild black holes. Several coordinate systems are
employed in the study of Hawking radiation from black hole horizons and different
coordinates, or various families of observers, provide potentially different notions
of surface gravity and horizon temperature. The underlying idea is to develop
coordinate systems useful to study Hawking radiation from cosmological horizons
and, later, from the time-dependent horizons of black holes embedded in time-
varying cosmological backgrounds. We also compute useful geometric quantities
in these various coordinate systems.

© Springer International Publishing Switzerland 2015 59
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3.1.1 FLRW Cosmologies

A FLRW space has line element

2

1 —kr?

ds* = —di* + a*(1) ( + rzdszfz)) (3.1)

in comoving (or “synchronous”) coordinates (¢, r, 6, ¢), where k is the curvature
index and a(?) is the scale factor. The comoving coordinate r is not an areal radius;
the latter is instead a function of both ¢ and r,

R(t,r) = a()r. (3.2)

It is also common to use the conformal time 7 defined by df = adn, in terms of
which

dr’
ds* = a*(n) (—dn2 tr ot erQé)) ) (3.3)
In the spatially flat case k = O this line element is explicitly conformal to the

Minkowski one, however all FLRW spaces are conformally flat since their Weyl
tensor vanishes identically. The conformal flatness of the FLRW line element for
k # 0 can be made explicit by transforming to suitable coordinates ([31, 48, 49] and
references therein).

In General Relativity, the Einstein equations reduce to ordinary differential
equations in a FLRW space. If the FLRW universe is sourced by a perfect fluid
with energy-momentum tensor

Tap = (P + p) uqty + Pgab , (3.4)

where p, P, and u are the energy density, pressure, and 4-velocity field of the fluid,
respectively, one has

8 k
HB="T,-1 35
3P 2 (3.5)

a . ) 4

(Einstein-Friedmann equations), where an overdot denotes differentiation with
respect to the comoving time ¢ and H(f) = a/a is the Hubble parameter. The
covariant conservation equation V”T,;, = 0 then yields the energy conservation
equation

p+3H(P+p) =0. (3.7)

This equation is not independent of Egs. (3.5) and (3.6) (in the same way that the
covariant conservation equation VT, = 0 is not independent of the Einstein
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equations) and can be derived from them. Another useful relation which follows
from Eqs. (3.5) and (3.6) is

k
H=—4m (P+p)+ . (3.8)

The expression of the Ricci curvature in terms of the Hubble parameter and its
derivative is useful:

%:6(H+2H2+a—kz). (3.9)

Let t+ = 0 denote the Big Bang spacetime singularity (in the cases in which
it is present). All comoving observers whose worldlines have u“ as tangent are
physically equivalent and, therefore, the following considerations apply to any of
them, although we refer explicitly to a comoving observer located at » = 0.

3.2 Hyperspherical Coordinates for FLRW Space

The FLRW line element can be written using hyperspherical coordinates

ds® = —di® + a*(1) [d)(z 1 )()d.Qé)] , (3.10)
where
sinh y ifk<0,
sin y ifk>0,
and

x =170 (3.12)

_ / dr
] e
3.3 Kiruskal-Szekeres Coordinates for de Sitter Space

Kruskal-Szekeres coordinates for de Sitter space were introduced by Gibbons and
Hawking [41] in their study of the thermodynamics of the de Sitter event horizon.
These (U, V) coordinates are defined by [41]

Hr=1-U?V?, (3.13)

U
2Ht = In (— V) . (3.14)

Kruskal-Szekeres coordinates for FLRW spaces other than de Sitter are not known.



62 3 Cosmological Horizons

3.4 Painlevé-Gullstrand and Schwarzschild-Like
Coordinates for k = 0 FLRW Space

Consider the spatially flat (k = 0) FLRW metric in comoving coordinates
ds® = —di® + (1) (dr2 n rzd.Q(zz)) :

upon use of the areal radius R = a(¢)r and of the relation between differentials

dR 1
dr = — — Hrdt = — (dR — HRdr) , (3.15)
a a

the metric is recast in the Painlevé-Gullstrand form'
ds* = — (1 — H’R*) d* — 2HR dtdR + dR® + R*d$2},, . (3.16)

This form is useful for comparison with solutions of the field equations describing
black holes or central objects embedded in a spatially flat FLRW background. The
history and the advantages of Painlevé-Gullstrand coordinates in the study of black
hole horizons are discussed in Refs. [55, 59, 68] (see [32] for Painlevé-Gullstrand
coordinates in Kerr spacetime). We can eliminate the cross-term proportional to
dtdR by introducing the new time coordinate T defined by

dT = %(dt + BdR) | (3.17)

where F(t, R) is an integrating factor satisfying?

Ja (1 Jd (B

—(=)==(ZE 3.18

e (7)=a(7) a9
to guarantee that d7 is a locally exact differential, and B (¢, r) is a function to be

determined. Then, dt = FdT — BdR and, substituting into the line element (3.16),
one obtains

ds* = — (1 — H’R?) (F*dT* + B*dR* — 2FBdTdR)
— 2HRAR (FdT — BdR) + dR* + R*d$2},,
= — (1 — H°R?) F?dT* + 2F [(1 — H’R?) B — HR| dTdR
+ [1— (1 —H’R?) B> + 2BHR| dR* + R*dS2},, . (3.19)

T Also called “r-gauge” (e.g., [30]).

2 As in most situations, the integrating factor is not unique.
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By setting
HR
B(t.R) = T—iR? (3.20)
one obtains the FLRW metric in the Schwarzschild-like form®
2 252\ 2 g2 ? 2 1692
ds =—(1—HR)FdT —i—m—i—RdQ(z), (3.21)

which is again reminiscent of the Schwarzschild line element, except for the
presence of the factor F and for the fact that the Hubble parameter H is not constant
(unless the FLRW space reduces to de Sitter space, in which case F = 1). This line
element is of the form (2.94). By comparing Eqgs. (3.21) and (2.94), or using directly
the definition (2.92), one obtains the Misner-Sharp-Hernandez mass

H2R? . 471,0R3
Myvsu = =— (3.22)
2 3
(which matches Eq. (3.56) below and constitutes a consistency check) and
e ?=F. (3.23)

Here an overdot on the equality sign denotes the fact that this equality holds in
General Relativity in a FLRW universe sourced by a perfect fluid. The cosmological
apparent horizon of a spatially flat FLRW space is now easily located by setting
g™ = 0, which yields

Ran = T (3.24)

3.5 Schwarzschild-Like Coordinates for General FLRW
Spaces

Painlevé-Gullstrand coordinates are useful in the discussion of black hole horizons
because they are regular across these horizons, while Schwarzschild-like coordi-
nates (the ones commonly used to introduce the Schwarzschild solution and black

3The coordinate system in which the metric assumes the form (3.21) is sometimes referred to
as Nolan gauge in the literature. Nolan [69-71] studied this coordinate system in the case of
the McVittie metric [61] representing a central object embedded in a FLRW universe, eventually
restricting to k = 0 or —1. The McVittie metric reduces to that of Eq. (3.21) in the limit in which
the mass of the central object vanishes, hence (3.21) is a trivial case of the McVittie line element
in the Nolan gauge.
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holes) are not. A similar situation occurs for cosmological horizons, although
Schwarzschild-like coordinates are not so obvious in this case (in fact, most people
are unfamiliar with them, except for the case of de Sitter and Schwarzschild-de
Sitter spaces) and usually cosmology is formulated using comoving or hyper-
spherical coordinates. In the following we derive pseudo-Painlevé-Gullstrand and
Schwarzschild-like coordinates for a general FLRW space.

Begin from the FLRW metric in comoving coordinates (3.1); using the areal
radius R(z,r) = a(t)r and Eq.(3.15), the FLRW line element (3.1) assumes the
pseudo-Painlevé-Gullstrand form

H?R? 2HR dR?
ds = —(1—- ——— |d* — ————— didR + ————— + R*d$2>,, .
S ( 1 — kR? /a2) 1 — kR2/a? T /a? + @
(3.25)

In the absence of a better nomenclature, we use the name “pseudo Painlevé-
Gullstrand coordinates” because the coefficient of dR? is not unity, as required for
Painlevé-Gullstrand coordinates* and the spacelike surfaces t = constant are not
flat (unless k = 0), which is instead the essential property of Painlevé-Gullstrand
coordinates [59]. By using the fact that

HR®  1-R*/Ryy

1— =
1 —kr? 1 —kr?
with
Rpag = ! (3.26)
AHSE —F———, .
VH? + k/a?
one can write the line element (3.25) as [20, 51, 56]
ds> = LR Ran R*/Ryu at— — 2R g + _ AR + R2d$2? (3.27)
¢ = — — . .
1 — kR?/a? 1 — kR?/a? 1 — kR?/a? @

Setting ds®> = 0 and df = dg = 0 for radial null rays with tangents p® yields

2
p'=HR+ |HR*+1— — (3.28)
R
with the choice p° = 1 (e.g., [20]).
In Painlevé-Gullstrand coordinates, a common trick consisting of setting p! =
dR/dA = 0 to locate the apparent horizon is based on a rigorous argument and does

indeed provide the correct result (this argument holds true for general spherically

“4The literature contains ambiguous terminology for general FLRW spaces (e.g., [20]), while the
de Sitter case does not lend itself to these ambiguities [62, 72].
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symmetric metrics in Painlevé-Gullstrand coordinates [68]). A posteriori, this trick
works also for quasi-Painlevé-Gullstrand coordinates in our specific situation.

To transform to the Schwarzschild-like form, we first introduce the new time
coordinate T defined by

1
dT = 7 (dt + BdR) . (3.29)
where F is a (non-unique) integrating factor satisfying again
a (1 Ja (B
—(z)==(Z2 3.30
oR (F) ot (F) (3:30)

to guarantee that d7 is a locally exact differential, while 8(z, R) is a function to be
determined. Substituting dt = FdT — BdR into the line element, one obtains

H2R?
ds* = — (1 )FZdTZ

11—k
H’R? 2HR 1
+[—(1— )ﬁ2+ b }dRz

1— kr? 1—kr2 1 —kr?
H*R? 2HRF B
+2 (1 — m) FBdTdR — T—2 dTdR + R°dS2;) . (3.31)
By choosing
. HR _ HR ’ (3.32)
(1 — %) (1—kr2) | — H?R?> — kr?

the cross-term proportional to d7dR is eliminated and we obtain the FLRW line
element in the Schwarzschild-like form

H2R2 dRZ
ds’ = =\ 1= {7 ) Far RAD%,, (333
’ ( 1 —kRZ/aZ) + 1 — kR?/a®> — H?R? + ) (3.33)

where F(T, R), a, and H are implicit functions of 7. By using the expression of the
Misner-Sharp-Hernandez mass in FLRW space (3.56) below, this line element can
be cast as

2M
ds? = — | —— R ) par? 4+ dR® + de.Q(zz) ) (3.34)
1— 2% 4 H2R? 1-— 2
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A spherically symmetric metric can always be put in the form (2.94) [68]. By
comparing Egs. (3.33) and (2.94), it follows that

oo _ _F@R
V1 —kR%/a?
and
2M, kR?
et L R 555 (& (3.35)
R a?

(this equation is consistent with the expression (3.56) of the Misner-Sharp-
Hernandez mass in FLRW space that we are going to discuss soon).

It is now easy to locate the apparent horizon of a general FLRW space using
the prescription (2.104). Setting g**|s = 0 and reading g"* = g,?,é from Eq. (3.33)
yield the radius of the FLRW apparent horizon

1

Ry = ————=.
VH? + kja?

The components of the Kodama vector in Schwarzschild-like coordinates are given
by Eq. (2.76), which yields

JI—kR2 /@
K" = (—T/“,o, 0, 0) (3.37)

(3.36)

and its norm squared is

kR? R?
KK = — (1 —H*R* — —2) =— (1 ) ) (3.38)
a

T p2
Rin

The Kodama vector is timelike (K.K° < 0) if R < Rap, null if R = Ray,
and spacelike (K.K¢ > 0) outside the apparent horizon R > Ray. The Kodama
vector produces the Misner-Sharp-Hernandez mass as a Noether charge [45].
Equations (3.35) and the Hamiltonian constraint (3.5) then imply that

4R
3

Musu(R) = p- (3.39)

It is often useful to know the components of the Kodama vector in pseudo-
Painlevé-Gullstrand coordinates recurrent in the literature (e.g., [20]) and in comov-
ing coordinates, which we report here (see Appendix A.2 for details):

k¥ = (_,/—1 —kR2/a2,0,0, o) (3.40)
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in pseudo-Painlevé-Gullstrand coordinates, and

K" = (—VT=k Hrv/T=k12,0,0) (3.41)
in comoving coordinates (¢, r, 6, ¢). The norm squared of the Kodama vector is

KK, = — (1 — k> — &) = — (1 — 2M/R) . (3:42)

3.6 Painlevé-Gullstrand Coordinates for General FLRW
Spaces

To find Painlevé-Gullstrand coordinates for general (i.e., not necessarily spatially
flat) FLRW spacetimes, begin from the FLRW line element in Schwarzschild-like
coordinates (3.33). We search for a new time coordinate 7 (7, R), with

- 9T oT
dT = —dT —dR TdT + T'dR. 3.43
5T + R + (3.43)
By substituting
1 T
dT = —dT — —dR (3.44)
T T

one obtains

~ ~ 2
H?R? dT T dR?
2 2
ds* = = (1= —— = || == = dR| + —55 57>
1 kR/a T T 1 HR kR/a

2 2
+R2d0QY)

H2R? 2
=‘(1 Tmz)( ) ar’

F
T
N - H’R? FT’ 1 IR
1—kR?/a? T Io R R

N 2F2T H’R?
72 11— kR

) dTdR + R*dQ2},, . (3.45)

By imposing that the coefficient of dR? be unity one obtains

) ?R\/(H2+a%) (1—’%2)

7=+ 2
F(l HR? — kR)

(3.46)
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which, substituted into the previous equation, yields the FLRW line element in
Painlevé-Gullstrand coordinates

H2R? F\> ., 2FR |H>+k/a® -
(1= ) ) R
1 —kR?/a 7 T \V1—kR*/a

Clearly, slicings of constant time T are flat.

3.7 Congruences of Radial Null Geodesics in FLRW Space

Having given the general definitions and having calculated the needed formulae, let
us move to the study of congruences of radial null geodesics and of cosmological
horizons. In FLRW space, which is spherically symmetric about every point of
space, the outgoing and ingoing radial null geodesics have tangent fields with
comoving components

VI—k? V1—kr?
lﬂz(l,—r,0,0), n"z(l, r,0,0),

) _—a(t) (3.48)

respectively.
Proof. Setting p.p¢ = 0 for the 4-tangents p* yields
P
0=pp° = _(PO)2 + 1T—i2 (Pl)z

and

) ::I:VI_krpo.
a

Of course, one can also set ds*> = 0 and df = d¢ = 0, obtaining directly

d dr/dA ! V1 —kr?
dr_drjdd _p _  N1Zk” (3.49)
dt dt/dr  p° a

where A is a parameter along the null rays. O

There is freedom to rescale a future-directed null vector by an arbitrary regular
function (which must be positive if we want to keep this vector future-oriented).
The choice of normalization in Eq. (3.48) implies that [°n, = —2. The more common
normalization [°n. = —1 is obtained by dividing both [# and n“ by +/2.
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The expansions of these null geodesic congruences are computed using
Eq. (2.27). One first computes

1 1=k [ 3a2ar
Vclcz_aﬂ( _gl#)z( r) a“ar 2a2r
N Vv 32 R kr2)1/2
2
=3H+ —~1—k?, (3.50)
ar
1 1—k?) 2 [ 3a2ar?
vch:_aM( /__gnﬂ): ( r) a-ar _2a2r
N a’r? (1—kr)'/?
2
=3H— —~1—kr?. (3.51)
ar
Then, using
a*r?sin’ 6
=
1 —kr?

. : . : o ks 150
I =0, F0L1=F1L0=H8d’ F161=$

1—kr2
geal'n® = =2,
Eq. (2.27) yields®
2 (ar + VT=k) | R
6, = —olm+= 1=, (3.52)
ar R a2
2 (ar = VT=1?) | R
6, = =2|H—-</l-—]. (3.53)
ar R a

The cosmological apparent horizon is located where 8, = 0 and 6; > 0, i.e., at

1
Fag = —— (3.54)
Al a’+k

or

1

Rau(t) = (3.55)

3See, e.g., Ref. [36]. The factor 2 in Egs.(3.52) and (3.53) does not appear in Ref. [5] and in
other works because of different normalizations of /* and n”. The expansions of the congruences
definitely depend on the choice made for [‘n,.
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in terms of the proper radius R = ar. Note that the apparent horizon is defined using
only null geodesic congruences and their expansions and there is no reference to the
global causal structure.

Sometimes it is tempting to locate apparent horizons by simply guessing “where
the outgoing radial null rays stop”, that is, by setting I = 0. Although this shortcut
may sometimes provide the correct result (it does work for spherically symmetric
metrics in Painlevé-Gullstrand coordinates [68]), in general, it is not to be adopted
in place of the proper procedure which consists of finding the surfaces on which
6, = 0 and 6, # 0. The radial null geodesic congruences in FLRW space offer a
counterexample: using Eq. (3.48) and setting n' = 0 would lead to the incorrect
conclusion that there are no apparent or trapping horizons in k = 0,—1 FLRW
spaces, and to the incorrect value of Ray for k = +1 FLRW space. This is obviously
incorrect: except for the Minkowski case H = 0, apparent horizons always exist and
are given by Eq. (3.55).

3.8 Horizons in FLRW Space

Two horizons of FLRW space are familiar from standard cosmology textbooks:
they are the particle horizon and the event horizon [75]. In addition, apparent and
trapping horizons are relevant for our discussion. Consider a FLRW universe with
line element (3.1) in comoving coordinates. The proper, or areal, radius is R = a(f)r
and the Misner-Sharp-Hernandez mass of a sphere of radius R, defined by Eq. (2.92),
is easily found to be

Muen = (24 X R® . 4nR’
MSH — 2— 3

> p. (3.56)
where, again, a dot on the last equality denotes the fact that it holds in General
Relativity in a universe sourced by a perfect fluid (note that Eq. (3.56) is valid for
any value of the curvature index k). In non-spatially flat FLRW spaces, k # 0, the
quantity 47R>/3 is not the proper volume of a sphere of radius R, which is instead

2 T r
1% :/ d(p/ dG/ dr' \/g®, (3.57)
proper ) o o
6

@ _ 4 rsin® 0
=T
3-surfaces t = constant. Therefore,

where g is the determinant of the restriction of the metric g, to the

dr'r’?

r X
Voroper = 4ma’ t)/ —_— = 47ta3(t)/ dy'r*(x"). (3.58)
prop ( 0 m 0 X. (X)
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where y is the hyperspherical coordinate and the function f(y) is given by
Eq. (3.11). However, it turns out that only the “areal volume”

47 R3
3

(3.59)

will be needed for our purposes, as a consequence of the use of the Misner-Sharp-
Hernandez mass which is usually identified with the internal energy U that appears
in the thermodynamics of the apparent horizon.

Proof. The FLRW line element can be rewritten in Schwarzschild-like coordinates
as (Sect. 3.5)

H?R? dR?
ds* = —[1—- ——— ) F?di? R2d22,
y ( 1 — kR2 /a2) T —mr TN

where F(T, R) is an integrating factor. Equation (2.92) then gives

2M kR?
| - ZEMSH _ oRR | _PR2
R a?
and
,  k\R . 4nR
Mysu = \H + 5 | 5= P, (3.60)
a 2 3

using the Hamiltonian constraint (3.5) valid in General Relativity with a perfect
fluid. =

The Misner-Sharp-Hernandez mass of a sphere of radius R does not depend
explicitly on the pressure P of the cosmic fluid. Its time derivative, instead, does:
consider a sphere of proper radius R = R(?), then, using R = a(t)r and Eq. (3.7),
one has

(3RZRsp + R.p)

. dMMSH 4
Myisu =3

d

4 .
Tﬂ (3R2R.p + R} [<3H(P + p)]}

= 47 [R2Ryp — HR (P + p)]
3| Rs
=4nR | —p—HP+p)]| .
R

If the sphere is comoving with radius Ry o a(f) then Ry/R, = H and

Mysy = —47HR?P; (3.61)
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in this case Mysy depends explicitly on P but not on p. By taking the ratio of
Eqgs. (3.61) and (3.56) one also obtains that, in General Relativity,

. P
Mwush + 3H — Mysy = 0 (comoving sphere). (3.62)
P

3.8.1 Particle Horizon
The particle horizon [75] at time ¢ is a sphere centered on the comoving observer at
r = 0 and with radius

dr
a(t)’

Reu(t) = a(t) /0 (3.63)

The particle horizon contains every particle signal that has reached the observer
between the time of the Big Bang ¢ = 0 and the time ¢.5

For the fastest particles which travel radially to an observer at light speed, it is
ds*> = 0 and d.Q(zz) = 0. We write the line element using hyperspherical coordinates
as in Eq. (3.10). Then, along ingoing radial null geodesics, it is dy = —dt/a and
the infinitesimal proper radius is a(t)dy. Integrating along an ingoing radial null
geodesic between the emission of the signal at y, at time f, and its detection at
x = 0 at time 7, one obtains

0 t dll
dy = — 3.64
[ar=-[ (3.64)
and the use of
Xe 0
e = / dy =-— / dx
0 Xe
leads to
t dt/
. = . 3.65
X /t ) (3.65)

SMore realistically, photons propagate freely in the universe only after the time of the last
scattering or recombination, before which the Compton scattering due to free electrons in the
cosmic plasma makes it opaque. Therefore, cosmologists introduce the optical horizon with radius

t ’
a(t) drt

/
Irecombination a(t )
be used here.

[66]. However, the optical horizon is irrelevant for our purposes and will not
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To obtain a physical (proper) radius R one multiplies by the scale factor obtaining’

R, —a(t)/ (t/ . (3.66)

Now take the limit 7, — 07

t /
¢ If the integral /0 )
all the light signals emitted at sufficiently early times from any point in the
universe. The maximal volume that can be causally connected to the observer
at time ¢ is inﬁnitet.

e If the integral /
0

diverges, it is possible for the observer at r = 0 to receive

t . .
= 0 receives, at time f,
a(th)
/

t

only the light signals started within the sphere r < / P (ﬂ) which is called the

(comoving) radius of the particle horizon.

The physical (proper) radius of the particle horizon is therefore given by
Eq.(3.63). At a given time t the particle horizon is the boundary between the
worldlines that can be seen by the observer and those (“beyond the horizon”) which
cannot be seen. This boundary hides events which cannot be known by that observer
at time t. The particle horizon evolves with time (see Fig. 3.1).

The particle horizon is the horizon commonly studied in inflationary cosmology.
The horizon problem of standard Big Bang cosmology consists of the fact that
cosmic microwave photons coming from two opposite directions in the sky have the
same temperature T ~ 2.73 K (apart from small fluctuations §7/T ~ 5 - 107°) even
though they come from regions which have never been in causal contact and cannot
have thermalized. In the context of standard Big Bang theory this property can only
be explained by invoking miracolously fine-tuned initial conditions. Inflation in the
early universe provides a solution of the horizon problem by postulating that a small
region of the universe has inflated at speeds much larger than those possible in the
standard Big Bang model and that the cosmic microwave background photons that
we see today were in causal contact in this small region before inflation occurred
[42, 54, 57, 66].

Note that the particle and event horizons depend on the observer. Contrary to the
case of the event horizon associated with a Schwarzschild black hole (often called
an absolute horizon), different comoving observers in FLRW space will see event
horizons located at different places (e.g., [26]). Another difference with respect to
a black hole horizon is that the observer is located inside the cosmological particle
horizon and signals sent from the outside cannot reach him or her. In this sense, the

"The notation for the proper radius R = a(f)r = a(t)f(y) is consistent with our previous use of
this symbol to denote an areal radius because a(f)r is in fact an areal radius, as is obvious from the
inspection of the FLRW line element (3.10). If k 5 0, the proper radius a(f) y and the areal radius
a(t)f (x) do not coincide.
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Fig. 3.1 The particle horizon of a comoving FLRW observer at time ¢. As the comoving observer
moves along his or her (vertical) worldline, the particle horizon becomes larger and larger and
this observer is able to see more and more signals coming from further and further away. Other

observers (represented by the curved wordlines) will have different particle horizons

cosmological horizon of an expanding FLRW space resembles more a white hole

than a black hole event horizon.
The cosmological particle horizon is a null surface.
Proof. This statement should be obvious from the fact that the event horizon is a

causal boundary and is generated by the null geodesics which barely fail to reach
the observer, but let us check it explicitly anyway. Using hyperspherical coordinates

(¢, x), the equation of the particle horizon is
dr
0. (3.67)

Fen=1-[ 2=

The normal to this surface has components
8o
Ny =V, F |py = 0u1 — > (3.68)

and the norm squared of this normal is

) 8
NaNa — gabNaNb = ng (_%0 + 5/}'1) (—%0 + 51;1)

00
_ 8 1 _ 1 1_
—?—i-g ——;4—;—0,

hence the particle horizon is a null surface.
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The cosmological particle horizon evolves according to the equation [24, 35]

Rpy = HRpy + 1. (3.69)

Proof. Equation (3.63) gives

R . rdr I a a (t) /t
=a —=—qa
o oa(f) a a 0

/

dt
a(t)

+1=HRpyg +1.

a

In an expanding universe with a particle horizon it is Rpy > 0, which means
that more and more signals emitted between the Big Bang and the time ¢ reach the
observer as the time ¢ progresses. If Rpy(7) does not diverge as t — fy, (Where fiax
is possibly +00), then there will always be a region unaccessible to the comoving
observers.

The acceleration of the particle horizon is

. . ) a . 4
Ren = (H+H’)Rpy + H = ;RPH—i—H: —T(p—l—?:P)RPH—i—H, (3.70)

as follows from Egs. (3.69) and (3.6).

3.8.2 Event Horizon

Consider now all the events which can be seen by a comoving observer at r = 0
between time ¢ and future infinity # = +o0 (in a closed universe which recollapses,
or in a Big Rip universe which ends at a finite time, substitute +oco with the time
tmax corresponding to the maximal expansion or the Big Rip, respectively). The
comoving radius of the region which can be seen by this observer is

+o00 dl‘/ .
m=/t mat 371

if this integral diverges as the upper limit of integration goes to infinity or to fp,y, it
is said that there is no event horizon in this FLRW space and events arbitrarily far
away can eventually be seen by the observer by waiting a sufficiently long time. If
the integral converges, there is an event horizon: events beyond rgy will never be
known to the observer [75]. The physical (proper) radius of the event horizon is

+o0 dl/

a(t)’

Ren(t) = a(@) / 3.72)
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In short, the event horizon can be said to be the “complement”of the particle horizon
[66]; it is the (proper) distance to the most distant event that the comoving observer
will ever see. Clearly, in order to define the event horizon one must know the entire
future history of the universe from time ¢ to infinity and the event horizon is defined
globally, not locally.

The cosmological event horizon is a null surface.
Proof. Again, the statement follows from the fact that the event horizon is a causal

boundary. To check explicitly, the equation of the particle horizon in hyperspherical
coordinates (¢, y) is

Imax dt/
Ft,)=yx— — =0. 3.73
wo=1-[" 673
The normal to this surface has components
80
NH == Vﬂf |EH == Sﬂl - 7 (374)

and the norm squared of this normal is

) 8y
NN, = gabNaNb =g" (8/11 - %0) (811] - 70)

g00 1 1
—g +?:§_;:0, (3.75)

a

The cosmological event horizon evolves according to the equation [1, 24, 35, 64]
Rey = HRgyy — 1. (3.76)
Proof. Equation (3.72) gives

ton=a [ it ([ aw) =m0 [

= HRpgy — 1.

The acceleration of the event horizon is also straightforward to derive,
Ren = (H+ H*)Ren — H . (3.77)

The event horizon does not exist in every FLRW space.
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To wit, consider a spatially flat (¢ = 0) FLRW universe sourced by a perfect

fluid with equation of state P = wp and w = constant > —1. If w > —1/3 (i.e., in

General Relativity, for a decelerating universe®), there is no event horizon because

a(t) = ao 7550 (3.78)

and the event horizon radius would be

+o00 / " +o00
REH = q [ﬁ/ d—tz — Z‘ﬁ [M t/3?w4+—})i| .
t ao (1) 3 +D 3w+ 1 .
3w+1 . . . .
If w > —1/3 then the exponent m is positive and the integral diverges: there
w

is no event horizon in this case. Indeed, the existence of cosmological event horizons
seems to require the violation of the strong energy condition in at least some region
of spacetime [10]. We can state that

in General Relativity with a perfect fluid the FLRW event horizon exists only for
accelerated universes with P < —p/3.

Since conformal time 7 is defined by df = adp, it is
Reu(n) = a(m) (Nmax — 1) -

For a spatially flat universe with perfect fluid, P = wp and w = constant # —1 in
General Relativity, using Eq. (3.78) one obtains

3w+ 1) wr
= 7 3wFD 3.79
1 Bw + 1ag (3.79)

If -1 < w < —1/3, then 7 is negative for z > 0 while, if w < —1 (phantom universe)
orif w > —1/3 (decelerating universe), it is n > 0 for r > 0.

For w = —1 we have de Sitter space with scale factor a(t) = ao e (ap,H
constants) and dt = adn = age™'dn, which yields

e—Ht 1 e—Hl
n=|[dn= | dt =——=— <0.
ao aH agH

Then, t — —oo corresponds to n — —o0, t — +00 to n — 0, and we have t =
—I‘I_1 In (a0H|77|)

8The Einstein-Friedmann equation (3.6) gives @ < 0 in this case.
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3.8.3 Hubble Horizon

For completeness, we mention that the literature refers often to a Hubble horizon
with radius

Ry=—. (3.80)

This is just language: this equation is not derived from any particular physical
consideration, other than giving an order of magnitude of the radius of curvature
of a FLRW space and being used as an estimate of the radius of the event horizon
during slow-roll inflation, when the universe is close to a de Sitter space [54]. The
Hubble horizon coincides with the apparent horizon for spatially flat universes and
with the horizon of de Sitter space. However, the concept of Hubble horizon does
not add to the discussion of the physics of the various types of FLRW horizons and
it will not be used in the following.

3.8.4 Apparent Horizon

According to the definition (2.57)—(2.58), the apparent horizon of FLRW space
is located by setting to zero the expansion 6, given by Eq. (3.53) while 6, (given
by Eq.(3.52)) is positive. Alternatively, note that the FLRW metric is obviously
spherically symmetric and one can apply the prescription (2.104) to locate the
apparent horizon deriving from the Misner-Sharp-Hernandez mass, as we have
already done. Using the areal radius R, the FLRW line element reads

a*(1)

— kr?

ds® = —df* + ; dr* + R*d$2},, (3.81)

where r(¢, R) = R/a(t), which is of the form (2.91) with

a*(1)
hyp = di -1, ——,0,0 3.82
=g (1,22, 0.0) o

in comoving coordinates. The apparent horizon is located by the equation
VRV.R =0, or

5 1 —kr? 5
—R; + > R =0. (3.83)
a
Since R, = a(f)r and R, = a(t), we obtain &*r* = 1 — kr* or H*R*> = 1 — kR?/d?,
and the FLRW apparent horizon of a comoving observer is a sphere of proper radius

1

VH? + k/a?

Ran(t) = (3.84)
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centered on this observer. Looking at Egs. (3.52) and (3.53) it is clear that when
R > Ry itis 6, > 0 and 6, > 0, while the region 0 < R < Rayg has 6, > 0
and 6, < O (radial null rays coming from the region outside the horizon will not
cross it and reach the observer). The cosmological apparent horizon depends on the
observer (here chosen at r = 0), much like horizons in flat space. It acts as a sphere
surrounding the observer and hiding information.

For a spatially flat universe, the radius of the apparent horizon Rpy coincides
with the Hubble radius H~! while, for a positively curved (k > 0) universe, Rag
is smaller than the Hubble radius, and it is larger for an open (k < 0) universe.
Note that, in General Relativity, the Hamiltonian constraint (3.5) guarantees that the
argument of the square root in Eq. (3.84) is positive for positive densities p. The
apparent horizon always exists (except for the trivial case of Minkowski spacetime
without gravity) while, as seen above, the event horizon does not exist in all FLRW
spaces.

The apparent horizon, in general, is not a null surface, contrary to the event and
particle horizons.

To prove this statement, note that the equation of the apparent horizon in
comoving coordinates is

1
I —
VH? + k/a®

The normal to this surface has components

Z(t,r) = a(t)r — (3.85)

HH 8,0 — %8,
NM = Vﬂﬂ’ IAH= |:6'lr8ﬂo+a(3ﬂ1 + K @ b
AH

(H? + k/a?)*?

(H? + k/a?)*?

e
|:ilr+ H(H K/ )

] 8#0 + a8H1

AH
H (H —k/a?)

= [HRAH + (H2 n k/a2)3/2

i| 3#0 + a8u1

.k
= HRan [1 + (H - a—z) R}m] 80 + ady
a
= HR\y ~ S0+ adu. (3.86)

In General Relativity with a perfect fluid with equation of state P = wp,
Egs. (3.5), (3.6), and (3.84) yield

. _(3w+1)

Nli = 3 HRAH(SV_() + (15ﬂ1 . (3.87)
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The norm squared of the normal is

N°N, = g"’N,N,,

) H (H - k/a?)
= ¢ | | HRaw + ———" | S0+ adu | -

(H? + k/a?)*?

H (F — k/a?)
| HRan + ————75 | 8uo + b
(H? + k/a?)*?
. 2
H(H—k/d*
= g;w{ HRAH + M 8;108u0
(H? + k/a?)*?
+-- ‘8[1,18\}0 + .- 8#08‘}1 + a2 8;“8“}

. 2
H —k/a*
— gOH? | Ray + ( /@) + g
(H? + k/a?)*?

=1 —krky — H |:RAH +

(H—k/az) :|2

(H? + k/a?)*?

. 2
1 H—k/a
=1 —krky — H + ( /a )3/2
VH? + k/a*>  (H? + k/a?)
H (H + H?) H? (i/a)>
=1—krf\H——( ) - Py — (@/a)

(H? + k/a?)®

w2
a
= H’R}y [1 - (;) R4AH:|

H (14 )’

. 3H’R}
= —5" (p+P)(p—3P)
4p?
= H’R3y (1 — ¢°H'R}y) . (3.88)
where ¢ = —ida/” is the deceleration parameter. The horizon is null if and only if

P=—porif P =p/3.
In General Relativity with a perfect fluid the Hamiltonian constraint (3.5) yields

-1 -1
H?R:, =1+ L = 8_7[ )
AH a*H? 3H?

2
where p. = —— is the critical density and £2 = p/p. is the density parameter, i.e.,

Pe _ o1, (3.89)
I

T
the energy density measured in units of the critical density, and one obtains
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3 92_ 2
NNo= = (0t 1) Gw— 1) Ry = 93" . (3.90)

We can use Eq. (3.90) to establish that [9, 12, 35, 77]:

e If—1 <w < 1/3then N°N, > 0 and the apparent horizon is timelike. Forak = 0
universe in Einstein theory this condition corresponds to H < 0.

e Ifw=—1orw=1/3then N°N. = 0 and the apparent horizon is null (de Sitter
space, which has # = 0 and ¢ = —1, falls into this category but it is not the only
space with this horizon property).

e Ifw< —1orw> 1/3then N°N, < 0, the normal is timelike, and the apparent
horizon is spacelike. In Einstein theory with k = 0 and a perfect fluid as the
source, w < —1 corresponds to H > 0 (“superacceleration”). This is the case
of Big Rip universes and of a phantom fluid which violates the weak energy
condition.

The black hole dynamical horizons discussed in the literature are usually required
to be spacelike [4]. However, cosmological horizons in the presence of non-exotic
matter are timelike.

In General Relativity, the radius of the apparent horizon can be written as

1
Ry = ——
V2 H|

in terms of the density parameter §2 by using Eq. (3.89).

(3.91)

The apparent horizon evolves according to the equation 2, 19, 21, 24, 35, 60]
. k .
Ran = HR3 (—2 — H) = 4rHR,; (P + p) . (3.92)
a

Proof. Differentiate Eq. (3.84) with respect to ¢, obtaining

o [HE-ke)
R TR SE

— 3 k 3
= H|—H+ — | Ry
3 1 2 2
:HRAH T_H —H
RAH

= HR 1~ (i + 1) By

. H? k.
_ _ 2 — 3 -~
= HRan (1 HRAy, e k/az) HR3y (a2 H) .
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In General Relativity with a perfect fluid as a source, the only way to obtain
a stationary apparent horizon is when P = —p. This equation of state yields de
Sitter space, for which Eq. (3.92) reduces to RAH = 0, consistent with Ry = H™
and H = constant. For non-spatially flat universes, the equation of state P = —p
produces other solutions.

Example 3.1. For k = —1 and a cosmological constant A > 0 as the only source of

gravity, the scale factor
/3 [A
a(t) = 1 sinh( ?t) (3.93)

is a solution of the Einstein-Friedmann equations, as can be checked easily. The
radius of the event horizon has the time dependence

Ren(t) = \/g sinh (@ t) In |:tanh (\/g é)” . (3.94)

The apparent horizon, instead, has constant radius Rag = +/3/ A, according to the
fact that p4 + P4 = 0in Eq. (3.92) [35].

Example 3.2. Consider, for k = +1 and positive cosmological constant A, the scale

faCtOr
a == ” — CO h w - 5 3 95

the event horizon has radius

3 A T . A
Reu(t) = 1 cosh 3 t ) + nmw — tan sinh 3 t , (3.96)

where n = 0, £1,£2, ... The multiple possible values of n correspond to the
infinite possible branches which one can consider when inverting the tangent
function, and to the fact that in a closed universe light rays can travel multiple times
around the universe. In this situation it is problematic to regard the event horizon
as a true horizon [26]. The apparent horizon has constant radius Rag = /3/ A4,
according to the fact that p, + P4 = 0in Eq.(3.92).°

9These two examples, together with de Sitter space for k = 0, are presented in Ref. [26]. However,
contrary to what is stated in this reference, in both cases the event horizon is not constant: it is the
apparent horizon which is constant.
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3.8.5 Trapping Horizon

When is the FLRW apparent horizon also a trapping horizon? When %6, > 0,
which gives

$9n=?>0, (3.97)

where Z is the Ricci scalar of FLRW space [8, 9, 12, 35, 77].
Proof. Using Eqs. (3.48) and (3.53), we have

26, =1°V,6, =10,6,
V1 — k2 )

a ar

2 (., kR?
= o | AR +HR\[1- — +1] .

At the apparent horizon R = Ray it is

. / k
H n H,/1- a2(H?+k/d?) 41
H>+ % VH? + k[

k
L |y = 2 (H2 + ;)

k 4
= 2(H+2H2+;) =3
ad
In General Relativity with a perfect fluid it is
Ly = o (p—3P) (3.98)

and, therefore [8, 9, 12, 35, 77]

the apparent horizon is also a trapping horizon iff Z > 0 (equivalent to P < p/3
in General Relativity with a perfect fluid).

When trapping, the apparent horizon is a past inner trapping horizon according to
Hayward’s definition [45]: it is an inner horizon because the region 0 < R < Ran(?)
is not trapped (i.e., 6,60, < 0), and a past horizon because geodesics which have
exited the hypersurface R = Rag cannot come back to it.
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3.8.6 Examples

Let us consider a couple of examples.

Example 3.3. As a first example consider Minkowski space with line element
ds* = —di® + dR* + R*d2},, (3.99)

this is a trivial k = 0 FLRW universe with constant scale factor a = 1. The
expression (3.84) of the radius of the apparent horizon gives Ray = 00, i.e., the
apparent horizon is located at spatial infinity.

Example 3.4. As a second example consider the Milne universe with line element
ds® = —dt* + 22 (d;ﬁ + sinh? ngé)) , (3.100)

which describes a k = —1 FLRW universe in hyperspherical coordinates with
linear scale factor a(r) = t. The areal radius is R = t sinh y and its gradient has
components

V,R = sinh x 8,0 + tcosh y 8, ,
which gives
VRV.R =1; (3.101)

since V R cannot be null there is no apparent horizon. This fact is consistent with
Eq. (3.84) which yields Ray = +o0. This fact is not surprising because the Milne
universe is nothing but a portion of empty Minkowski space. In fact, for a = 7 and
k = —1, the Einstein-Friedmann equations with a perfect fluid (3.5) and (3.6) give
p = P = 0: this FLRW universe is empty and must therefore have zero spacetime
curvature and be Minkowski space, which is confirmed by a direct calculation of
the Riemann tensor. The Milne line element can be obtained from the Minkowski
line element (3.99) with the coordinate transformation (¢, R, 8, ¢) — (t, x, 6, ¢)
given by

t = tcoshy, (3.102)
R = tsinh y, (3.103)

as is straightforward to verify. The Milne universe is a foliation of flat Minkowski
spacetime with curved three-dimensional hypersurfaces. Although, in general, the
existence of apparent horizons is foliation-dependent, in this case changing the
foliation does not introduce an apparent horizon in Minkowski spacetime. The
dependence on the spacetime slicing does not always lead to trouble.
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3.9 Dynamics of Cosmological Horizons

Let us now focus on the dynamical evolution of the horizons that we have defined
and compare their evolutionary laws, which we summarize here. The first question
to ask is whether these horizons are comoving: they almost never are. The difference
between the expansion rate R/R of a horizon of radius R and the expansion rate H
of the cosmic matter is, for the particle, event, and apparent horizons

R 1

SN (3.104)
Rpy Rpy

R 1

R S (3.105)
Rgn Ren

. k ; .

R -~ —H 3 HH

LI = U 5 M_l —_(%y RiHiM,@.]o@
Ran H? + a% a 2

respectively. Taking into consideration only expanding FLRW universes (H > 0),
when it exists the particle horizon always expands faster than comoving. The event
horizon (which only exists for accelerated universes) always expands slower than
comoving. The apparent horizon expands faster than comoving for decelerated
universes (a < 0); slower than comoving for accelerated universes (a > 0); and
comoving for coasting universes (a(t) « ¢).

An even simpler way of looking at the evolution is by using the comoving radius
of the horizon: if this radius is constant, then the horizon is comoving. We have,

1

pu=->0, (3.107)
a

X 1

Fep = —— <0, (3.108)

a
. ad
= = (3.109)

respectively. All these horizons are practically never comoving.

In a universe which changes its expansion from accelerated to decelerated, the
event horizon suddenly disappears when da(f) changes sign. Vice-versa, an event
horizon appears when the universe goes from decelerated to accelerated. If an event
horizon was to be assigned an entropy equal to one quarter of its area (which
is not an established fact), then this behaviour causes discontinuous jumps in the
horizon entropy. In a de Sitter universe the horizon is, instead, static and so is the
entropy.
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3.10 Another Notation

The notation and terminology may become confusing when switching from black
hole to cosmological horizons and from observers outside an horizon to observers
surrounded by a horizon. It is perhaps more convenient to adopt another common
notation: instead of using /“ and n for the tangents to the outgoing and ingoing null
geodesic congruences in a black hole spacetime and having to invert these when
discussing white hole or expanding FLRW spacetimes, one can simply use [ 4
where “+” and “—” denote outgoing or ingoing congruences as appropriate. The
terminology is as follows.!”

» For a black hole + denotes the outgoing null congruence (with tangent [ in our
previous notation) and — denotes the ingoing null congruence (with tangent n“ in
the other notation). The observer is outside the apparent horizon.

— A surface is normal (untrapped) if 84 >0 and 0_ < 0.

— A surface is trapped if 4 < 0and 6_ < 0.

— A surface is (future) marginally trapped if 0+ = 0 and 6_ < 0 and is outer if
8_9+ < 0.

» For a white hole 4 denotes the outgoing and — the ingoing null congruences.
The observer is outside the apparent horizon.

— A surface is normal (untrapped) if 64 > 0 and 6_ < 0.

— A surface is trapped if 64 > 0 and 6_ > 0.

— A surface is (past) marginally trapped if 01 > 0 and 6_ = 0 and is outer if
3+9_ < 0.

* For an expanding FLRW space 4+ denotes the outgoing and — the ingoing null
congruences. The observer is inside the apparent horizon.

— A surface is normal (untrapped) if 6+ > 0 and 6_ < 0.

— A surface is trapped if 64 > 0 and 6_ > 0.

— A surface is (past) marginally trapped if 8+ > 0 and 6— = 0 and is inner if
8+9_ > 0.

* For a contracting FLRW space + denotes the outgoing and — the ingoing null
congruences. The observer is inside the apparent horizon.

— A surface is normal (untrapped) if 6+ > 0 and 6_ < 0.

— A surface is trapped if 04 < 0 and 6 < 0.

— A surface is (future) marginally trapped if 64 = 0 and 6_ < 0 and is inner if
8_9+ > 0.

10Cf. Table 1 of Ref. [39].
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3.11 de Sitter Space

de Sitter space (see Ref. [44] for an introduction and Refs. [6, 16, 78, 79] for reviews)
is a maximally symmetric constant curvature space and is a spatially flat FLRW
space with line element

ds? = —di* + a e (dr + a2}, ) (3.110)

in spherical comoving coordinates. The scale factor is a(f) = ag e, with ay and
H constants. The de Sitter solution is obtained from the Einstein-Friedmann equa-
tions (3.5) and (3.6) with a positive cosmological constant A (which can formally

A
be treated as a perfect fluid with p = —P = 8—) and no matter, and H = ++/A/3.
14

Sometimes the literature refers to expanding de Sitter spaces with a(t) = age¥*/3!

and to contracting de Sitter spaces with a(f) = ape™v*/3". Other times the scale
factor a(t) = ag cosh (\/ A/3 t) is used which is a combination of the previous two.

We will call “de Sitter space” only the one with line element (3.110) and scale
factor a(t) = ape!™, with H a positive constant. It has curvature index k = 0 and
Ricci scalar Z = 12H>.

The de Sitter metric can be recast in static Schwarzschild-like coordinates as
follows. First, introduce the areal radius R(z, r) = a(t)r, in terms of which

dR Ra
dr=— — — dr: (3.111)
a a

this change of radius reduces the line element to the Painlevé-Gullstrand form"!
ds’ = — (1 — H’R*) dr’ — 2HR d1dR + dR* + R*d$2(,, . (3.112)

The Painlevé-Gullstrand coordinates penetrate the horizon R = 1/H and constant
time slices are Euclidean (by setting df = 0 one obtains the 3-dimensional Euclidean
line element ds?|3) = dR* + deQ(zz)), properties which we have already seen to
hold for the Painlevé-Gullstrand coordinates of the Schwarzschild metric.

The cross-term proportional to dfdR in the line element (3.112) is eliminated by
the use of the new time coordinate 7" defined by

dT = dt + AR dR (3.113)
- 1—H2R2 '

dT is a locally exact differential: in fact, thinking of (¢, R) as independent coordi-
nates, it is dT' = Tydt + TodR with T) = 1, T, = HR/(1 — H*R?), and

"'"The coordinates (z, R, 8, ¢) are called “Painlevé-de Sitter coordinates” [72].
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Ty dT»
R Ot
- HR . . .
By substituting dt = dT — TR dR into the line element (3.112), one obtains
2HR H’R?
ds* = — (1 —HZRZ) dT* — ——— dTdR + —_— 2
1 — H2?R? (1 — H?R?)

— 2HR | dT — _HR dR ) dR + dR?> + R?*d$2>
1 — H2R? 2)

— (1 - H?R?)dT?

(1 — H2R?)? * (1 — H?R?)

+R*d$2%, (3.114)

2p2 22
+|:1—(1—H2R2) "R 2HR }dz

and finally the de Sitter metric in static Schwarzschild-like coordinates is obtained
(e.g., [41, 65]),

2

dR 22
T R, (3.115)

2 (1 _ m2p2 2
ds* = — (1 — H’R?) dT +1 g

This line element bears some resemblance with the Schwarzschild metric in
Schwarzschild coordinates. This static chart covers only the region 0 < R < Rgy of
de Sitter space interior to the horizon and, therefore, de Sitter space is only locally
static.

For H = 0 de Sitter space degenerates into Minkowski space, the static coor-
dinate system becomes global, and there are no apparent and trapping horizons,
RAH — OQ.

There is no particle horizon in de Sitter space (defined as the k = 0 FLRW space
with scale factor a(r) = ape/ and H > 0) because there is no Big Bang and the

integral
t dr _e—Hz’ !
— = 3.116
o= 10
—00
diverges.

There is an event horizon in de Sitter space, with radius

1 3
Rey = — =4/ —, 3.117
BH = o 1 ( )

which is time-independent.
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Proof.

R 0) / vo gt e T
BH =4 alty H “H

The area of the event horizon is @y = 47R%, = 127/ A.
Apparent and event horizons coincide in de Sitter space and this horizon is null.

This surface is also a Killing horizon of the Killing vector field

a_ (9
k :(BT) : (3.118)

To check that this is a Killing field, consider its components in static Schwarzschild-
like coordinates

k= (1,0,0,0), ky, = (— (1- HZRZ),O,O,O) (3.119)

and the covariant derivatives
Vuk, = 8k, — kg = 0,4k, + I, (1 — H?R?) . (3.120)

The only non-vanishing Christoffel symbols Flfv in these coordinates are

0 0 H’R
FOl :Floz—m (3121)
or
0 H’R .
Ly = 11— H2R? (8u0du1 + 5#18VO) ’ (3.122)
this equation in turn gives
V,ky = H?R (8,180 — 8,10811) (3.123)

and the only component of the left hand side of the Killing equation
Vuky + Vipk, = 0 which is not trivially zero is

Voki + Viko = 2 (—H’R + H’R) , (3.124)
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which also vanishes. The Killing equation is satisfied and k¢ is a Killing vector field
with norm squared

Kk, = —(1-HR?) . (3.125)

Therefore, k% is timelike for R < H™', null for R = H™', and spacelike for R > H™!
and the hypersurface R = H™' is a Killing horizon. This situation is analogous to
that of the Killing vector field (3/97)? in the Schwarzschild spacetime (1.3), which
changes its causal character on the Schwarzschild event horizon R = 2M.

The components of the de Sitter space Killing vector k“ in comoving coordinates
are

k= (1,0,0,0) . k, =(—1,0,0,0) . (3.126)

In Painlevé-Gullstrand coordinates the components of the Killing field are
instead

k* = (1,ar,0,0) = (1,HR,0,0) . (3.127)

The surface gravity of the Killing horizon is

1 [A
Kis = ——=H=/—. (3.128)
Ren 3

Proof. The Killing surface gravity is given by Eq. (2.78) which yields, using static
coordinates and Eq. (3.123),

1 1
K12<ining =73 (VkP) (Viky) = ) g'g"” (Vy.ky) (Vakp)

1
=3 §"*g"P HR (8,18,0 — 8,0801) H*R (821880 — 8a08p1)

H*R?
= - 5 guagvﬁ (50{05;315#0&1 - 3a08ﬁ15m 8vo — 80{18,308;/.081}1
+8a18ﬁ08u18v0)
H*R?
_ ; [googn —2(g01)2 +g11g00] — H*R.

On the Killing horizon R = H™', it is ki, = H and Eq.(3.128) follows by
choosing the positive sign arising from the square root of this equation. O
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3.12 Thermodynamics of Cosmological Horizons in General
Relativity

One of the most interesting developments of black hole physics is black hole
thermodynamics. Originally developed for stationary event horizons, this branch
of theoretical physics is being extended to other types of horizons such as apparent,
trapping, isolated, dynamical, and slowly evolving horizons. It was realized early on
that also cosmological horizons have thermodynamics associated to them, beginning
with the static event horizon of de Sitter space [41]. It is claimed in the literature
that this cosmological thermodynamics extends also to FLRW apparent horizons.

3.13 Thermodynamics of de Sitter Space

The thermodynamics of de Sitter space was studied by Gibbons and Hawking [41]
(see also[11,25,27,62,63,72,76] and the references therein). The de Sitter horizon
is endowed with temperature and entropy, like the Schwarzschild event horizon, as
was deduced using Euclidean field theory techniques [41]. Gibbons and Hawking
computed the thermal bath seen by a timelike geodesic observer in de Sitter space
carrying a (scalar) particle detector confined to a small tube around the observer’s
worldine [41]. The result is the de Sitter horizon temperature Ty given by

(3.129)

where we have restored the fundamental constants and kxiiing 18 the surface gravity
defined using the Killing vector (3/0T) of de Sitter space. The entropy of the de
Sitter horizon, commonly referred to as Gibbons-Hawking entropy, is

k363 JZ{H _ k363 g

Sy = =BT 3.130
"TWG 4 T WG B2 (3.130)
or
_ e 1 (3.131)
"7 kG 4nTE '

where @%; = 4w RZ; = 4wH? is the area of the event horizon. It is common to
write

L

Su = kg —-, 3.132
n=h e ( )
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where Ip = v/Gh/c? is the Planck length and 11231 is interpreted as a “quantum of
area”. There is radiation with a thermal spectrum near the horizon with characteristic
wavelength ~ H~! and T < 1072 K today. The entropy is constant in time, in
agrement with the fact that de Sitter space is static in the region 0 < R < Ry.

There is no extremal horizon analogous to that of extremal black holes because
the metric contains a single parameter.

The Kodama vector in de Sitter space is immediately given by Eq. (2.76) which,
compared with the de Sitter line element in static coordinates (3.115), yields

. a a
K _(ﬁ) , (3.133)

i.e., the Kodama vector coincides with the timelike Killing vector (3.118) of de
Sitter space. The surface gravity generated by this Killing-Kodama field is k =

H = /A/3 (Eq.(3.128)) and then the corresponding temperature is Ty = ZL in

g

geometrized units. The first law of thermodynamics is satisfied: taking the internal
A

energy U = Myisy = Y R 0, where Mysy is the Misner-Sharp-Hernandez mass

and Vi = 47 R3;/3 as the volume bounded by the event horizon, one has

4 4mp
dU=d|—Rp|=dl—=])=0
v (3 H”) (3H3)

because both H and p are constant, while

4
dVy=d|—) =0,
" (3H3)

while Sy is constant; dSy, dU, and dVy all vanish making the first law of thermody-
namics rather trivial.

3.14 Thermodynamics of Apparent/Trapping Horizons
in FLRW Space

The thermodynamic formulae valid for the de Sitter event (and apparent) horizon
are taken and adapted by many authors to the non-static apparent horizon of FLRW
space, which does not coincide with the event horizon (the latter may not even
exist). The apparent horizon is often argued to be a causal horizon associated
with gravitational temperature, entropy and surface gravity in dynamical spacetimes
([5, 15, 22, 40, 46, 47, 67] and references therein) and, if these arguments hold, then
they would apply also to cosmological horizons. That the thermodynamics is ill-
defined for the event horizon of FLRW space (except for de Sitter space) was argued
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in [15, 26, 39, 40, 85]. The authors of [51, 86] attempted to compute the Hawking
radiation of the FLRW apparent horizon. References [20, 62] rederived it using
the Hamilton-Jacobi method [3, 68, 83] in the Parikh-Wilczek approach originally
developed for black hole horizons [73]. In this context the particle emission rate in
the WKB approximation is the tunneling probability for the classically forbidden
trajectories from inside to outside the horizon,

2Im(7) ho
I' ~exp (— - ) ~ exp (— kB_T) , (3.134)

where I is the Euclideanized action with imaginary part Im(/), w is the angular
frequency of the radiated quanta (taken, for simplicity, to be those of a massless
scalar field, which is the simplest field to perform Hawking effect calculations),
and the Hawking temperature is read off the expression of the Boltzmann fac-

1)

tor, kgT = 21—(1) The particle energy hw is defined in an invariant way as
m

w = —K%V,I, where K% is the Kodama vector, and the action [ satisfies the

Hamilton-Jacobi equation
WV IV, = 0. (3.135)

Although the definition of energy is coordinate-invariant, it depends on the choice
of time, here defined as the Kodama time, and w is a “Kodama (angular) frequency”.
It is not yet established beyond doubt, however, that this prescription gives a correct
and consistent thermodynamics.

There has been a rather large literature on the thermodynamics of FLRW spaces
(e.g.,[2,19,30] and references therein). A review of the thermodynamical properties
of the FLRW apparent horizon, as well as the computation of the Kodama vector,
Kodama-Hayward surface gravity, and Hawking temperature in various coordinate
systems are given in Ref. [30]. The Kodama-Hayward temperature of the FLRW
apparent horizon is given by

Ran H2+E+%
= (1) (12 + 1 zZ)Z(h)RAH%

c 2 24mce
hG\ R
= (—G) % (BP—p). (3.136)
C

For a spatially flat universe this expression reduces to

kT = (h_G) W - (h_G) w (3.137)
c 2 c 3H

This temperature depends on the choice of surface gravity « since T = k /27 in
geometrized units and, as we have seen, there are several inequivalent prescriptions
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for this quantity. The choice of k giving the temperature reported here is the
Kodama-Hayward choice of Eq. (2.87) [30]. In fact, the Kodama-Hayward surface
gravity given by Eq. (2.87) is

R k R
KKodama = — ;H (2H2 +H+ ) = —%% (3.138)

Proof. Using comoving coordinates and the decomposition of the metric ds> =

2
hapdxdd + R2d2Y) (a.b = 1,2), where hy = diag(—l, %) Eq.(2.87)
— kr

gives

KKodama = 04

e, (a(t)r):|

NEs
— krz —ar a0 w al
— w( ot

a2 kr R ) . k
= —+ ar+ —|=——=(2H +H+ — | .
a 2 a?

The Kodama-Hayward dynamical surface gravity (3.138) vanishes if the scale

factor has the special form a(r) = /at? + Bt + y, where «, 8, and y are constants.
On the apparent horizon, Eq. (3.138) can be written as [19]

a

K _ ! Ran 2H (3.139)
Kodama — ZHRAH RAH .

using Eqs. (3.106) and (3.138). In the usual prescription of stationary spacetime
which assigns to a horizon of area <7 the entropy < /4 (in geometrized units), the
putative entropy of the FLRW apparent horizon would be

kgc®\ Aan kgc? b4
Sapy = = =) —-— 3.140
Al (hG) 4 hG ) H> + kja*’ (3.140)
where
4
— 2
JZ{AH = 47TRAH = m (3141)

is the area of the event horizon. The Hamiltonian constraint (3.5) gives

.3 . . 9H
San = 7 San=_— (P+p). (3.142)
P 8p
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In an expanding universe the apparent horizon entropy increases if P + p > 0, stays
constant if P = —p, and decreases if the weak energy condition is violated, P < —p.

The horizon temperature is positive only if the Ricci scalar is, which is equivalent
to equations of state satisfying P < p/3 for a perfect fluid in Einstein theory [35].
This is the condition for the apparent horizon to be also a trapping horizon. A “cold
horizon” with T = 0 is obtained for vanishing Ricci scalar but the entropy is positive
for such an horizon. These properties induce caution in regarding Egs. (3.136)
and (3.140) as established.

What about the first law of thermodynamics for the apparent horizon of FLRW
space? Several authors argue that the natural choice of surface gravity is the
Kodama-Hayward one, which produces the apparent horizon temperature (3.136).

g4
The entropy usually attributed to the apparent horizon is Say = it nRiH, and
the internal energy U should be identified with the Misner-Sharp-Hernandez mass
3

4R
My = 3AH p contained inside the apparent horizon. As already remarked, the

3
RAH

factor

appearing in this espression is not the proper volume of a sphere of

areal radius Ray unless the universe has flat spatial sections, & = 0. This fact points
us to use the areal volume

47 R3
Van = 3AH

(3.143)

instead of the proper volume in thermodynamics (failing to do so would jeopardize
the possibility to write the first law). However, even with this caveat, the first law
does not assume the form

TanSan = Man + PVan (3.144)

that one might expect.
Let us proceed to illustrate what the Kodama-Hayward proposal for T entails.

Oth law of thermodynamics. The Oth law states that the temperature (or, equiva-
lently, the surface gravity) is constant on the horizon. This law ensures that all points
of the horizon are at the same temperature, or that there is no temperature gradient
on it. This statement corresponds to thermal equilibrium on the horizon and is a
rather trivial consequence of spherical symmetry.

1st law of thermodynamics. The first law of thermodynamics for apparent horizons
is more complicated than (3.144) and was given in Refs. [46, 47] under the
name of “unified first law”. While using the Misner-Sharp-Hernandez mass Magy
enclosed by the apparent horizon as internal energy, the Kodama-Hayward horizon
temperature (3.136), the areal volume (3.143), one introduces further quantities as
follows. Decompose the metric as in Eq. (2.71); then the work density is

1
wo = —3 wh® (3.145)
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(proportional to the trace of the matter stress-energy tensor over the 2-space normal
to the 2-spheres of symmetry);

Vo = T,VuR + wo V4R (3.146)
is the energy flux (localized Bondi flux) across the apparent horizon, when computed
on this hypersurface. The quantity @ygV, is called the energy supply vector. If K*
denotes the Kodama vector,

Ja = VY4 + wokK, (3.147)

is a divergence-free energy-momentum vector which can be used in lieu of ¥,. The
Einstein equations then give [46, 47]

Myisu = kR* + 4R wy (3.148)
VaMysn = A jq - (3.149)

The last equation is rewritten as [46, 47]
A Ya = VaMysa — woVaVan (3.150)

(“unified first law”). The energy supply vector is then written as

Ay = v, (%) + RV, (M“IQSH) . (3.151)

21 4

Along the apparent horizon, defined by V'RV R = 0, it is

R . Ran
Man = = (1 = VRV(R) |p\y = —
2 2
and
K
DpuVa = EVaSAH = TauVaSanu -

This equation is interpreted by saying that the energy supply across the apparent
horizon @Zyy v, is the “heat” Tan V,San gained. Writing the energy supply explicitly
gives

TauVaeSan = VaMan — woVaVan (3.152)
and —wyV,Vay is a work term. The “heat” entering the apparent horizon goes into

changing the internal energy My and performing work due to the change in size of
this horizon.



3.14 Thermodynamics of Apparent/Trapping Horizons in FLRW Space 97

Let us compute now the time component of Eq. (3.152) in comoving coordinates
for a FLRW space sourced by a perfect fluid in General Relativity. We have

. a?
hab = dlag(—l, m) and
1 ab
wo = =3 [(P + p) uqup + Pgap] h
1
== [(P + p) B (uo)* + P (hooh™ + hy1h')]

:—1[—(P+,o)+2P]

2
p—P
— ) 3.153
7 ( )
One computes also
. R .
Var = 3Van ! — 3HV,u (1 _ fRiH)
RAH a
3HV,
="M 30 +p) (3.154)
2p
and, using the last equation,
. d . .
Mpn = 7 (Vaup) = Vaup + Vaup
3HV,
- TAH (P+p). (3.155)
We also have
. . . 3nRiH
SAH = 2JTRAHRAH = P H(P + ,0) (3156)
and, using this relation,
. Ran Ry
TauSan = = (BP—p) 37TTH(P +p)
3HV,
= 4PAH (P+p) 3P —p) . (3.157)

Therefore we have, using Egs. (3.157), (3.155), and (3.154),

(P—p) .

TauSan = Mag + Van - (3.158)
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In the infinitesimal interval of comoving time dt the changes in the thermodynamical
quantities are related by

(P—p)

The coefficient of dVy, i.e., —wy = (P — p) /2 equals the pressure P (the naively
expected coefficient) only if P = —p (the case of de Sitter space in which dMay,
dVay, and dSay all vanish). The fact that the coefficient appearing in the work term
is not simply P can be understood as a consequence of the fact that the apparent
horizon is not comoving [35]. For a comoving sphere of radius R it is RS /Ry =H
and V, = 3HV,, while

hence MS + PVS = 0. Indeed, the covariant conservation equation (3.7) is often
presented as the first law of thermodynamics for a comoving volume V. Because of
spatial homogeneity and isotropy there can be no preferred directions and physical
spatial vectors in FLRW space, therefore the heat flux through a comoving volume
must be zero. In fact, consider a comoving volume V. (which, by definition, is
constant in time) and the corresponding proper volume at time 7, V = a’(f) V..
Multiplying Eq. (3.7) by V one obtains

a*Vep +3a*aV.(P+p) =0

or
. d .
Vo+V(P+p) = E(pV)vLPV:O.

By interpreting U = pV as the total internal energy of matter in the volume V one
obtains the relation between variations in the time dt

dU + PdV =0, (3.159)

and the first law (with work term coefficient P) then gives 7dS = 0, which is
consistent with the above-mentioned absence of entropy flux vectors and with the
well known fact that, in curved space, there is no entropy generation in a perfect
fluid (the entropy along fluid lines remains constant and there is no exchange of
entropy between neighbouring fluid lines [80]). Indeed, Eq. (3.62) for the evolution
of the Misner-Sharp-Hernandez mass contained in a comoving sphere reduces to
Musu + PV = 0 or p + 3H (P + p) = 0. However, for a non-comoving volume,
the work term is more complicated than PdV.
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Attempts to write the first law for the event, instead of the apparent, horizon lead
to inconsistencies [15, 26, 39, 85]. This fact supports the belief that it is the apparent
horizon which is the relevant quantity in the thermodynamics of cosmological
horizons.

(Generalized) 2nd law of thermodynamics.

A second law of thermodynamics for the de Sitter horizon was already given
in the original Gibbons-Hawking paper [41] and re-proposed in [65]. Davies [26]
has considered the event horizon of FLRW space and, for General Relativity with
a perfect fluid as the source, has proved the following theorem: if the cosmological
fluid satisfies P+ p > 0 and a(f) - 400 as t — -+oo, then the area of the
event horizon is non-decreasing. The entropy of the event horizon is taken to be

kgc®\ 4
% %, where @7y is the area of the event horizon. The validity of the

generalized 2nd law for certain radiation-filled universes was discussed in [28, 29].

Sgn =

4o
For radiation, the energy density is pq = — T'*, where o is the Stefan-Boltzmann
c

constant, and the entropy density'? is

4 Prad
Srad = 3 .

3.160
3T ( )

The entropy of the radiation contained inside the volume Vg enclosed by the event
horizon is
42 soy\1/4
Stad = Srad VEH = —— (?) p3/4

3 rad VEH .

The total entropy of radiation contained in a comoving volume would stay constant
because paq ~ a * and spq ~ o while a proper volume scales as V ~ a*; however,
the event horizon is not comoving and the radiation entropy within it decreases
as Vgy expands slower than comoving (according to REH/REH =H-— RE}'I) and
radiation crosses outside the event horizon. For realistic universes the entropy of the
event horizon is much larger than the radiation entropy and, for universes departing
slightly from a de Sitter universe due to the presence of a cosmological constant in
addition to radiation, it can be shown analytically that the generalized 2nd law is
valid, S}ad + S‘EH > 0 [28, 29]. However, a general proof is not available.

Another question raised in [29] is the following: if the universe contains a gas of
black holes, there is an entropy loss when these cross outside the horizon. For small
black holes, this loss in more than compensated by the increase in area of the event
horizon. However, for larger black holes, a preliminary study suggests a violation of
the generalized 2nd law in certain open universes. These results cannot be fully
relied upon because they assume relations valid for the Schwarzschild-de Sitter

P
121n general, the entropy density of a perfect fluid is s = —— [54].
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black hole, which probably do not hold for large dynamical black holes embedded
in a FLRW background. However, this issue remains unsolved and deserves further
investigation with more reliable models.

Due to the difficulties with the event horizon one is led to consider the apparent
horizon instead. Then, Eq. (3.156) tells us that, in an expanding universe in Einstein
theory with perfect fluid, the apparent horizon area increases except for the quantum
vacuum equation of state P = —p (for which Say stays constant) and for phantom
fluids with P < —p, in which case Say decreases, adding another element of
weirdness to the behaviour of phantom matter.

The generalized 2nd law states that the total entropy of matter and of the horizon
Stotal = Smatter T Sag cannot decrease in any physical process,

8S = 8Smatter + 6San > 0. (3.161)

(We refer here to the apparent horizon but several authors refer instead to the event
or particle horizons. It is clear that the apparent horizon is more appropriate since it
is a quantity defined quasi-locally and it always exists.) There is no definitive proof
that the apparent horizon thermodynamics is consistent.

Thermodynamics of spacetime and cosmic holography. In the spirit of the thermo-
dynamics of spacetime [34, 50], the Einstein-Friedmann equations of cosmology in
Einstein theory have been derived from the first law of thermodynamics (3.158),
first for spatially flat universes [15, 23] and then for general curvature index k [19].
An earlier work by Verlinde [82] derived the Einstein-Friedmann equations in a
radiation-dominated FLRW universe from the Cardy-Verlinde formula, which gives
the entropy for a conformal field theory, in the spirit of the holographic principle.
The Fischler-Susskind version of this principle can be formulated by saying that
the matter entropy contained in the volume enclosed by the particle horizon cannot
exceed the entropy of the particle horizon itself. This principle restricts the matter
content of the universe.
The cosmic holographic inequality is written as

P
sVpn < %, (3.162)

where s is the entropy density of matter. Fischler and Susskind [37] find that
the cosmic holographic principle is violated for fluids with P = wp if w < 1/3.
Bak and Rey instead apply the holographic inequality to the apparent horizon [5]
with the following results. For k = 0 or —1, the cosmic holographic inequality
sVan < @y/4 is satisfied for perfect fluids with |w| <1 (phantom fluids, in
particular, violate the holographic bound) and if the inequality is satisfied at the
Planck time [5]. Hence inflation, with w >~ —1 violates also this version of the
cosmic holographic principle.

Various entropy bounds have been discussed for FLRW space [5, 7, 13, 14, 17,
18, 33, 38, 52, 53, 58, 74, 81, 84]. These discussions use the particle horizon or the
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event horizon and seem to ignore the apparent horizon. Given the highly speculative
nature of the subject and the fact that results in this area do not seem to be settled,
we will not discuss it further and we refer the reader to these references.

3.15 Conclusions

The thermodynamics of apparent horizons is very intriguing, but is it correct? Is the
entire construction consistent? After all, the work term appearing in the first law is
somehow introduced a posteriori and, if one did not already know the first law, it is
unlikely that one would discover it this way.

The apparent horizon thermodynamics is formulated for horizons changing in
an arbitrary way. However, it would seem that equilibrium thermodynamics could
only be introduced for physical systems in equilibrium and near equilibrium, and
therefore the appropriate constructs should be slowly varying apparent horizons. In
the literature, this restriction appears only in the Hamilton-Jacobi approach to the
Wilczek-Parikh tunneling formalism, in which an high frequency approximation is
used which requires that the background is varying slowly (although usually this
requirement is not spelled out).

Apparent horizons seem to have implications also for the black hole information
loss paradox and are seen as an alternative to firewalls [43], but this viewpoint need
much work to be developed.

Problems

3.1. Compute the Misner-Sharp-Hernandez mass for a sphere in FLRW space using
comoving coordinates.

3.2. In a k = 0 FLRW universe with a perfect fluid and constant equation of state
P =wp and —1 <w < —1/3 (accelerating but not superaccelerating universe),
show that the event horizon is always outside the apparent horizon and is, therefore,
unobservable. '3

3.3. Compute the surface gravity of de Sitter space (3.128) using the prop-
erty (2.78).

3.4. Check that Eq. (3.144) is not satisfied in FLRW space.

13Ct. Refs. [15, 85].
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Chapter 4
Inhomogeneities in Cosmological
“Backgrounds” in Einstein Theory

One has no right to love or hate anything if one has not
acquired a thorough knowledge of its nature. Great love springs
from great knowledge of the beloved object, and if you know it
but little you will be able to love it only a little or not at all.

—Leonardo da Vinci

4.1 Introduction

There is much motivation for studying analytic solutions of General Relativity and
of alternative theories of gravity representing central inhomogeneities embedded
in cosmological “backgrounds”. Our main interest is understanding apparent and
trapping horizons and their dynamics. Another motivation comes from the fact that
the present acceleration of the cosmic expansion [8, 87, 136, 137, 142-145, 162]
requires, in the context of General Relativity, that approximately 73 % of the energy
content of the universe is in the form of a mysterious dark energy [90] (see Ref. [5]
for a discussion). Dark energy appears as an ad hoc explanation and an alternative
to it could be that gravity deviates from General Relativity at large scales, which
leads one to take more seriously alternative theories of gravity. Further motivation
for alternative gravity comes from the fact that virtually all theories attempting to
quantize gravity produce, in their low-energy limits, actions containing corrections
to Einstein theory such as nonminimally coupled dilatons and/or higher derivative
terms. These ideas have led to the introduction of (&) gravity in cosmology to
modify Einstein theory at large scales [26, 30, 152—-154, 156, 157, 168] and explain
the cosmic acceleration without dark energy (see Refs. [40, 155] for reviews).
Given that the (%) theories of interest for cosmology (which are the most relevant
in today’s theoretical physics landscape) are designed to produce a time-varying
effective cosmological “constant”, spherically symmetric solutions representing
black holes or other inhomogeneities in these theories are expected to be dynamical
and to have FLRW asymptotics, not to be static and asymptotically flat. Relatively
speaking, very few such solutions are known. However, analytic solutions describ-
ing central objects in cosmological “backgrounds” are interesting also in General
Relativity and not only in alternative gravity. The first study of this kind of solution
by McVittie in 1933 [119] was motivated by the need to understand whether, and to
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what extent, the cosmic expansion affects the dynamics of local systems (Ref. [28]
reviews this subject). This question constitutes independent motivation for studying
black holes embedded in FLRW cosmologies. If objects which are strongly bound
gravitationally (and nothing is more strongly bound than a black hole) become
comoving and follow the expansion of the cosmic substratum, any weakly bound
object should do the same. This issue can only be studied by analytic solutions of
the Einstein equations if the central object is to be strongly bound.

The old McVittie solution [119] has been largely overlooked for decades and
recent studies show that its structure and details are not yet completely understood
[38, 55, 85, 94, 123, 124]. Relatively few other solutions describing central conden-
sations in otherwise spatially homogeneous universes have been reported over the
years (see Ref. [92] for an in-depth discussion of inhomogeneous cosmologies from
a more general point of view).

Cosmological condensations in General Relativity have received recent attention
also for other reasons, following other attempts to explain the present acceleration
of the universe without exotic dark energy and without modifying gravity. The first
idea consists of using the backreaction of inhomogeneities on the cosmic dynamics
to produce the observed acceleration [20-24, 88, 97, 98, 101, 102, 134, 139, 140,
173, 174]. This backreaction idea is implemented in a formalism plagued by formal
problems and it has not been demonstrated that it is able to explain the cosmic
acceleration. The sign of the backreaction terms (let alone their magnitude) in the
equation giving the averaged acceleration has not been shown to be the correct one
[17,96, 163, 167]. Even more serious doubts are cast on this proposed solution to the
cosmic acceleration problem by the (admittingly more formal) work of Ref. [71].

A second idea to move beyond these riddles attributes the cosmic acceleration
to the possibility that we live inside a giant void, which involves the consideration
of analytic solutions of Einstein theory describing cosmological inhomogeneities
(Lemaitre-Tolman-Bondi, Swiss-cheese, and other models) [89, 92, 112-114, 133,
135, 139, 140]. There has also been interest in evolving horizons in relation to the
accretion of dark energy [6, 32, 41, 69, 72, 78, 83, 108, 159]. Accretion onto a
primordial black hole in the early universe could have been so rapid to make its
growth very fast [27, 74-76]. The accretion of dark energy and, in particular, of
phantom energy (if this extreme form of dark energy exists at all) by a black hole,
and the consequent backreaction and mass change have been the subject of much
recent literature. Analytic solutions which accrete from their surroundings are useful
to elucidate questions in this area [66, 121].

Another major motivation for studying cosmological black holes is that explicit
examples of time-varying horizons would be very useful to understand Hawking
radiation and formulate black hole and horizon thermodynamics in fully dynamical
situations.

Due to the non-linearity of the Einstein equations, it is impossible to split a metric
into a cosmological “background” and a part describing a spherical inhomogeneity.
However, in the solutions described in this chapter, the spacetime reduces to a
FLRW universe when a parameter (related to the mass of the central inhomogeneity)
vanishes and, therefore, we will loosely use the word “background” to denote this
FLRW spacetime.
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Let us proceed to analyze general-relativistic spacetimes which describe cosmo-
logical black holes and have time-evolving horizons at least part of the time. All
these solutions of the Einstein equations are spherically symmetric.

4.2 Schwarzschild-de Sitter-Kottler Spacetime

The line element of the Schwarzschild-de Sitter-Kottler spacetime [91] is
2 2m 202\ 52 2m 202 B 2 2 102
ds = — I_T_HR dr + I—F—HR dR” + R7dS2;,,  (4.1)

where R is obviously an areal radius, the constant H = \/A_/3 is the Hubble
parameter of the de Sitter “background”. A > 0 is the cosmological constant,
and the positive parameter m describes the mass of the central inhomogeneity (e.g.,
[14, 77]). The static coordinates (z, R, 8, ¢) cover the region

0<t< +o0,

Ri <R <Ry,

0<0<m,

0<¢@<2m,
where R, denote the horizon radii, see below.

The usual recipe g% = 0 locates the apparent horizons, with radii given by the
positive roots of the cubic

H’R*—R+2m=0. (4.2)
The solutions are
R 2 sin Y 4.3)
= —— S1 . .
""" BH
Ry = - cos § — —=—siny (4.4)
= —cosy — sinyr , .
T H V3H
Ry =~ cosy — ——siny 45)
= ——cosy — sinyr , .
} H V3H

where sin(3y) = 3v/3mH. In an expanding universe, both m and H are positive,
which implies that the root Rj3 is negative and unphysical, hence there can be at
most two apparent horizons. When R; and R; are real, R; is a black hole apparent
horizon (it reduces to the Schwarzschild horizon R = 2m in the limit H — 0), while
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R; is a cosmological apparent horizon (it becomes the static de Sitter horizon with
R = H™! in the limit m — 0). The Schwarzschild-de Sitter-Kottler line element is
static in the region covered by the coordinates (z, R, 8, ¢) and comprised between
the black hole and the cosmological horizons.

Both apparent horizons exist only if 0 < sin(3y) < 1. Then, since the metric
is static between the horizons, the black hole and cosmological apparent horizons
are also event horizons, hence they are null surfaces. When sin(3y) = 1 the
two horizons coincide: this extremal case corresponds to the Nariai black hole
[125, 126]. When instead sin(3y) > 1, the radii of both apparent horizons assume
complex values and are unphysical: the spacetime then contains a naked singularity.
To summarize:

« If mH < 1/(3+/3) there are two horizons with radii R, and R».
« IfmH = 1/(3¥/3) itis R, = R, and the two horizons coincide.
e IfmH > 1/(3 \/5) there are no apparent horizons.

The last situation in this list is interpreted by noting that the black hole horizon
becomes larger than the cosmological horizon and any observer in the region
R; < R < R, cannot know about it. The spacetime region below the cosmological
horizon can only accommodate a black hole smaller than (or as large as) this
horizon.

The cosmological apparent horizon has a smaller radius than the radius that the
de Sitter apparent horizon would have were the black hole absent: R, < H~!. What
is more, the black hole apparent horizon is larger than that of a Schwarzschild
black hole of the same mass m: R; > 2m. The physical interpretation is that the
cosmological “background” stretches the horizon of a black hole embedded in it,
while the black hole contracts the cosmological horizon.

The area of the black hole horizon &/ = 471Rf is, of course, time-independent.
The central singularity is eternal and the black hole event horizon (when it exists)
surrounds it.

The Misner-Sharp-Hernandez mass (2.92) of a sphere of radius R is calculated
as

H’R’ 4
S — ?” PR’ (4.6)

Mysu = m +

A
where p = — is the energy density of the de Sitter “background”.
b4

The Schwarzschild-de Sitter-Kottler black hole is the subject of an extensive
literature devoted to the thermodynamical properties of its horizons. The thermo-
dynamics is particularly interesting because of the simultaneous presence of a black
hole and a cosmological horizon (e.g., [151]). There are two distinct temperatures
associated with the two horizons and it appears that thermal equilibrium is only
possible for an extremal (Nariai) black hole, in which these two temperatures
become equal. Black holes embedded in anti-de Sitter space have also been the
subject of much recent interest due to the AdS/CFT correspondence and to the
broader fluid-gravity duality (e.g., [59, 81]), but they will not be discussed here.
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4.3 McVittie Solution

The McVittie spacetime discovered in 1933 [119] generalizes the Schwarzschild-de
Sitter-Kottler solution and is commonly interpreted as describing a central object
embedded in an FLRW space which, in general, is not de Sitter. Therefore, the
geometry in the region between the black hole and the cosmological horizon is time-
dependent. It was shown long ago that the McVittie spacetime is the only perfect
fluid solution of the Einstein equations which is spherically symmetric, shear free,
and asymptotically FLRW [141]. In spite of much work [1, 3, 38, 85, 92, 94, 123,
124, 130-132, 161], the McVittie spacetime still eludes our full understanding. A
simplifying assumption stated explicitly by McVittie in constructing his solution
is the no-accretion condition Gé = 0 (in spherical coordinates). According to the
Einstein equations this condition, equivalent to T& = (0, excludes the radial flow
of cosmic fluid (although such flow would realistically occur when a spherical
local overdensity alters the “background”). Generalizations of the McVittie solution
allowing for the possibility of radial flow of energy are discussed later.

McVittie [119] intended to elucidate the extent of the effects of the cosmological
expansion on local gravitationally bound systems. Other approaches to this problem
generated various solutions of the Einstein equations, such as the Swiss-cheese
model of Einstein and Straus [44, 45]. The issue of cosmological expansion versus
local dynamics has been debated extensively but is not completely solved (see
the review in Ref. [28]). A complication (and an opportunity for us) is that,
unlike the Schwarzschild-de Sitter-Kottler spacetime, black holes in general FLRW
“backgrounds” are dynamical.

The McVittie line element is

_ i)
o5 = _% i + (1) (1 + @)4 (a2 + Pa2},) 4.7
1+ 52

in isotropic coordinates, where the McVittie no-accretion condition' G(l) =0[119]
dictates that the function m(r) satisfy

m a
—+-=0, (4.8)
m a
hence it is
mo
)= —, 4.9
m(t) a0) 4.9)

IThis is hypothesis e) of Ref. [119].
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with my a non-negative constant. The physical mass of the central object is
the Misner-Sharp-Hernandez mass, while m(¢) is just a metric coefficient in the
particular coordinates adopted. We can then write the McVittie line element in
isotropic coordinates as

mo 2
ds2 _ [1 - 27’u(t):|

> 2 my
" sdi” +a (t)|:l+
[1+m

4
W(t)} (a7 +Pagd) . @10

The McVittie spacetime becomes the Schwarzschild one written in isotropic
coordinates if a = 1, and it reduces to the FLRW metric when m vanishes. Apart
from the special case of a de Sitter “background”, the line element (4.7) is singular
on the 2-sphere ¥ = m/2 (which reduces to the Schwarzschild horizon if a = 1)
[58, 130-132, 161]. This singularity is spacelike [130-132] and there is another
spacetime singularity at » = 0. McVittie originally interpreted the metric (4.7) as
describing a point mass at 7 = 0 but, in general, this point mass would be surrounded
by the ¥ = m/2 singularity, the interpretation of which is elusive [58, 130-132, 161].

According to Nolan [130], this singularity is weak in the sense that an object
falling across ¥ = m/2 is not crushed to zero volume and, therefore, the energy
density of the surrounding fluid must be finite. However, it is undeniable that the
pressure of this fluid

1 2H (1 + 2
P=—— |:3H2+ %} 4.11)
%

diverges at ¥ = m/2 together with the Ricci scalar #Z = 8 (p — 3P) [58, 117,
118, 130-132, 161], violating the weak and null energy conditions (but not the
positivity of the energy density) in a neighbourhood of the singularity. The de Sitter
“background” is an exception: in this case it is H = 0 identically and the second
term on the right hand side of Eq.(4.11), which causes P to diverge, is absent
[51, 130-132].

Let us rewrite the McVittie line element (4.7) in terms of the areal radius

- m\?2
R = a()F (1 n 27) : (4.12)
the differentials dr and dR satisfy the relation
m m m m m
dR:(l —_) 7 H(l —_) iy (1 —_)(1——_)d.
+2r ar|: +2r +r ta +2r 2r :
Now Egq. (4.8) yields

H(1+ﬁ)+%=H(1—ﬁ> (4.13)
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and

dr = — Hrdt . (4.14)

Upon use of the identity

1— 22 2
( gn) - (4.15)
1+ﬁ

substitution into Eq. (4.7) and manipulations yields”

2 dRr? 2HR
ds? = — (1 - = H2R2) dr* + - dtdR + R*d2Y) .

2mg
—“r _ 2mg
R 1 R

(4.16)
where H = a/a is the Hubble parameter of the FLRW “background”. In order to

remove the cross-term in dfdR from the line element we define a new time coordinate
T(t, R) with the differential relation

dT = % (dt + BdR) , 4.17)

where F(z, R) is an integrating factor and the function (¢, R) must be determined
so that in the new coordinates the time-radius component of the metric vanishes. dT
is an exact differential if the 1-form (4.17) is closed,

B OF

oF
=—F —.
+ﬂ8t

- = - 4.18
oR ot (418)
The substitution dt = FdT — BdR in Eq. (4.16) yields

oM
ds®> = — (1 i H2R2) F2dT?

M 1 2BHR
+ —(1—?—H2R2)ﬁ2+1 + b dR?

2M HR
+2F (1 -—- H2R2) B — —— | dTdR + R*d$2},, . (4.19)
R 1— %/1

2Use m/¥ = ma/R = my/R, where ma is constant.
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We now choose

HR
B(t,R) = , (4.20)
=% (1= 2 - )
and the line element becomes
i = (122 _pr\pars R g 421)
b R 1= 2m e @- :

For a de Sitter “background” with H = constant, the integrating factor F can be
set to unity, recovering the Schwarzschild-de Sitter-Kottler metric (4.1): clearly
the latter is a special case of the McVittie metric (4.21). In the new coordinates,
the spacetime singularity ¥ = m/2 corresponds to R = 2m a(t) = 2mg and does not
expand with the cosmic substratum.

Using Eqgs. (4.21) and (2.92), the Misner-Sharp-Hernandez mass of a sphere of
symmetry with proper radius R is found to be

H?R® 4
S =+ — PR, (4.22)

Myisy = mo +

which is interpreted as a time-independent contribution m, from the central object
plus the mass of the cosmic fluid contained in the sphere. Except for the static de
Sitter case, the Misner-Sharp-Hernandez mass of the sphere changes due to the fact
that the contribution from the cosmic fluid changes (because the radius R changes in
time, or because the density of the fluid itself varies with time, or both). In particular,
apparent horizons are not comoving and the mass enclosed by a black hole apparent
horizon (when this exists) changes even in the absence of accretion because of the
time evolution of both the areal radius Rap of the apparent horizon and of the time
evolution of the density p(t).

4.3.1 Apparent Horizons

We now restrict ourselves to a spatially flat FLRW “background” for simplicity
and we assume a perfect fluid stress-energy tensor asymptotically. The Einstein
equations then provide the energy density p and the pressure P of the McVittie
fluid source. The density is the same as for the FLRW “background”,

o(t) = 3 H%(1). (4.23)
8

The “background” perfect fluid can be assigned any equation of state. For the sake
of illustration, however, we consider only a cosmic fluid which reduces to a timelike
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dust at spatial infinity, with equation of state parameter w = 0. The pressure is then
[123, 124]

P(t,R) = p() L (4.24)
-

The gf® = 0 recipe locates the apparent horizons of the McVittie metric and
gives

H>(OR* —R+2my=0. (4.25)

This cubic equation is nothing but the Schwarzschild-de Sitter-Kottler horizon
condition (4.2) but now with a time-dependent Hubble parameter H(¢). The radii of
the time-dependent apparent horizons are labelled R;(¢) and R,(f) and correspond
to the solutions R, of Eq.(4.2) with the replacement H — H(¢). Therefore, the
location of the apparent horizons of the McVittie spacetime varies with the cosmic
time.

As for the Schwarzschild-de Sitter-Kottler case, both horizons exist if 0 <
sin(3y) < 1, which corresponds to myH (1) < 1/ (3x/§). However, contrary to
the Schwarschild-de Sitter-Kottler space with constant Hubble parameter, this
inequality is only satisfied at certain times, but not at other times, during the cosmic
history. There is a unique instant t, = 2+/3mq at which moH =1/ (3x/§) in a
dust-dominated “background” with H(t) = 2/(3t). Three possibilities occur:

e Early on, as 1 < tx, it is my > and both R;(¢) and R;(t) are complex.

1
3V/3H(1)

There are no apparent horizons.

1
e At the time t, it is my = ———— and two apparent horizons R, () and R, ()
i 33 H(t)
1
coincide at the real physical location R} = R = ———.
V3H(1)

¢ At late times 1 > 4, we have my < and both R (7) and R,(¢) are real.

1
3V/3H(t)

There are then two distinct apparent horizons.

Figure 4.1 illustrates the qualitative dynamics of the McVittie apparent horizons.
As there are no apparent horizons at early times ¢ < 7., a naked singularity

raises its head at R = 2my, where the Ricci scalar and the pressure diverge. In

fact, the Hubble parameter H(r) diverges in the early universe and the mass myg

1
33 H(r)
singularity on the lines of the one in the Schwarzschild-de Sitter-Kottler spacetime:
a black hole horizon cannot be accommodated in a “universe” which is too small to

contain it. At these early times the interpretation of the “background” as a “universe”

stays supercritical, with mg > . It seems appropriate to interpret this naked
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== Black Hole Horizon

= = Cosmological Horizon

om P

Fig. 4.1 The radii of the McVittie black hole (continuous) and cosmological (dotted) apparent
horizons versus comoving time in a dust-dominated FLRW “background”. Time ¢ and radius R are
in units of m and we arbitrarily fix m = 1

is not granted because the McVittie spacetime represents neither an isolated object
nor a FLRW universe; at early times it is an inhomogeneous spacetime which is
drastically different from both.

At the critical time 7, a black hole apparent horizon appears simultaneously with,
and coinciding with, a cosmological apparent horizon

Ri(tx) = Ra(tx) = (4.26)

1
V3H(t)

In the dust-dominated cosmological “background” it is easy to compute the radius of
this horizon as R; = R, = 3my. This extremal situation resembles the Nariai black
hole of the Schwarzschild-de Sitter-Kottler case, but it is instantaneous.

Later on, for ¢ > t., the extremal horizon bifurcates into a black hole apparent
horizon surrounded by a cosmological horizon (both evolving in time). The
black hole apparent horizon contracts and asymptotes to the spacetime singularity
R = 2my from above as t — +o00. The cosmological apparent horizon expands
monotonically, its radius approaching 1/H (7).

The singularity R = 2mj has been discussed extensively [94, 123, 124, 130-132].
The surface of equation f(R) = R — 2my = 0 has normal vector N, = V,.f = &,
which has norm squared

NN = g NuNp |r=2my = —4mH*(t) < 0. (4.27)

As N¢ is timelike, the singularity R = 2my; is spacelike. The curvature scalar
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3
X =-8nT; =8n (p—3P) =8np(t) | 4 — —— (4.28)
1 — Zm
R

diverges as R — 2m3’ . The two spacetime regions R < 2my and R > 2mj are dis-
connected and separated by the R = 2my singularity [130-132], with the geometry
of the outer region described by the line element (4.21).

At the critical time 7., when Ry (tx) = Ry(t«) = 1/ («/§H (tx)), the normal to the
surface of equation .#(R) = R — 1/(\/§H(t*)) =0isM, =V,% =6, and

c _ — 1 = 2 =
M, = g (R _ m) -2 (1= VamoH()) =0 (4.29)

and the instantaneous extremal apparent horizon is null.

One can compare the time rate of change of the apparent horizon radii with that
of the cosmic substratum by differentiating Eq. (4.25) and solving for Ray, which
yields

i 2HHR} (430
AH = — =575 .
3H?R%, — 1
and
R 2HR>
A= H(1 A ) 431)
Ran 3H2RS, — 1

The apparent horizons are not comoving, except for trivial cases.> Even in a pure
(spatially flat) FLRW universe (obtained in the limit m = 0), the cosmological
apparent horizon at Rag(f) = R.(f) = 1/H(t) is not comoving, as discussed in
Chap. 3. If an entropy can be ascribed to apparent horizons in General Relativity
by the S = o7 /4 prescription, then a natural question would be whether the total
area of the McVittie apparent horizons is non-decreasing in time. The area .2#; of the
black hole apparent horizon is decreasing, but it is bounded from below by 1671m3,
while this behaviour is more than compensated for by the increase of the area <% of
the cosmological apparent horizon. The total area

A ah+
4

-2 (4.32)

S=8+S=n(R+R) = I

is plotted in Fig. 4.2.
Since the apparent horizons emerge as a pair at t = f,, the horizon entropy S
exhibits a discontinuous jump from zero value at this critical time.

3Also the known analytic solutions describing wormholes embedded in cosmological “back-
grounds”, which are few, show that these wormholes evolve in time [10, 50, 109, 160].
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t

k 3
Fig. 4.2 The putative total horizon entropy S (in units L, where kg is the Boltzmann constant)

associated with the apparent horizons as a function of time

4.3.2 Phantom McVittie Spacetime

Another possibility is that of a “background” FLRW universe sourced by a phantom
fluid [55], defined by the equation of state parameter w = P/p < —1 and violating
the weak energy condition. Phantom fluids have raised much interest in relation with
the present acceleration of the universe [5]. A notable feature is that they cause a
Big Rip singularity at a finite time in the future #;, [25]. The scale factor solving the
Friedmann equation for a spatially flat FLRW universe with phantom scalar field is
[25]

at) = SN (4.33)
(tip — 1) T
where w < —1, ag, and t;, are constants. The Hubble parameter
2 1
Hlt) = —— ——, (4.34)
3w 1] typ — ¢

is the time-reverse of that of a dust-dominated universe, H(t) = 2/(3t). While
the latter diverges at the Big Bang singularity and gradually decreases to zero,
the former is finite at r = 0 and increases monotonically, diverging at the Big
Rip. The McVittie apparent horizons describing black holes embedded in a FLRW
phantom universe also behave as the time-reversal of those embedded in a FLRW
“background” with w > —1, as shown in Fig. 4.3 [55].
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— Black Hole Horizon

— — Cosmological Horizon

Fig. 4.3 The proper radii of the McVittie black hole (continuous) and cosmological (dotted)
apparent horizons versus comoving time in a phantom-dominated universe. The parameter values
arew = —1.5and t;;;, =0

The evolution of the apparent horizons in an expanding phantom universe
proceeds as follows. Early on, there exist a black hole and a cosmological apparent
horizon, which are approximately located at R = 2mgy and R = 1/H(t), respectively.
As the universe grows older, the cosmological apparent horizon contracts while
the black hole one expands, until the critical time ¢, at which the two apparent
horizons merge. At ¢ > 1, they both disappear exposing a naked singularity. The
total apparent horizon area decreases and jumps discontinuously to zero value at the
time .. This phenomenology is pretty bizarre, but it reflects the weirdness of the
phantom fluid, which seems to violate the second law of thermodynamics in many
ways [15, 70, 80, 104, 122, 127, 128] and may turn out to be completely unphysical.

4.3.3 Nolan Interior Solution

The Nolan interior solution [129] describes a relativistic star of uniform density in
a FLRW “background” and provides, at least formally, a possible source for the
McVittie metric. It mimics in the FLRW context the Schwarzschild interior solution
with a Minkowski “background”. The Nolan line element in isotropic coordinates is

m mr> m 2 m 6
g (o) (1+8)

ds* = — > 2
m mr 72
(1+ﬁ)(1+?) (14_%)
0

(ar + Pasy,)

(4.35)
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where ry is the star radius, m(t) satisfies Eq. (4.8) (the condition forbidding accretion
onto the star surface), and 0 < r < 7y. The interior metric is regular at the centre
and is matched to the exterior McVittie metric at 7 = ry through the Darmois-
Israel junction conditions. The pressure is continuous at the surface » = ry while
the otherwise uniform energy density has a discontinuity there; they are [129]

1 6
plt) = o | 3H + —m : (4.36)

I en(i+z)
(1+2)(1+5)

m m mr
=% +( m) =

%(1—72)
o o
2 m 6 m m \ mr?
(i) 1=+ (- %) 5]

The Nolan interior solution (a member of the Kustaanheimo-Qvist family of
shear-free solutions [93]) embeds the Schwarzschild interior solution with uniform
constant density [169] in a time-dependent FLRW “background”. The Schwarz-
schild interior solution is recovered if @ = 1. The energy density is positive-definite
and the condition P > 0 imposed in Ref. [129] coincides with d + 3a? /2 <0.

By continuity, if Xo(r) = {(t,7,60,¢) : r = ro} is the star surface at time ¢, the
metric on this 2-sphere must coincide with the restriction of the McVittie metric to
this sphere

1 .
P(t,7) = — | —=3H> —2H
8

+

(4.37)

_ mo .
t
ds® |5, = —u dr + 2(:)( "zi)) r0d$20, . (4.38)
m(t) ro
(1 + 2ro )

The proper area of the star surface X is

4
s, (t) = [ /E dbdy /g5, = 4nd* () T; (1 + ";Lr?) , (4.39)

where g, | 5 is the metric on X at time ¢ and gy, is its determinant. Upon use of

2
the proper radius R = a(¢)r (1 + ;) , one finds o5, (f) = 4n R(z,. The star surface
r

2
comoves with the cosmic fluid and has areal radius Ry(z) = a(¢) ry (1 + 21) .
ro
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The Nolan interior solution provides an example of a local, strongly gravitationally
bound, relativistic object which is comoving: in this case the cosmic expansion
prevails over the local dynamics.

Following [51], let us compute the generalization of the Tolman-Oppenheimer-
Volkoff equation [169] for the Nolan model. The covariant conservation VT, =0
of a perfect fluid with energy-momentum tensor T,, = (P + p) u,up + Pgap splits
into the two equations [169]

WVop+ (P +p) Vu, = 0, (4.40)
H 0P + (P + p)u Vouy =0, (4.41)

where u® is the fluid 4-velocity and h,, = g.» + u,up defines the projection operator
h,* onto the 3-space orthogonal to u“. Since u* o 8% in comoving coordinates and

u‘u. = —1, we have
mr2
o (+5) (14 5)
W =ust = -(1,0,0,0) (4.42)

= % + ( 4r0> W;_3

(oru = |g00|_1/2). Then Egs. (4.40) and (4.8) give

dp m 3 7 mr2\ "
t o |2 (1 + 2m70) 272 273

Equation (4.43) is a more general form of the usual FLRW conservation equation
o+ 3H (P + p) = 0, which is reobtained if m vanishes identically. There is no
analogue of Eq. (4.43) for the Schwarzschild interior solution which has H = 0 and
static energy density.

We can put Eq. (4.41) in the form

3.P + ucu’3,P + (P + p) u’Vyu. = 0; (4.44)

for ¢ set to 1, the computation of the covariant derivative yields

aP mr 1+ 5
E + (P+ )0) ;'_3 mr2 ( m OZL;Z m =0.
o (1) 12 (1-2)]

In the Newtonian limit m/r,m/ry < 1, P < p, r >~ 7 [51], this equation reduces to

(4.45)

oP  doy
— +—p=0, 4.46
or + dr P ( )
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where
4r -
p=m 3 r 4.47)
and
-
mr
2r8

is the Newtonian potential. The density (4.47) can also be obtained by setting the
scale factor to unity in Eq. (4.36) and using the curvature radius. The equation of
hydrostatic equilibrium receives the first order correction

dP do 3
— 4+ =l =S [@n() — Dy(r)]} = 0. (4.49)
dr dr 2

4.4 Charged McVittie Spacetime

A charged version of the original McVittie metric was found by Shah and Vaidya
[150] and later generalized by Mashhoon and Partovi [115]. Charged and uncharged
McVittie solutions are special cases of the Kustaanheimo-Qvist family [93]; related
solutions and relevant research are reviewed in Chap.4 of Ref. [92]. The charged
McVittie solution was rediscovered by Gao and Zhang [64], who also generalized it
to higher dimensions [65], and was studied in [56, 116, 117]. Conformal diagrams
of the McVittie spacetime for various “backgrounds” were obtained in [38, 94, 95,
100].

Restricting again to a spatially flat FLRW “background”, the charged McVittie
line element and the only nonzero component of the Maxwell tensor are*

[1 - (m%—QZ)]2
44272

ds* = — s dr

[(1+83)" - %]

2
2 mo \2 0’ =2 | =2 32
+a2 (1) [(1 + 27“) - 4a2;2} (dr +F d9(2)> . (450)

FO' = Q 4.51)

- m2—Q2 mo \ 2 2’
o [1- ) [0+ gy - %]

“4A typographical error is present in the numerator of gg in Ref. [64], but the line element appears
correctly in the later references [65, 116, 117].
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where 7 is the isotropic radius and my > 0 and Q are the usual mass parameter and
an electric charge parameter, respectively. If a is set to unity the line element (4.50)
reduces to the Reissner-Nordstrom one in isotropic coordinates. As r — 400, it
reduces again to the spatially flat FLRW line element, and if both my and Q are set
to zero, the spacetime is exactly the spatially flat FLRW one.

The areal radius is now

mo \ 0’
R.n) = atr [(1 + 2a(t)?) - 4a2(t)?2j|

m% — Q2
da()r

= mgy + a(t)F + (4.52)

with R (¢t,7) > mg for |Q| < myg. When |Q| < my, the function R (¢,7) decreases

from 400 in the range 0 < ar < \/mé — (?/2, reaches an absolute minimum

Ruin = mgy + vV m% - Q2

at ar = /m} — Q0?/2, and increases again to +oo for ar > /m} — Q?/2 because
the isotropic radius corresponds to a double covering® of the spacetime region

R > my + \/m3 — Q% > my. When |Q| > my, the areal radius R increases mono-

tonically with 7 and the physical region R > 0 corresponds to 7 > |Q2|#m0 >0
a
In the following it will be useful to invert the relation between areal and isotropic

radii, which yields

. 2 M2
p_ & m°);+(’"° Q):o. (4.53)

a 4q?

The positive root obeys
2ar = R—my + vR?> + 0> —2myR = f(R) . (4.54)

The Ricci scalar is [56]

_ 6 a mg 2 Q2
7= [1_ ("%-Qz)} %5[(”%) _W}

44272

2 _ 2
e {1 _mo 3@ —m) ’"O)B 4.55)

ar 4a27?

SThis fact is well known in the special case a = 1, Q = 0 corresponding to the Schwarzschild
spacetime [19, 170].
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and the non-vanishing components of the Einstein tensor are®

o — 256 0%a*i 342 456
T M- @+ dmpar + 42T @2 '
oo 256 Q%7
" md — Q2 + dmgar + 4a27?]*
@ (—5m} + 50% — 8moar + 4a*r?)
a2 (—m3 + Q2 + 4a*r?)
2&(m% — Q% + dmgar + 4a*r*) 4.57)
a(—m3 + 0* + 4a7?) '
, . 256 Q%a*7
Glo=GCly=—rr—7 = 27214
[m§ — Q? + dmpar + 4a*r?)
@ (—5mk + 507 — 8moar + 4a*r?)
a2(—m} + Q2 + 4a%72)
Zé(m% — Q% + dmgar + 4a*r?) (4.58)

a(—mé + Q% + 4a*r?)

As in the McVittie case, one has G? = 0, which forbids the radial flow of cosmic
fluid. For my = Q = 0 Eq. (4.55) reduces to the Ricci scalar of the spatially flat
FLRW universe Z = 6 (H + 2H?). For a = 1 it reduces to zero (the Ricci scalar of
the Reissner-Nordstrém metric: then the only matter source is the electromagnetic
field with traceless energy-momentum tensor). If |Q| < my there is a spacetime

singularity at
N
ar = ———, (4.59)

2

corresponding to

R=m0+,/m3—Q2, (4.60)

which divides again the spacetime into two disconnected parts. It occurs where
the outer event horizon of the Reissner-Nordstrom spacetime would be without
FLRW “background”. In the extremal case |Q| = my the singularity occurs at ¥ = 0
or R = my, again coinciding with the location of the outer event horizon of the
Reissner-Nordstrom limit (the event horizon of the extremal Reissner-Nordstrom
black hole).

The Einstein tensor appearing in Refs. [117] and [116] misses a scale factor in the denominators.
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This new spherical singularity is not present if |Q| > my, but then the invariant
of the Maxwell tensor

Q2
FuF® = — - > (4.61)
- m 2
@ [(1+42)° - %]
is singular at
a7 = 12— mo (4.62)

> )

corresponding to R = 0, because the radial electric field (the only non-zero compo-
nent F°' of F*) is singular. The Big Bang singularity a = 0 is also present.

The spacetime singularity (4.60) for |Q| < my is spacelike, because it is described
by the equation y = 0, where

my —Q

V(7)) =al)r— s (4.63)

and
mg \2 2 7?
[+ 22) - %]

2
|:1 _ (mé_Qz)i|
4a272

+ ! ; (4.64)

.
[(1+22) - %]

Ve Vey = —a’F

+
in the limit 2ar — ( mé — Q2) , this expression tends to —oo. The norm of the

normal to the surfaces { = constant is negative, and this surface and its limit are
spacelike [56, 115].
The location of the apparent horizons is given by VRV R = 0, which reads

4 2
eef(ue oy 2] [tz
2ar 4a%7? 4a2r?

mo\2 Q0 _2_
'[(”ﬁ) —4—] =0, (6%
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which gives

2
e[y my_ €1 _[_m-2)
“r [<1 + 2a?) 4a2?2] =1 4a272 (4.66)

or
APRE — (2 —mi + 0*) =0, (4.67)
with f(R) as in Eq. (4.54). We then have to solve the quartic
H’R* —R*> 4+ 2myR— Q* = 0. (4.68)

For large R, this equation reduces to the radius of the spatially flat FLRW
“background” R ~ H~'. In any regime in which H — 0 (for example for a power-
law scale factor a(t) = ag #°), Eq. (4.67) becomes asymptotically

R*—2moR + Q> ~ 0 (4.69)

so that, in this limit

R=my+ /m— Q2. (4.70)

In any region of a background for which H — 0, a black hole apparent horizon
asymptotes to the singularity (4.60). The smaller root is always covered by the
spherical singularity and these two roots coincide with the locations of the two event
horizons of the Reissner-Nordstrom spacetime. The limit H — 0 reproduces the
horizon structure of Reissner-Nordstrom (but with the spherical singularity added).
This spherical singularity persists when |Q| = mg and is time-independent (as long
as the scale factor a it is not exactly constant).

2
We restrict again to a dust-dominated FLRW substratum with H(f) = % and we

begin with the case |Q| < my. Then Eq. (4.68) can be solved explicitly at different
times ¢ giving the location of the apparent horizons. The dynamics of the apparent
horizon radii in comoving time is qualitatively the same that we have seen for
the uncharged McVittie spacetime [55, 56, 85, 94, 95, 130, 131]. The innermost
apparent horizon is located in the inner disconnected region, which is separated
from the external geometry by the singularity (4.60) (which converged to R = 0
at the Big Bang). This innermost horizon asymptotes to the location of the inner
unstable Cauchy horizon of the Reissner-Nordstrom geometry.
In the extremal case |Q| = my the quartic (4.68) is solved exactly, with roots

1 V1 —4mgH —1 1+ dmgH
Rextremal = =+ , + .
2H 2H

4.71
2H 2H “471)

Explicit analytic expressions for the apparent horizon radii are rare to find in studies
of time-evolving black holes [49].
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The root
1 V1 4+ dmgH
Ry=—— — V1 dmoft (4.72)
2H 2H

is always negative and unphysical; the smallest positive root

1 1+ dmgH
Ripper = —=— + 07 4.73)
2H 2H
always exists, while the other two roots
1 1 —4mgH
Ry=— + Y "Ml 4.74)
2H 2H

can merge (become complex) or appear simultaneously (become real) depending on
the evolution of H. In a dust-dominated FLRW “background”, H tends to zero at
late times and Rjyner and R_ in fact converge to the same radius R = my, which is
the location of the single event horizon of the extremal Reissner-Nordstrom black
hole.

In the supercritical case |Q| > my we have a naked singularity, as expected since
the limit a = 1 reproduces the Reissner-Nordstrom spacetime. There is a cosmolog-
ical horizon, given by the only root of Eq. (4.68) which is real and positive [56].

In the Reissner-Nordstrom black hole (to which the charged McVittie spacetime
reduces if a = 1) there are an outer event horizon and an inner (apparent) horizon.
However, for the relevant range of parameters |Q| < my, there are only one
black hole apparent horizon and one cosmological apparent horizon. This fact is
interpreted as follows [56]. It is well known that the inner horizon of the Reissner-
Nordstrom black hole is unstable with respect to linear perturbations [138] and
the cosmological “background” perturbs the central inhomogeneity, only this is a
non-linear (or exact) “large perturbation”. It is conjectured in [56] that such an
horizon will not appear in all exact solutions of General Relativity which describe a
Reissner-Nordstrom black hole interacting with non-trivial environments.

4.5 An Application to the Quantization of Black Hole Areas

As an application, the charged McVittie spacetime was used’ to disprove the
universality of certain quantization laws for quantities constructed with the areas
of black hole apparent horizons and inspired by string theories [53].

"The analysis of Ref. [53] makes use of the line element of [64] which contains an error but the
qualitative behaviour of the apparent horizons for |Q| < mg does not change and the argument of
Ref. [53], which is qualitative, is still valid.
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The research community working on the holographic principle and stringy or
supergravity black holes was excited by the observation that products of Killing
horizon areas for certain multi-horizon black holes are independent of the black hole
mass—they depend only on quantized charges (supergravity and extra-dimensional
black holes with angular momentum and electric and magnetic charges were
considered) [31, 35-37, 63, 99, 120]. This literature, inspired by the holographic
principle and string theories (although the results are not strictly derived from
string theories), betrays the idea that quantized products of areas depending on
combinations of integers must carry the signature of some specific microphysics.
If the entropy S of an horizon is given by the S = .o/ /4 prescription, statistical
mechanics based on microscopic models counts microstates determined by quantum
gravity and the horizon area should be quantized. When there are outer (4) and inner
(—) horizons, the quantization rules appearing in the literature are

oy = 8ml}, (\/ﬁl— \/1\72) Ni.N, €N, (4.75)
or
dpdd = (8xl)’'N, NeN, (4.76)

where Ip; is the Planck length [31, 35-37, 63, 99, 120]. N;, and N are integers
for supersymmetric extremal black holes, and depend on the number of branes,
antibranes, and strings in more complicated situations [79]. A weaker rule states
that the product of horizon areas is independent of the black hole mass and depends
only on the quantized charges. These rules are often reported as universal ones
valid for all black holes with multiple horizons. However, a warning about uni-
versality was issued by Visser [165, 166]. He studied black holes in 4-dimensional
General Relativity and found that products of areas do not give mass-independent
quantities, and they are not related in any simple way to integers. Instead, specific
quadratic combinations of the various horizon radii (with the dimension of an area)
generate mass-independent quantities and are, presumably, the best candidates to
be quantized [165, 166]. It is essential to include in these algebraic combinations
both cosmological and virtual horizons, in addition to physical black hole horizons
[166]. (Virtual horizons are negative or imaginary roots of the equation locating the
horizons.)

The horizons considered in the literature are Killing (and event) horizons.
Realistic fundamental black holes cannot be stationary because, already at the
semiclassical level, they emit Hawking radiation and the backreaction changes
their masses, which become time-dependent, together with their horizon areas. For
astrophysical black holes the effect is completely negligible but this cannot be the
case for quantum black holes. Then, there will be no timelike Killing vector and
apparent horizons should be considered instead of Killing and event horizons.

Visser’s discussion of the Schwarzschild-de Sitter-Kottler black hole [165, 166]
can be repeated almost without changes: since the calculations performed in these
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works are algebraic, the only change is that the constant Hubble parameter of
the Schwarzschild-de Sitter-Kottler spacetime is replaced by the time-dependent
H(t) of a FLRW “background”. Including the virtual horizon in the count, it is
straightforward to see that the quantities

1

Ry (R R RpuRc = ——— 4.77
v (Ren + Rc) + ReuRc 0 4.77)

and

1

(Ren + Rc)> — ReuRc = o0 (4.78)

are independent of the black hole mass m. This situation is a special case
[166]: mass-independent combinations of apparent horizon radii exist whenever
the Misner-Sharp-Hernandez mass is a Laurent polynomial of the areal radius R.
This is clearly the case of the uncharged and charged McVittie spacetimes. Taking
the McVittie spacetime as an example, the physical mass contained in a sphere is
the Misner-Sharp-Hernandez one and the cosmic fluid serves the only purpose of
generating a cosmological “background” to make the black hole dynamical. It seems
that the relevant mass to consider when mass-independent quantities such as (4.77)
and (4.78) are searched for is the black hole contribution m, not the total Mysy. In
any case, the radii of the apparent horizons identify different spheres and correspond
to different Misner-Sharp-Hernandez masses Ml(\f[)SH = 2RX)H. Here we stick to m.

Following [166], we include the virtual horizon to obtain mass-independent
quantities. Now, when the apparent horizons are time-dependent, the combina-
tions (4.77) and (4.78) are also time-dependent. Even if they are expressed by
combinations of integers at an initial time, they will not be such immediately
afterward, and at all other times.

Although the cosmological black holes that we consider are just toy models for
non-stationary black hole horizons, the point is that realistic black holes are time-
dependent and far-reaching conclusions about quantizing black hole horizon areas,
or quantities quadratic in the radii of Killing horizons, are unwarranted. Generic
statements should be put on a firmer ground before being promoted to the role
of universal results. Our dynamical cosmological black hole examples reinforce
the argument of Refs. [165, 166] that the black holes of 4-dimensional General
Relativity do not reconcile with the quantization rules (4.75) and (4.76).

4.6 Generalized McVittie Spacetimes

The McVittie no-accretion condition can be relaxed to allow for generalized
McVittie solutions [51]. In the Synge approach, a metric can be prescribed and
forced to solve the Einstein equations by running the latter from left to right and by
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computing the energy-momentum tensor corresponding to this solution. However,
this stress-energy tensor usually turns out to be completely unphysical and to violate
any reasonable energy condition, even the non-negativity of the energy density. It
comes as a surprise that generalized Mc Vittie solutions with relatively well-behaved
matter sources exist.

Generalized McVittie solutions have line element

B2 (t,7)

ds* = —
s AZ(1,7)

d? + @ (NA* (1, 7) (d?z + izd.czfz)) (4.79)

in isotropic coordinates, where m(t) is a positive function of time and

AceH=1+"D  pen=1-"0 (4.80)
2r 2r

The Einstein tensor admits the only non-vanishing mixed components

342 (4 m\?
G=-"(-+—) . 4.81
0 B2 (a + FA) (4-81)
Gl = (28 (4.82)
O @2r2A5B\m ' a)’ '
G - = A 2d a m a m
== B2 | dit\a 7A a TA
3 a + i + 21 (4.83)
a 7A FAB || '

a m m mB
CEE”Lﬁ:m_Z_EK (4.84)
which appears in the Einstein equations and reduces to riy /my, where
my = m(t)a(r) (4.85)
for the special subclass of solutions with m = my = constant referred to as

“comoving mass” solutions (this class will be of some importance later). On the
surface r = m/2, C reduces to
mo g
+—=—. (4.86)
m my

Cy =

Q|



4.6 Generalized McVittie Spacetimes 129

McVittie solutions have Cx = 0, while comoving mass solutions are characterized
by C = Cy = H everywhere.
The Ricci scalar

2= (1 440 4 TC (4.87)
Y 7AB '

diverges as ¥ — m/?2 except in the case when m = constant. Distinct cosmic fluids

or effective fluids can be contemplated as matter sources of generalized McVittie
spacetimes, which we consider separately in what follows.

4.6.1 A Single Perfect Fluid

If the generalized McVittie metric is sourced by a single perfect fluid with stress
energy tensor

Tap = (P + p) tqup + Pgap , (4.88)
a radial flow of cosmic fluid is described by the fluid 4-velocity " = (u’, u, 0, 0).

Then, the only possible solution in General Relativity is the Schwarzschild-de Sitter-
Kottler black hole [51, 66, 94]. In fact, using the normalization u‘u, = —1, one finds

A
W’ = 3 V1 + a?A%u? (4.89)

and, using Egs. (4.81)—(4.83),

iy = —GB2au (P + p) /1 + a2A%i2 (4.90)
where
of = / / dfdg /g5 = Ana*A*F 4.91)
is the area of a sphere of isotropic radius 7 and
3 (A?C)Z =87 [(P + p) a®A*u* + p] . (4.92)

AV (e L34 P10\ L g [(P+p)a®A%? +P]. (493
B 7AB ' '

A\’ (. 2mC
- 2043C*+ =— | =—-8xnP. 4.94
(B) ( L300+ MB) x (4.94)
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Comparing Eqgs. (4.93) and (4.94) gives P = —p and the de Sitter equation of state
is the unique possibility; Eq. (4.90) then implies riy = 0. A single perfect fluid
cannot source the generalized McVittie spacetime (with the trivial exception of
the non-accreting Schwarzschild-de Sitter-Kottler). A mixture of two perfect fluids
constitutes a potential source.®

4.6.2 Imperfect Fluid Without Radial Flow of Material

Another possibility is to allow an imperfect fluid with energy-momentum tensor
Tap = (P + p) ugttyy + Pgap + qalts + qplta (4.95)

to source the generalized McVittie spacetime. The vector ¢¢ is purely spatial’ and
describes a radial energy flow, but there is no flow of cosmic fluid:

A .
MMZ(E’O,O,O)’ ¢ =(0.4.0.0) .  qu =0. (4.96)

The (0, 1) component of the Einstein equations is

. . 4
2l Tpeatpy. 4.97)
m a m
and
my ma
— ==+ . (4.98)
my m a
The area of a sphere X' of constant time and isotropic radius is
o = //d@dtp JE&r = dra’A*F?
and the relation between energy flow, area 27, and accretion rate
my(t) = —aB*dq (4.99)

holds true. An energy inflow is described by ¢ < 0 and this condition can be written
on a sphere of radius r > m as

g ~ adt |q| . (4.100)

8 A mixture of two perfect fluids is the matter source for the Sultana-Dyer solution (Sect.4.7),
which does not belong to the McVittie class.

°In principle, one could take this vector to be spacelike instead of purely spatial.
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The (0,0) and (1, 1) (or (2,2) or (3, 3)) components of the Einstein equations
provide the energy density and pressure'”

342 (a  m\’
tr)=—I\|-+—1] , 4.101
p(.1) 8n B? (a + rA) ( )
P@7) —A? 2d él+n'1 N él+n'1 3 il+n'1 +2n'1
JF) = —| -+ = -+ = -+ = — ¢ -
8 B? dt\a 7A a TA a TA 7AB
(4.102)

The energy density is always non-negative. The expansion scalar is 3C and
Eq. (4.102) provides a generalized Raychaudhuri equation,

: 3¢ m B?
C=————C—-4n P, (4.103)
2 rAB A?
. 2
which reduces to the usual equation of FLRW cosmology H = - - 47 P when

m — 0, and the Hamiltonian constraint H> = 87p/3 then yields
H=—4n (P+p) . (4.104)
In the general case, Eq. (4.101) gives the more general equation

. B2 mC

C=—4n S P+p ———. 4.105
TPt - (4.105)

4.6.3 Imperfect Fluid with Radial Flow of Material

Yet another possibility is to have an imperfect fluid with energy-momentum
tensor (4.95) and to allow for both radial fluid flow and an energy current:

A
ut = (E V14 a2A4u2,u,0,0) , q" =(0,4,0,0) . (4.106)

The Einstein components (4.81)—(4.83) then give

iy = —aB*>/ 1 + 2A%2 (P + p)u+q] . (4.107)
AC\® 8
Y s

Contrary to the McVittie spacetime, now p depends also on the radial coordinate.
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AN (. 2imC
(E) (ZC +3C* + _'Z—B) = 87 [(P + p) d*A*u* + P + 2d°A’qu] ,
T.

(4.109)
Ay’ 264 3¢2 4 2 8P (4.110)
—_ = —OT . .
B rAB
Subtracting the last two equations yields
u
q:—(P+p)§, 4.111)

that is, an ingoing radial flow of mass is associated with an outgoing radial heat
current if P > —p. The substitution of Eq. (4.111) into (4.107) provides the accretion
rate

B2
iy = _“T V1 + @A (P + p) u, 4.112)

where (P + p) 27u is a flux of gravitating energy through the surface of area 7.
Since u < 0 for inflow, my increases if P + p > 0, stays constant in a de Sitter
“background”, and decreases if phantom energy with P < —p is accreted (which
lends support to the findings of Ref. [6] about the fate of a black hole in a phantom
universe'!).

The energy density is
A? 2a2A%u? .. mC
= 3+ ————= (C+— 4.113
L) [ T aane ( + 7AB)} (4.113)

and, in the special case m = my = constant, it reduces to

A2 ,  2H&A*W
P 3H 4+ ———— | . (4.114)

T 8B 1 + a?A%u?
It is positive in a superaccelerating universe with H > 0. The velocity of the fluid is

found to be
2,2 A4 ]/2
/ dmiH2a?AY
I+ B*a/2(P+p)? 1
u=— . (4.115)

2a2A*

The fluid flow becomes superluminal as 7 — mg/2, where B — 0, an unphysical
feature probably due to the oversimplified hydrodynamical model. In principle, it

This study analyzes a test fluid in great detail and finds the same qualitative behaviour for the
mass of a black hole accreting cosmic fluid.
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does not make sense to study black holes in the presence of superluminal flows
because, then, it is obvious that an horizon will not confine energy. However we
restrict the flow to be inward, hence matter cannot flow superluminally outside of a
black hole apparent horizon.'? In reality, the matter/energy flow is subluminal and
becomes supersonic at a certain radius, a feature which can only be modeled in a
more realistic model of accretion.

4.6.4 “Comoving Mass” McVittie Solution

In the class of generalized McVittie solutions, the one corresponding to the choice
my(t) = mpa(t) is singled out because it is a late-time attractor within this class
(Sect. 4.6.6). The line element of the “comoving mass” McVittie solution is

1—m)?
ds? = _ﬁ e + a (1) (1 n %)4 (d?z + rde(zz)) (4.116)
2

- . . . . . .- mo\2 .
in isotropic coordinates. Using the radial coordinate r = r(l + —2?) , the line
r

element (4.116) becomes

2 2mo\
ds® = — (1 - ﬂ) i’ + @ (1 = ﬂ) AP + PPdRY, . (4117)
r r

We now introduce the areal radius R = a7, obtaining

) 2mpa 2moa\"" |, 2mopa\""
ds:—l—R—l—R HRdt—i—l—R dR

2moa

—1
—2HR (1 - ) didR + R*d$2%, (4.118)

and we eliminate the cross-term in dtdR by introducing the new time T as [66]

T = dt + HR dR (4.119)
~F(t.R) (1—2ma)’ _ oo | '

where F (#(T, R), R) is an integrating factor. The line element (4.118) assumes the
form

2In principle energy can still flow superluminally inward across the cosmological horizon. The
magnitude of the flux density ¢¢ decreases with the radial distance from the black hole.
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—1 T
ds = — | 1— 2’20‘1 _ (1 - 2"120“) H’R? | F?a1?

- 1-1
2 2 -
T L (1 - ";"a) HR | dR® + R}, (4.120)

R

where H(t) and F(t, R) are now functions of T and R. The areal radii of the apparent
horizons, located by g*f = 0, satisfy [66]'

FHR*+R—2mpa=0. (4.121)

Discarding the negative radius, there are two positive roots
1
Re = ﬁ(l—l—\/l—Smoél), (4.122)
1
Ren = (1 _Jiz Smoéz); (4.123)

2H

Rc is a cosmological and Rpy is a black hole apparent horizon. The singular surface
7 = mgp/2 corresponds to 7 = 2mp and to R = 2mpa = 2my(t) and Rcpn >
2mopa = 2my.

The Misner-Sharp-Hernandez mass of the black hole is expressed analytically as

Muisi(f) = 2Rgy = H™! (1 _Ji= Smod) . (4.124)

For a small black hole with mya = my < 1, itis

Myisy >~ 4m0d(t) = 41’;1H(t) . (4.125)

4.6.5 More General Solutions

In the wider class of generalized McVittie solutions, the function m(f) has arbitrary
time dependence. The generalized McVittie line element is

2 2 2 2m\ ™!
dszz_[1_7m—am (1+ﬁ)]d¢2+a2(1—fm) dr?
r

7 1—27’” 2F

2ma® (1 + )

+a272d9(22) — T drdr, (4.126)

3This expression appears also in Ref. [43] and it can be derived also from Eq.(4.116) by
expressing it in terms of R.
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M) \?
where 7 = r (1 + 3 ((3)) and m(t) = M(t)/a(t). Rewriting Eq. (4.126) with the
ra

areal radius'* R = a7, one obtains

2
" (HR+ma\/;) >
- -’ |d

dR
ds? = — P+ ——— + R2dQ>
2M 2M (2
R 1-— b 1-— X
2 . r
R
We introduce
2M
A(t,R)=1-— R (4.128)
I'(t,R) = HR + rha\/E (4.129)
r

and we change from time ¢ to the new time 7" which satisfies

1
dTr (dt +

=7 dR) , (4.130)

A2_T2

with F (T, R) an integrating factor, as usual. Then we have

2
. (HR + maf)
+ (1 - —) - > dRr?
R (1—2)
R
+R2d.(2(22) . (4.131)

YR(t,r) is an increasing function of r for r>m/2 since, in this range,

oR 1+ M 1 M\, iti
= — — — ] is positive.
ar a 2ar 2ar 18 posttiv
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The usual recipe g% =0 states that the apparent horizons are located at
I' = A, which means that

N M
HR—i—ma\/i: + (1 _ —) . (4.132)
r R
It is
HR+M(1+m) M_ gy M (4.133)
2r/ \ M N R’ '

where the factor M (1 + zﬁ) quantifies the deviation of the radius from 2M
r
2
(here r > m/2 is equivalent to R > 2M and to M (1 + _m) > 2M). The quantity
r

(% — H) is nothing but the difference between the percent rate of change of M

and the corresponding rate of change of the “background” FLRW scale factor.
When this quantity is zero, we have an analogue of the condition for stationary
accretion, but now in a time-dependent “background” and under this condition the
special solution with M(¢) = mpa(t) describes stationary accretion relative to the
FRW “background”.

Equation (4.132) becomes (excluding the negative root)

HR2+[M(1+ﬁ) (AE—H)—I}R—FZM:O. (4.134)
2r M

Since now M(t) does not scale as a(t), we have the coefficient (1 + Zﬂ)’ and
r
Eq. (4.134) is not a second degree algebraic equation. However, one can decide to

manipulate it (blindly) as a quadratic equation with formal “roots”

R L m(e ™ el (14 ™) e
BT oH ( * 2r) m [ ( + Zr) mi| ma

(4.135)
Because r = r(R), Eq.(4.135) is an implicit equation for the radii Rcpy of the
cosmological and black hole apparent horizons. If the argument of the square root
in Eq. (4.135) is positive, there exist a cosmological apparent horizon (with proper
radius R¢) and a black hole apparent horizon (with radius Rpy). If the argument of
the square root is negative (which occurs near a Big Bang or a Big Rip singularity),
there are no apparent horizons and there is a naked singularity embedded in a FLRW
space. The critical situation corresponding to zero square root describes a moment
of time at which the two apparent horizons coincide at /2M/H.
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Conformal diagrams describing the global structure of the cosmological black
holes depend on the FLRW “backgrounds”: see [39, 66] for a discussion.

4.6.6 “Comoving Mass” Solution as an Attractor

The “comoving mass” solutions are generic under certain assumptions in the sense
that at late times they are approached by all generalized McVittie solutions [54]. To
prove this statement, one needs to assume that the universe always expands and that
the function m(t) is non-negative and is continuous with its first derivative.

Begin by writing Eq. (4.121) in terms of ¥ = R/a:

. 2m . m 1
Hi 4+ == = =i (14 22 ) 4~ (4.136)
ra 2r a

Given that m > 0, the left hand side of this equation cannot be negative and

. m 1
m<1 + —) <-. (4.137)
2r a
Since 1 + 2& > 0 in an expanding universe in which a — 400, it must be
r
Moo = lim m(t) <0.
t—>—+00

Now, if e = 0, the function m(r) becomes asymptotically comoving: i.e. m(f) =
moa(t) for some positive constant my.

The other possibility is that 71, < 0; then there is a time 7 such that, for all times
t > 1, we have ri(f) < 0 and only two possibilities are left: since m(¢) > 0, either
m(t) reaches the value zero at a finite time 7, with derivative i, = m(ty) < 0, or
m(t) — my = constant with m(f) — 0 (that is, m(¢) has a horizontal asymptote).

If the first situation occurs, then at t = ¢ it is

HR = |my|a + 1

and the radius of the black hole apparent horizon at ¢, is

1 . 1
Fx = rhorizon(t*) = H([ ) (|m*| + E) . (4138)

Late in the history of the universe we have a black hole of zero mass M(tx) =
a(t«)m(t) but finite radius r.. Evolving this situation in time generates a “black
hole” with negative mass M and finite apparent horizon, a situation which is clearly
unphysical and rules out the case m(ts) = 0 with m(t > t.) < 0 [54].
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The remaining possibility is that 72(f) — 0 at late times (which means t — 400
in a universe which expands forever or t — t, if there is a Big Rip singularity at
tiip). The condition sz — 0 means that at late times the rate of increase of m(f) is at
most the Hubble rate and this function becomes comoving (this conclusion does not
hold at early times when 1/a in Eq. (4.136) does not tend to zero).

A trivial subcase of the second possibility, occurs if my = 0 and the solution
reduces to a FLRW universe. Perhaps there is some merit in interpreting this
situation as a black hole that evaporates completely, but the radial flow considered
in these solutions is not described by a null vector.

Further, one can speculate that if the assumptions are relaxed, the black hole
could avoid becoming comoving; for example, if 7u(¢) is discontinuous, m(¢) could
tend to zero in a finite time ., but this spacetime would have discontinuous
connection coefficients and distributional curvature.

4.6.7 Recent Developments and Scalar Field Sources

The causal structure of the McVittie spacetime is rather complicated, and has
been the subject of various recent studies [38, 85, 94, 130-132]. There is finally
agreement that the McVittie metric describes what should be called a black hole
when the black hole apparent horizon is present [94], but the motion of timelike
and null test particles and the horizon structure depend heavily on the cosmological
“background” [38].

It came as a surprise that scalar field sources for McVittie geometries are possible
in various theories!® [1, 3]. It was realized that the McVittie spacetime is not only
a perfect fluid solution of the Einstein equations, but is also an analytic solution
of a special form of k-essence called cuscuton [1] (k-essence theories have been
originally formulated as dark energy models for cosmology, but since then they have
taken a life of their own as possible fundamental theories). The McVittie spacetime
admits constant mean curvature surfaces in its constant time foliation, and this fact
makes the McVittie metric also a solution of Horava-Lifschitz gravity (a theory
very popular in the search for quantum gravity because of its renormalizability
properties) with anisotropy. The McVittie solution is also an exact solution of shape
dynamics [68] (another approach to quantum gravity). The cuscuton theory is the
only form of k-essence which supports McVittie solutions [1].

In this optics, the generalized McVittie solution is also interesting, since it
turns out to be an exact solution of Horndeski theory (the most general scalar-
tensor theory admitting second order field equations) [3]. Rather than being a
generalization of an old solution of General Relativity, a curiosity from the past,
the McVittie and generalized McVittie solutions relate scalar fields and gravity in

15See Ref. [13] for scalar field sources of Lemaitre-Tolman-Bondi models and the rest of this
chapter for other scalar field solutions.
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modern theories and allow research into the basic physics of black holes with scalar
hair. This renaissance of the McVittie solution is still in its infancy and new results
are expected in the near future.

4.7 Sultana-Dyer Spacetime

Another inhomogeneous and time-dependent solution of the Einstein equations
which can be interpreted as a black hole embedded in a FLRW “background”
universe is the Sultana-Dyer spacetime [158]. This solution is of Petrov type D
and the “background” is a spatially flat FLRW universe evolving with the scale
factor a(t) = apr*’? of a dust fluid, however the matter source is a combination of a
timelike dust and a null dust.

The Sultana-Dyer solution is the extension of the geometry generated by

conformally transforming the Schwarzschild metric ggs;hw):

g5, 92 oS (4.139)
The conformal factor is
2 =a) =1, (4.140)

where a is the scale factor of a k = 0 FLRW universe and 7 is a time coordinate
(which is neither the comoving nor the conformal time). The Sultana-Dyer metric
is conformally static and possesses a conformal Killing vector £ satisfying the
conformal Killing equation [169]

Figwr = Vil + Voko = 5 80 VE:. (4.141)
The original intention of Ref. [158] was to transform the timelike Killing field
&¢ of the Schwarzschild spacetime into a conformal Killing field (defined for
£°V .2 # 0), generating a conformal Killing horizon in the conformal cousin of
the Schwarzschild spacetime. Nowadays, conformal Killing horizons seem to have
little relevance in the study of evolving horizons, but the Sultana-Dyer spacetime
remains a useful example.

The Sultana-Dyer line element is

2 4 2
ds* = d*(v) |:— (1 - ﬂ) de® + 2 gear + (1 + ﬂ) dr’ + rzd.Q(zz)
r r r
(4.142)
or

2
ds? = d*(x) [—dtz +dP + AR + T2 (dr + dr)2:| , (4.143)
r
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where my is a constant and a(r) = 2. The coordinate change

(t,r) = n+ 2myln

L 1‘ (4.144)
2m0

(where 7 is the conformal time of the FLRW “background”) gives

dv = dn + —2M (4.145)
T = .
(RTREY
which, substituted into Eq. (4.142), turns the line element into
ds* = a’ 2m dn? dr 2d$22 6
s> =a*(n,r) | — I—T —i—l 2m0+r ) (4.146)

In this form, the metric is explicitly conformal to the Schwarzschild one with
conformal factor

r
——1
2]’)’[0

2
2 =al,r)=7*n.r) = (77 ~+ 2myg In ) (4.147)

dependent on both 7 and r. The comoving time of the FLRW “background” is related
to the conformal time 1 by dt = adn. The Sultana-Dyer spacetime reduces to the
spatially flat FLRW universe if m — 0 or for r — +o0.

Isotropic coordinates are also used for the Sultana-Dyer metric. The isotropic
radius 7 is defined by

r=F (1 4 %)2 . (4.148)

Using this coordinate and the fact that

_ _ Mo
dr = (1 + 2r) (1 2;)dr, (4.149)
one obtains
m 2
ds> = d*(n,r) =) e dn® + (1 n ) (d?2 +RdQ2 ) (4.150)
’ (14 m)? 2r N '

The matter source of the Sultana-Dyer spacetime is a combination of two non-
interacting perfect fluids. The total energy-momentum tensor is

Tap =Ty + Toy) = pttatiy + pukaks. (4.151)
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where T(g}) = pug up is associated with an ordinary dust with timelike 4-velocity u¢,
while T;LD = pu kq kp describes a null dust with density p,, and null vector k° [158].
A problem pointed out already in the original work [158] is that in the Sultana-
Dyer spacetime the cosmological fluid becomes tachyonic and the energy density
becomes negative at late times near the spacetime singularity r = mg/2 [158].

The Misner-Sharp-Hernandez mass of a sphere of radius r in the Sultana-Dyer
spacetime is easily computed

ra’ 2my
Mysu = moa —2mora. + — {1+ — ) . (4.152)
2a r
Using the identity
da 7 (4.153)
a,=a;=dad— =aa, .
e ot

the definition of the Hubble parameter H = a/a, it is easy to obtain [52]

B ,  HR
MMSH = moya (1 —HR) + b B (4154)

where R = ar is the areal radius of the Sultana-Dyer spacetime. The mass Mysy
consists of two contributions: the first one is the mass mg of the Schwarzschild
“seed” metric rescaled by the conformal factor a but scaled down by the cosmic
expansion by (1 — HR)>. This factor vanishes at R = 1/H, which is the radius
of the cosmological horizon of the FLRW “background”. The factors a and

(1 — HR)? have competing effects which are not easy to interpret. The second
2

_ . 47 . .
contribution to Mysy can be written as —R3p, where p = —— is the density

T
of the “background” cosmological fluid. This second term is obviously the mass of
cosmic fluid contained in the sphere of areal radius R. Alternatively, one can write

2p3

Myisy = moa + — mgaHR(2 — HR) = M\, + Mk, + Mis, . (4.155)
where the first term is purely local, the second one is purely cosmological, and the
third one is an interaction term which is small for an object of size R much smaller
than the Hubble radius H~! of the “background”.

The quantity

M@) = mga(d) (4.156)

is not constant in the Sultana-Dyer solution. The locus r = 2my, is not a spacetime
singularity; the conformal factor £2 diverges there but the original metric (4.142) is
not singular and it can be considered as an extension of the conformally transformed
Schwarzschild metric (4.146).
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The Ricci curvature is

12 2m 2m
e%’:ﬁ(l—TOJr rz"”), (4.157)

and is not singular at r = 2mg (where 5 — —o0). There are spacetime singularities
at r = 0 (central singularity) and at n = 0 (Big Bang).

To locate the apparent horizons'® [52, 149] one must solve the equation g** = 0,
where R = ar, obtaining

ra 2my
2mpa + — 14+ — ) —4mpra, = ar. (4.158)
a r

Since a(t) = 72, one obtains the cubic equation for r
413 + 8mor? — (8mo + ) Tr + 2met> =0, (4.159)

the real positive roots of which are [52, 149]

—dmg — T + /7% + 24mo7 + 16m3
"= y : (4.160)

r = “’72’ N (4.161)

with r; < r,. The surface r = 2myg, which is the null event horizon of the Schwarz-
schild seed metric, remains an event horizon of the Sultana-Dyer metric. The radii
of the apparent horizons expressed in terms of the areal radius R = ar are

3
R, = TR R, = Rgy = 2myt2, (4.162)

and

—4my — 17 + \/12 + 24myt + 16m}
Ry = 1 2. (4.163)

These are implicit equations for the apparent horizons radii in terms of ¢ and R.
The Sultana-Dyer spacetime was studied as an example of a time-dependent

black hole horizon for which the Hawking temperature can be derived explicitly

[149] to shed light on the Hawking effect and the thermodynamics in dynamical

16Beware of an error at the beginning of Ref. [48] consisting of imposing a coordinate condition
which cannot be satisfied. This error was corrected in [29] and, later, in [159].
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situations. In this context, the bad behaviour of matter near the horizon is not impor-
tant. The authors of [149] studied the radiation of a massless, conformally coupled,
scalar field ¢ in the Sultana-Dyer spacetime and computed the renormalized stress-
energy tensor (7,;) of ¢. What makes the calculation feasible is the simplification
due to the fact that the Sultana-Dyer geometry is conformal to the Schwarzschild
one. The conformal anomaly and particle creation by the FLRW “background” were
taken into account. Under the assumption that the Sultana-Dyer black hole evolves
slowly, its effective Hawking temperature can be computed neglecting non-adiabatic
terms. The result is [149]

1

8mmoa

T = (4.164)

where the ellipsis denotes corrections which are small in the limit of a slowly

evolving black hole [149]. Since T =

is the Hawking temperature of the
8mmy

“seed” Schwarzschild black hole generating the Sultana-Dyer geometry, one can
write

T—T+ (4.165)
=5+ .

This result is a special case of a more general relation

TSchW
T=">22 4.166
2 ( )

which is conjectured to hold [149] in spacetimes conformally related to the
Schwarzschild spacetime by a transformation with conformal factor 2. There is
some independent support for this conjecture from naive dimensional considerations
[47].

According to Dicke [42] (who followed earlier ideas of Weyl [171, 172]), a
conformal transformation g,, — 02 gab 18 nothing but a rescaling of the lengths of
vectors and of the units used in a measurement, with the rescaling factor varying
with the spacetime point. An experiment measures the ratio between a certain
quantity x and its unit x,. The quantity x itself is not meaningful unless a unit x,
is fixed for that quantity, and only the ratio x/x, makes sense operationally. For
example, the length of a ruler divided by the unit of length [, is the same in the
Minkowski metric 7., and in a conformally related metric g,, = .anab if a new
unit of length Zu = §21, is associated with the length I in a measurement. Two
metrics gq and g, = [22gu;, are physically equivalent, at least from the classical
point of view, when the units of the fundamental quantities length, time, and mass-
energy are scaled according to 7u =0Q1,7, =8t, and m, = 2" m, [42] (units
derived from the fundamental units are scaled according to their dimensions). There

is no difference between using the Schwarzschild metric ggChW) and the Sultana-

Dyer metric conformal to it, g, = gS)D), provided that the units 1., 1., and i, are
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scaled appropriately (expanding for lengths and times, and redshifting for masses
and energies). Since kg7 is an energy, the ratio between kg7 and m, must be the

same when using g™ or g&P:

kg T kg 7 (Schw)

= (4.167)
my my,
Then the effective temperature of the Sultana-Dyer black hole follows,
N T(Schw) 1
T = = , (4.168)
2 8mwmoa

in agreement with Eq. (4.165).
In scalar-tensor gravity it is well-known that the transformation law of the stress-
energy tensor of matter under conformal transformations g,, — g.» = .ngab is

T =721, (4.169)

which agrees with a direct calculation of 7‘((;;) [46, 169]. By applying this rescaling
to the semiclassical energy-momentum tensor of a scalar field near the Sultana-Dyer

black hole, the renormalized (7,;) should be

(Twp) = . (4.170)

The explicit renormalization of 7, in Ref. [149] yields instead

(Tab> 1

Tp) = (TCD)) = 1220 Xap — Yap) 4.171
(Tap) = (T, ) 2 2880712( b — Yap) ( )
where
e @ -
Xop = 2V, V% — 28007 + > &b — 2%R. 4.172)
- 2 .. 1. - 7
Yar = —RiRpe + S9Rap + ERcdR“igab - S8 (4.173)

The extra terms in (4.171) are interpreted as quantum particle creation by the
expanding FLRW “background” [149] (which cannot be predicted with Dicke’s
classical argument). When the black hole horizon evolves slowly, these terms can
be neglected and the rescaling argument agrees with the (T,,;) of Eq. (4.170).

An independent argument in favour of Eq.(4.168) is the following [47]. The
first law of black hole thermodynamics for a Schwarzschild black hole of mass
myg is TdS = dmy. The expression of the Bekenstein-Hawking entropy S = <7 /4,

where &7 = 471rf[ is the horizon area, together with the expression ry = 2my for the
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horizon radius, yields the Hawking temperature 7™ = 1/ (87my). For a Sultana-

Dyer expanding black hole, the purely local contribution to the Misner-Sharp-

Hernandez mass is MI%H = myoa(t) and the proper horizon radius is Ry(t) = a(t)ry.

For this expanding horizon, the first law of black hole thermodynamics includes a
work term dW:

(1)
TdS = dM\jhy + dW . (4.174)

If the black hole entropy is § = &7 /4, then
8 TM L dM Ly = dMLy + dW . (4.175)

In the adiabatic approximation, the black hole should be in a state of quasi-
equilibrium and the work terms should be negligible, which gives again

1 T(Schw)

T ~ =
8w Myisu(?) a

(4.176)

The conformal factor of the Sultana-Dyer black hole does not depend on the
radial coordinate and, in the adiabatic approximation in which its time variation
is small, the Hawking temperature does have the scaling behaviour expected on
dimensional grounds. This scaling law, however, will break down as soon as the
conformal transformation is allowed to be radial-dependent, or the apparent horizon
is allowed to vary rapidly.

The temperature of the Sultana-Dyer apparent horizon was calculated in [110]
using the method of chiral anomalies. The result confirms the calculation of [149]
and the guess of [47]. Moreover, the temperature is related to the entropy and the
Misner-Sharp-Hernandez mass by the algebraic expression Mysy = 25T, which is
the Smarr formula for stationary black holes.

4.8 Husain-Martinez-Nuiiez Spacetime

The Husain-Martinez-Nuiiez spacetime [82] is a solution of the Einstein equations
which shows us a dynamics of the apparent horizons which is different from what
we have encountered thus far. This spacetime is inhomogeneous, with a spatially
flat FLRW “background” and the matter source is not a fluid but a free scalar field
minimally coupled with gravity. The coupled Einstein-Klein-Gordon equations are

1
Rap = 5 8arR = 8aTY 4.177)

O¢ =0, (4.178)
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where
19 = VipVig — 5 g Vet V9. (4.179)
Equation (4.177) simplifies to
Ry =8aV,0Vypo . (4.180)

The line element and scalar field are presented as [82]

2C\“ dr?
= (Aon + Bo) [— (1 — —) an’ + ——s=
r =

2C 11—«
+r2(1_—) dszé)} , (4.181)

r

a/3
o(n.r) = i%/_l[ (1—27C) (A0n+Bo)‘/§:|, (4.182)

where Ay, By, C, and D are non-negative constants, o = iﬁ/ 2 is a parameter
which can assume only two possible values, and n > 0. The additive constant B, can
be dropped if Ag # 0 because, in this case, it is redundant. If Ay = 0 the Husain-
Martinez-Nuiiez line element (4.181) reduces to that of the Fisher spacetime [61]

dar?
ds?> = =V'(r)dny* + —— e + PVIT(nd2}, . (4.183)

where V(r) = 1 —2u/r, v is a dimensionless parameter, ( is a mass, and the scalar
field is

() =volnV(r). (4.184)

The static Fisher solution of the Einstein-Klein-Gordon equations is better known
as the Janis-Newman-Winicour or the Wyman solution because it has been redis-
covered again and again over the years and has picked up several names [4,
9, 18, 84, 164, 175]. The Fisher spacetime is asymptotically flat and contains a
naked singularity at r = 2C. It is identified with the most general static spherically
symmetric solution of the Einstein equations with zero cosmological constant and
a massless minimally coupled scalar field as the source [146], but it is unstable
[2]. The Husain-Martinez-Nuilez line element is conformal to the Fisher one,
with the scale factor of the “background” FLRW space as the conformal factor,
§£2 = /Aon + By, and with only two possible values of the Fisher parameter v. In
the following we set By = 0 and we denote the time of the Big Bang singularity
with n = 0. The sign appearing in Eq. (4.182) is independent of the sign of «. As
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r — +oo the metric (4.181) is asymptotically FLRW, and it is FLRW if C = 0 (then
the constant Ay can be eliminated by rescaling 7).
It is straightforward to compute the Ricci scalar as

202C2 (1 — 26)7 342

r

3rtAgn B 2(A0r))3 (l - ZTC)a ’

B = 8TV PV, p = (4.185)

Equation (4.185) shows that there is a spacetime singularity at r = 2C for both
values of «. The scalar field ¢ also diverges there (in addition, a Big Bang singularity
occurs at 7 = 0). Only the range 2C < r < +o00 is physically meaningful. The areal
radius is

l—a

R(n,r) = JAonr (1 — ?)2 (4.186)

and the value r = 2C of the radial coordinate corresponds to R = 0,

It is physically more rewarding to express the Husain-Martinez-Nufiez line
element in terms of the comoving time ¢ of the “background” FLRW space defined
by dt = adn, where a(n) = \/m is the FLRW scale factor. Since

2JA
t= /dna(n) = TO /2 (4.187)
fixingn =0att =0, itis
3 2/3
=(——¢ 4.188
n (2 i ) ( )
and
3A 1/3
a(t) = VA =aot'?,  ag = (70) . (4.189)

This scale factor is, of course, the one dictated by the stiff equation of state P = p
of a free massless scalar field in a FLRW universe. The general FLRW solution!”
for equation of state parameter w = P/p is

a(t) = const.ﬂ(wi” . (4.190)

"In a FLRW universe there are no spatial scalar field gradients (which would identify a

2
preferred spatial direction) and the energy density and pressure are simply p® = % + V(p),

12
PO — % — V(¢). If V($) = 0, then it is PP = p@.
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The Husain-Martinez-Nuriez line element in comoving time is

20\ ar? 20\
ds? = — (1 — 7) dP+a*(1) [@ + 2 (1 — _) dgé)} (4.191)

r
r

and the scalar field sourcing it is

a/ﬁ
Pt r) = i% In |:D (1 - ?) az‘/g(t)i| . (4.192)

The areal radius (4.186) increases with r for r > 2C. We now recast the Husain-
Martinez-Nuiiez metric using the areal radius R. Using the notation

2C HC
An=1-—, B = 1——(014r ) . (4.193)
r r
one has R(r) = a(t)rAFTu (r) and
et1 dR 1
dr = |A T Z —AHrdt| — | (4.194)
a B(r)
which leads to
H2R2A2(l—a) HZRZAZ—O(
s = —A® |1 — 2 ") 42
B(r) B(r)
3—a
2HRA™ 7 2
— BZ—(r) drdR + R°dS2, . (4.195)
The time-radius cross-term is eliminated by using a new time 7T given by
1
dT = F (dt + BdR) , (4.196)

where B(z,R) is a function to be determined and F(¢,R) is an integrating factor

obeying the usual equation
a (1 Ja (B
—(=)l==1(Z). 4.197
i (7) = (7) (157

Using dt = FdT — BdR in Eq. (4.195) and choosing

3(1—a)

HRA
BZ(V) — H2R2A2(1—0a) ’

B(t,R) = (4.198)
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the line element becomes

H2R2A2(1—at) (I")

2__o¢r _
ds* = A()[l 70

} F2drf?

H?R?A*™(r) A7 (r)
_— dR?> + R?d$2%, .
B2(r) |: B2(r) — H2R2A2(1—) (r)i| + (2
(4.199)
The apparent horizons, located by g% = 0, solve
B(r) = H{)RA'™(r), (4.200)
where r = r(t, R). In terms of the original coordinates 7 and r one has [82]
1 2 20\*!
= —z[r— (@ + 1)c] (1 - —) . (4.201)
n r r

For r — +00 (or R — +00), Eq. (4.201) reduces to R ~ H~!, which is the radius
of the cosmological apparent horizon of spatially flat FLRW space. Equation (4.200)
can only be solved numerically. Let x = C/r, then the equation locating the apparent
horizons is

1 2 a—1
HR = |:1 _ (a-'_—)ci| (1 _ _C) ) (4.202)
r r
The left hand side can be written as
. ap 2C l—a

expressing the radius of the apparent horizons in units of H~'; this is the radius
of the cosmological apparent horizon of the FLRW “background”. The right hand
side of Eq. (4.202) is [1 — (& 4+ 1)x] (1 — 2x)*~!, hence Eq. (4.202) and the equation
defining the areal radius give

_(2Cay (1—2xp0m0 )2
=3 i —@rDdl (4.203)
2C 1—a
R(x) = apt'P(x) = (1—-2x) 2, (4.204)
X

respectively, which is a parametric representation of the function R(f) and is then
used to plot this function in Figs. 4.4 and 4.5. If the parameter value o = V3 /2 is
adopted, in the time interval between the Big Bang and a critical time 7, there is



150 4 Inhomogeneities in Cosmological “Backgrounds” in Einstein Theory
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Fig. 4.4 The radii of the Husain-Martinez-Nufiez apparent horizons versus comoving time for

a=43 /2. Time ¢ and radius R are both measured in arbitrary units of length and the parameters
C and ay are chosen so that (Ca0)3/2 =10%in Eq. (4.203)

0 T T T
0 t
Fig. 4.5 The areal radius of the single Husain-Martinez-Nufiez apparent horizon present for the

parameter value « = -3 /2 versus comoving time. This cosmological apparent horizon expands
and there is always a naked singularity at R = 0
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only one apparent horizon which expands. At the time 7., two additional apparent
horizons appear; one is a cosmological apparent horizon which expands forever,
while the other is a black hole horizon which contracts until it merges with the first
apparent horizon which has been growing in the meantime. When they encounter
each other, these two apparent horizons merge and disappear, causing a naked
singularity at R = 0 to be present in a FLRW universe for the rest of the time.
This apparent horizons dynamics differs from that of the McVittie and generalized
McVittie solutions. The “S-curve” of Fig.4.4 is recurrent in analytic solutions of
Brans-Dicke and f (%) gravity (Chap. 5). The scalar field is regular on the apparent
horizons.

For the parameter value o = -3 /2 only one cosmological apparent horizon
exists at all times, and it expands. A naked singularity is present at R = 0 (Fig. 4.5),
in addition to the usual spacelike Big Bang singularity at r = 0.

For the Husain-Martinez-Nuiflez spacetime, it is possible to establish that the
apparent horizons are spacelike by studing the normal vector to these surfaces and
seeing that this vector always lies inside the light cone in an (5, r) diagram (we
follow Ref. [82] here). According to Eq. (4.201), along the apparent horizons it is

}"2 (1 _ E)l—a

=—T'’ 4.205
"Tar—cl ) (4:205)
Differentiating with respect to r, we obtain
20\ 21—
Nr| = (1 - —) — (—’)2 . (4.206)
AH r 2[r—C(1 + a)]

By comparison, along radial null geodesics, we have

N.r

2C\“
=+(1-= (4.207)
light cone

r

(which can be obtained by setting ds* = 0 together with df = dg = 0), so that [82]

0, 2
I D Gl B (4.208)

2 [1 _ (a+1)C]2 N

/
light cone

The normal to the apparent horizon is always enclosed by the light cone, hence it
is timelike, except where this vector becomes tangent to the light cone itself and
it is null (which occurs when a pair of apparent horizons is created or disappears)
[82].

The nature of the singularity at r = 2C (or R = 0) is easily assessed. All surfaces
described by f(R) = R — const. = 0 have gradient N, = V,f = 6,4 in (t,R, 0, )
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coordinates. The norm squared of this gradient is

N.N¢ = g!! B ! (4.209)
N=8 = Topaan- = :
H R A “ 1 + BZ_H?RZAZ(I—(J)
l—«o
Now, B(r) — and A(r) — 0T as r — 2C™, therefore N.N¢ > 0 and N.N¢ —

+00asr — 2C*1. The R = 0 singularity is timelike for both values of the parameter
a.

The Husain-Martinez-Nuiflez spacetime is quoted as describing scalar field
collapse, but a better description (for the parameter value o = +4/3 /2) is that it
exhibits the creation and annihilation of pairs of black hole apparent horizons. The
R = 0 singularity (for both values of o) is created with the universe in the Big Bang
and is not the product of gravitational collapse.

According to what already seen in this chapter, the physical interpretation of
the apparent horizon dynamics for « = ++/3 is that a black hole larger than
the cosmological horizon cannot fit in the early “universe”. When this “universe”
becomes sufficiently large, a black hole appears with inner and outer apparent
horizons. These black hole horizons then merge into an extremal (null) black hole
horizon and disappear.

4.9 Fonarev Solutions

The Fonarev spacetime of General Relativity has as the matter source a minimally
coupled scalar field with an exponential self-interaction potential [62]. It describes
a central inhomogeneity in an otherwise FLRW universe. The theory is described
by the action

1
S = [ d*x /=g [% - EVaqbV"qﬁ - V(qb)] , (4.210)
where
V() =Voe ™, 4211
with A and V| positive constants. This potential has been investigated at length

in FLRW cosmology [34, 73, 86, 103, 111]. The coupled Einstein-Klein-Gordon
equations are

1 .
Gu = 81 |:va¢vb¢ - E gubvc(ﬁvcd) - gubv(¢):| ’ (4.212)
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av
04— 5 =0 (4.213)

Equation (4.212) can be simplified to
Ry = 871 (Vo Vi + gapV) . (4.214)

The spherically symmetric Fonarev line element and scalar field are

ds*> = a* () [ (r) d$2> } (4.215)
f () @
2
1 Vo (22— 2)
) = Al In| ———= |,
¢ (n,r) = e ( )+ na+ — n|:2Aé(6—k2)
(4.216)
where
2w 2 A
n=(1-=] , a= —— 4.217)
10=(1-%) 0=
1—a
2w\ 2 2
Sty =r (1 - —W) . a(y) = Aoln| 7= (4.218)
r
with w and Ay constants. For simplicity we choose Ay = 1. n is the conformal

time of the FLRW “background”. When w = 0 the metric (4.215) reduces to
a spatially flat FLRW one while, when a =1 and o = 1, it degenerates into
the Schwarzschild solution (however, the value @ = 1 cannot be obtained if the

A
condition @ = ﬁ holds). The line element becomes asymptotically that of a
+

spatially flat FLRW space as r — 400 (see the end of this section for a discussion
of the apparent horizons).

The Fonarev metric is clearly a generalization of the Husain-Martinez-Nufiez
class of solutions (4.181) to exponential potentials. The Husain-Martinez-Nuiiez
metric is recovered by setting A = ++/6 and V = 0.

A phantom Fonarev solution corresponding to a dynamical phantom scalar field
solution of General Relativity was introduced in Ref. [66]. It is obtained from the
Fonarev solution using the transformation

¢ —ip., A——ik. (4.219)



154 4 Inhomogeneities in Cosmological “Backgrounds” in Einstein Theory

The corresponding action is

S = / d'x/~g (% + %vaqbv%p — Voe_w) (4.220)

with a phantom field endowed with the “wrong” sign of the kinetic term. The
coupled Einstein-scalar field equations are now

1
G = _Va¢vb¢ + E gabvc"l’vcfp —8abV, (4.221)
dv
e+ —o. 4222
¢+ 7 ( )

The generalized Fonarev metric and phantom scalar are

2
ds* = a* () |:—f2 (r)ydn* + ]% + 82 (r) dﬂé)] , (4.223)
1 [ +2)’ 1 2w
¢(n,r)—Xln|:m —klna—ﬁln(l—T),
(4.224)
where
2w\ /2 A
fr) = (1 - 7) L e= e (4.225)
S(r)=r (1 - ZTW)Z L aln) = (4.226)

Assuming that A > V2, it is of interest to understand the physical meaning of the
constant w. When A >> +/2itis @ ~ 1 and @ ~ —1 and the metric becomes [66]

2w\ ! 2w 2w\ 2
ds* ~ — (1 - —) an* + (1 — —) ar’* + r* (1 — —) A2y, (4.227)
r r r

Using the coordinate transformation [66]

y=r (l — 2_w) , (4.228)

r

the line element (4.227) is rewritten as

2 2w\ !
ds® = — (1 + TW) dn® + (1 + 7W) dy* + y*d2, . (4.229)
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which is the Schwarzschild solution with mass —w. Therefore, the parameter w
corresponds to the negative mass in this limit and we will we use —M instead of w.

Let us locate the apparent horizons of the generalized Fonarev metric as the
parameters M and o vary. By writing the line element as

) 1 2MN\* ., 2M\"
ds* = — —(14+— ) dny+ |1+ — dr
20-—2 r r
7 20%—1
M I+a
+2 (1 + _) dgé)} (4.230)
r
and replacing the conformal time 7 with the comoving time #, one obtains

2M\“
ds*> = —(1 + —) dr
r

—a I4+a
+a (1) [(1 + ZTM) ar* + 12 (1 + ZTM) d.(zfz)} , (4231

2(o2—1)

a(®=@{—1 & (4.232)

where the integration constant #, marks the Big Rip and o < —1 since A > V2.
The exponent « is determined by the slope of the potential according to Eq. (4.225).
When M = 0 the metric (4.231) reduces to a phantom-dominated FLRW one. By
setting, for the sake of illustration, « = —3 or A = 3/2, the line element (4.231)
reduces to

2M\ 3
ds* = — (1 + —) dr’
r

oM oM\
+a2 ) |:(1 + T) dr? + = (1 + T) d.Q(Zz)i| s

a(t) = (ty—1""°. (4.233)

In terms of the areal radius R = ar (1 + 2M/r)~", the equation locating the apparent
horizons is

-1 5
g Mafy Jyy SMa PR+ 1+ —0, @23
R 32 R ) '

R

where H = a/a is the Hubble parameter of the FLRW “background”. Further setting

8Ma .
x=1+ 1+Tylelds

aMHx* —4x* +12x—8 = 0. (4.235)
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This quartic equation has only two real positive roots corresponding to a cosmologi-
cal apparent horizon R¢ and a black hole apparent horizon Rgy [66]. The qualitative
behaviour of the apparent horizons is the same as for the McVittie and generalized
McVittie solutions: a black hole apparent horizon inflates while a cosmological
apparent horizon shrinks. At a critical time these two apparent horizons coincide and
disappear leaving behind a naked singularity [66]. The time reverse of this picture
gives the apparent horizons of the Fonarev geometry with canonical scalar.

4.10 Other Analytic Cosmological Black Hole Solutions
of the Einstein Equations

Apparently unaware of McVittie’s 1933 work, in 1946 Einstein and Straus [44]
derived the solution of General Relativity now called Einstein-Straus vacuole or
Swiss-cheese model by pasting a Schwarzschild-like region of spacetime onto a
dust-dominated FLRW universe across a timelike hypersurface. There is a black
hole event horizon in this spacetime and the usual energy conditions are satisfied.

The Einstein-Straus model is discussed at length in the literature (see, e.g.,
Ref. [92] and references therein) and we will not repeat such discussions here.

The Einstein-Straus vacuole was later generalized to include a cosmological con-
stant, obtaining a Schwarschild-(anti-)de Sitter instead of Schwarzschild interior [7],
or to include a fluid with pressure in the interior region [11]. Also the generalization
obtained by matching a Schwarschild interior with an inhomogeneous Lemaitre-
Tolman-Bondi exterior has been studied [12]. The Hawking radiation emitted by
the Einstein-Straus black hole has been studied in [148, 149]. It is found that a black
hole in an expanding universe is excited to a non-equilibrium state and emits with
stronger intensity than a thermal one.

Apparent and trapping horizons were studied also in Oppenheimer-Schneider,
Vaidya, and Lemaitre-Tolman-Bondi spacetimes [13, 67]. In this last class of
models, in particular, the use of different coordinates determines different foliations
and, potentially, different apparent horizons. Multiple “S-curve” phenomenology is
reported and interpreted as a single apparent horizon tube which goes back and forth
in time and, when sliced with hypersurfaces of constant time, produces multiple
apparent horizons which appear and disappear in pairs [13].

McClure and Dyer [117] found a spherical solution of the Einstein equations
presumably describing a central inhomogeneity in a radiation-dominated universe
with a radial heat current, which satisfies the energy conditions everywhere and
is perfectly comoving. There is a spacetime singularity at 7 = m/2. Similarly,
another analytic solution of General Relativity with a dust-dominated “background”
universe exhibits singular energy density and a spacetime singularity [117]. Charged
versions of the Vaidya, Sultana-Dyer, and Thakurta solutions are reported in
Ref. [147].

The Kerr-de Sitter black hole is well known in the literature, but a Kerr-FLRW
(or Kerr-McVittie) solution is not reported. Solutions describing spherical shells in
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FLRW space were found by studying inflation and phase transitions in the early
universe: the most well known are the Coleman-de Luccia [33] and the Farhi-Guth
[57] spacetimes. '8

Common techniques used to generate cosmological black holes consist of:

1. Performing a conformal transformation of a static black hole solution (for
example, Schwarzschild in some coordinate system) using a time-dependent
conformal factor (usually given by the scale factor of the FLRW “background”
universe):

8ab — gab = ngab = azgab . (4.236)

This technique generates, for example, the Sultana-Dyer black hole and various
solutions studied in [116-118].
2. Performing a Kerr-Schild transformation of a static black hole metric g,:

8ab — 8ab = 8ab + Akgky 4.237)

where A is a function and k¢ is a null and geodesic vector field with respect to
both g, and g, (see Sect. 1.3.6).

In general, by conformally transforming or Kerr-Schild transforming a “seed”
solution of the Finstein equations with standard matter source (including vacuum),
it is not guaranteed that the product of this transformation will satisfy the Einstein
equations with the same form of matter, or with any reasonable matter source at
all. Indeed, one can use the Synge approach consisting of running the Einstein
equations from the left to the right, i.e., prescribing a metric motivated in some
way and computing the corresponding energy-momentum tensor. But the latter
will in general violate the energy conditions and will be physically unreasonable
because it is built in a completely artificial way and is devoid of physical content.
Indeed, this is the problem of most solutions obtained by conformally or Kerr-Schild
transforming a known black hole metric. Moreover, the conformal transformation of
a static black hole metric does not always generate a black hole: often it generates a
naked singularity instead.

4.11 Conclusions

It is rare to find explicit analytic expressions of the apparent horizons for solutions
of the Einstein equations representing cosmological (or other dynamical) black
holes. To the best of our knowledge such an expression is available only for the

18Sometimes one encounters in the literature also dynamical black hole spacetimes which are
constructed by hand and are not known to be solutions of the Einstein equations or of the field
equations of other theories of gravity (e.g., [16, 60, 105-107]).
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extremal charged McVittie black hole and for the “comoving” generalized McVittie
spacetime. For other exact solutions of General Relativity the apparent horizon can
only be located numerically or given by implicit analytic expressions (for example,
for the Schwarzschild-de Sitter-Kottler and the McVittie black holes).

When they represent black holes, the various inhomogeneous solutions consid-
ered in this chapter describe:

» Eternal black holes which have not been created in a collapse process but are
created together with the universe in the Big Bang, or have existed forever (for
example, in a de Sitter background); or

* Black holes that appear when a naked singularity is suddenly covered by an
apparent horizon which is created simultaneously with another (cosmological)
apparent horizon.

In any case, when a timelike naked singularity is present, the initial value problem
[169] is not well posed and the spacetime cannot be obtained as the development of
regular Cauchy data.

The subject of dynamical and cosmological black holes is still too young to
classify all the possibilities allowed by the Einstein equations in a physically
meaningful way, and it is even debatable whether apparent and trapping horizons
provide a truly satisfactory notion of dynamical black hole. Nevertheless, one can
tentatively group the known solutions of the Einstein equations with these features
in two ways:

1. On the basis of the type of matter sourcing the “background” FLRW universe
(dust, perfect fluid, imperfect fluid, scalar field, etc.);
2. On the basis of the dynamics and phenomenology of the apparent horizons.

Solutions of General Relativity with a perfect fluid and an electric field include
the McVittie and charged McVittie solution (and its special case, the Schwarzschild-
de Sitter and Schwarzschild-anti de Sitter black holes); solutions sourced by a
canonical scalar field include the Husain-Martinez-Nuiiez, the Fonarev, and the
phantom Fonarev solutions. At the moment of writing, the phenomenology of
apparent horizons distinguishes between the McVittie type with two appearing
or disappearing (one black hole and one cosmological) apparent horizons, and
the Husain-Martinez-Nufiez-type phenomenology with three apparent horizons.
Multiple “S-curve” phenomenology is reported in Lemaitre-Tolman-Bondi models
[13]. It is not clear whether completely different horizon phenomenologies are
possible in Einstein theory.

The rather bizarre phenomenology of the apparent horizons in the solutions
examined begs the question of whether they are, after all, physically significant.
Naked singularities form during simulations of gravitational collapse but, generally
speaking, they are not “typical”’. General choices of the initial data result in
black holes rather than naked singularities. It could well be that the solutions
examined here are non-generic or even very special. The “comoving mass solution”
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is a late-time attractor in the generalized McVittie class but it is not a generic
cosmological black hole solution with spherical symmetry [28]. No definitive
statement can be made at present.
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Chapter 5
Cosmological Inhomogeneities in Alternative
Gravity

To such an extent does nature delight and abound in variety that
among her trees there is not one plant to be found which is
exactly like another; and not only among the plants, but among
the boughs, the leaves and the fruits, you will not find one which
is exactly similar to another.

—Leonardo da Vinci

5.1 Introduction

After studying inhomogeneous spacetimes describing central condensations embed-
ded in FLRW spaces in Einstein’s theory, we now turn to qualitatively similar
spacetimes in the context of alternative theories of gravity. In addition to the reasons
already mentioned in the previous chapter for the study of cosmological black holes,
there is motivation to extend the analysis to alternative theories of gravity. We
have already mentioned that the McVittie spacetime is a solution of the cuscuton
theory and that the generalized McVittie solution solves the field equations of
Horndeski gravity. Let us consider now, in particular, Brans-Dicke [5] and scalar-
tensor theories of gravity [4, 40, 56]: these theories are the prototypical alternatives
to General Relativity and allow for a varying gravitational strength. While usually
only the cosmological variation of the gravitational “constant” Geg with time is
studied, inhomogeneous spacetimes describing central objects embedded in FLRW
“backgrounds” constitute toy models to study the spatial variation of G [13, 48].
Another motivation is that explicit analytic examples of evolving apparent horizons
would be useful to study Hawking radiation and black hole thermodynamics in
a fully dynamical situation in alternative gravity, and bring into light possible
differences with General Relativity. Although we restrict ourselves to 4-dimensional
spacetime manifolds, once one begins to study alternative theories the door is open
for further generalization. For example, exact cosmological and time-dependent
black holes are of interest in higher-dimensional Gauss-Bonnet gravity [41], and
other examples arise from intersecting branes in supergravity [36].

The known solutions of field equations alternative to the Einstein equations with
the desired properties are usually spherically symmetric. It is unknown whether, in
general, the concepts of Misner-Sharp-Hernandez mass and Kodama vector can be
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extended beyond General Relativity,! and some of the quantities needed to write
down the first law of thermodynamics become obscure. Since the Misner-Sharp-
Hernandez mass is a special case of the Hawking-Hayward quasi-local energy [31],
it seems rather natural to use this construct as the internal energy when abandoning
spherical symmetry. The Kodama vector, however, is not defined once this special
symmetry is given up.

The concepts of apparent and trapping horizon do not depend on the field
equations of the theory. Moreover, there have been several studies of horizon entropy
for event horizons in alternative gravities (see Ref. [22] for a review).

5.2 Brans-Dicke Cosmological Black Holes

In string theories [30] a dilaton field coupled non-minimally to the Ricci curvature
mimics a Brans-Dicke scalar field (in its low-energy limit, bosonic string theory
reduces precisely to an wy = —1 Brans-Dicke theory [6, 28]). This fact has added
motivation for the study of scalar-tensor theories in general. Brans-Dicke gravity
corresponds to the action [5]

Sep = / d'x /=g [M’ - % gV Vi + 2 f““)} , (5.1)

where k = 87, Z™ is the matter Lagrangian density, and the Brans-Dicke scalar
field ¢ effectively plays the role of the inverse of the gravitational coupling. w, is
the “Brans-Dicke parameter”.

Contrary to General Relativity, even static, asymptotically flat, spherically
symmetric black holes in scalar-tensor gravity are not forced to be Schwarzschild:
the Jebsen-Birkhoff theorem is peculiar to Einstein theory and breaks down in more
general contexts, even in the simplest Brans-Dicke case (5.1). In this theory, what
can be rescued is only a very weak form of the theorem: if the Brans-Dicke scalar
field is required to be time-independent in electrovacuo, then the metric is static (but
not necessarily the Schwarzschild or Reissner-Nordstrom one) [23]. In this form,
however, the theorem is not very useful and it allows for substantial departures from
the Schwarzschild geometry.> To the extent that astrophysical black holes can be
considered as isolated, however, all physically reasonable (that is, stable and not
fine-tuned) black holes of scalar-tensor gravity reduce to general-relativistic black
holes [51]. Let us consider now asymptotically FLRW solutions of Brans-Dicke
theory which do not fall into this category. The best known solutions are the analytic
ones found by Clifton, Mota and Barrow [13] (discussed in Ref. [27], which we fol-
low here) and the numerical ones of Sakai and Barrow [48]. We focus on the former.

!See Ref. [14] for a proposal.
2The Jebsen-Birkhoff theorem, however, holds in Gauss-Bonnet gravity [58].
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5.2.1 Clifton-Mota-Barrow Black Holes

The matter source is assumed to be a perfect fluid with energy density p™,
pressure P™ and equation of state P™ = (y — 1) p™, with y = constant [13].
The spherically symmetric and dynamical Clifron-Mota-Barrow line element is [13]

ds® = —"Dd + a*(t)e" D (dF + 7’2d~9(22)) , (5.2)
where
) _m 2u
ev(r) — (1 + 2061'”) = AZOé , (53)
2ar
_ 4
G- (1 + %) A%(“—l)(“"‘z), (5.4)
200Q=y)+2
t 3wgy(2—y)+4
a(t) = a (?) = auf (55)
0
__2(4=3y)
_ t\ 3eorC=nt+s o2
o(t,7) = ¢o (t_) Ama@ = (5.6)
0
2 2
o= [Pt (5.7)
2w¢ + 3
m (90 Y 2
Pt F) = pg (W)) AT (>8)

wy is the Brans-Dicke parameter, m is a mass parameter, o, ¢o, do, pém) and 1 are

positive constants (¢, ,ogn), and 7y are not independent). 7 is the isotropic radius
related to the Schwarzschild radial coordinate r by

mo\2
=r(l+—) , 5.9
" r< + 2a;) (5:9)
so that
m? _
dr=1[1- 1027 dr. (5.10)

The constant « is real for wy < —2 and for wy > —3/2. As customary in Brans-
Dicke theory [5, 17, 29], we assume that wy > —3/2 and 8 > 0. The metric (5.2) is
separable and reduces to the spatially flat FLRW one if m is set to zero. If y # 2, set-
ting wy = (y —2)~" yields B = 0 and the geometry becomes static (interestingly,
the scalar field remains time-dependent). If instead y = 2ory = 4/3,then 8 = 1/2
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and the scale factor a(f) ~ /1 irrespective of the value of the parameter w,. These
special cases will be discussed separately.
The areal radius is

R = a(t)F (1 - i)ZAi(“‘”“’“)
2o

= a(f)rAs @ De+2) (5.11)
and the line element is written as
ds? = —A%dP + (DA d? + 22, (5.12)
Using the relation between differentials
1
dR — a(t)rA=@=D@+2) gy
dr= —— alo)r , (5.13)
a(Aua@DEFD=2[A2 4 (g — 1) (o + 2)
the line element becomes
ds? = — | a2 — dz(’)_rzAg(azﬂa—z) di
B(7)
éz(t)r a2+3a72 Az(;') o) 0 2
— A« dRdt dR” 4+ R°dS25, , 5.14
B (F) TrRHT T G-19
where
-1 2
B =) + @Dt i(za +2) = (5.15)

2 2
is positive because o = (a)O—H >1
2wp + 3

The dtdR cross-term is eliminated by introducing the new time 7 defined by [27]

[dt + ¥ (t,R)dr] , (5.16)

di = F(t.R)

where (¢, R) is a function to be determined and F(z, R) is an integrating factor, as
usual. With this coordinate, the line element becomes

22002

a-(r Ag(a2+2a—2):| F2dP

2:_A2a__
@ [ B

-2 2 .
2 a (t)r l( 242 -2) Fa(t)r o2 430—2
+ {21/fF |:A o —B(?)z Aalet+2 -2 B2 A dRd7
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+{ A? _y? |:Aa a(t)rA (@+20— 2):|

B(7)? B(7r)?
+2 ‘g‘zg); = 2} dR® + Rd2%, . (5.17)
By setting
30
V= agz)rAD(T (5.18)
with
DtF)=1-— LGLEPPT b (5.19)

BZ

the line element assumes the form [27]
2 20 1y 2 72 H’ 2 42(2—a) 2 2
ds = —ADF-dr + 7D ——RA + dR” + R d[Z(z), (5.20)

where H = a(1) /a(t). The apparent horizons, roots of gf8 = 0, solve

B'D =0 5.21
H2R2A22—e) 4 A2B2D - (52D
which reduces to D = 0, or
B*AY@=) = g?R? . (5.22)

Then it must be

A [A2+ (@ = D@ +2) ma(t) AWW)} = +HR. (5.23)

a? R

In an expanding universe, the square bracket is positive and the positive sign is the
only one appropriate; Eq. (5.23) becomes

—Da+2) 2a=1)@+1)

HR2— ma()A~ «  —A*TR=0. (5.24)

o?

If m > 0, the Ricci scalar diverges at R = 0, identifying a spacetime singularity, at
which also p™ is singular.?

3The expression of the Ricci scalar is long and cumbersome and it is not reported here, see
Ref. [27].
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Let us discuss special limiting cases [27]. When m vanishes (no central object),
Eq. (5.24) gives R = H™!, the radius of the FLRW Hubble horizon. This value of R
is also obtained if 7 — +o0; then R becomes a comoving radius and the geometry
that of spatially flat FLRW space. In this limit Eq. (5.22) shows that A, B — 1 (the
limit is not so straightforward in Eq. (5.24) as R — oo and 7 — 00). Based on these
features, the horizon at larger radii should be a cosmological one.

Consider now the static limit: when § = 0, it is a(t) = ao (Eq. (5.5)). This value
of B follows from the choice wy = (y —2)~! with y # 2. For each value of the
Brans-Dicke parameter wy there is at most one static Clifton-Mota-Barrow solution
corresponding to a specific choice of the equation of state of the cosmic fluid.
In order for « to be real, it must be wy < —2 or wy > —3/2, which translates to
y >3/2ory <4/3 when 8 = 0.

Equations (5.6) and (5.8) yield

t 2 22—1)
¢, R) = ¢o (7) AT O, (5.25)
0
p™ = piMA=2 (5.26)

Even though the metric g,, and the matter density p™ are static, the scalar ¢
depends on time. By writing the line element as

A2
ds* = —AYdr’* + 7R + RdQp (5.27)
the apparent horizon equation g*® = 0is B = 0, equivalent to the quadratic

Pt (@ —2)F+ = 0. (5.28)

2
The discriminant A(a®) = m—2 [(a2 - 2)2 — az] is non-negative if « < 1 or a > 2
(using the fact that @ > 0 according to Eq. (5.7)). In the parameter range 1 < o < 2

the equation g®% = 0 has no real roots and there are no apparent horizons. If & < 1
or o > 2 there are the real roots

S [_ (@—2)+ /@27 _a2] , (5.29)

but they are both negative and no apparent horizon exists: the static spacetime
always contains a naked singularity.

Let us discuss now the General Relativity limit wy — oco. If y # 0 and y # 2,
this limit implies @ — 1, ¢ — ¢, and*

“In the case y = 2 the scale factor a(r) o< /7, the scalar ¢ o< r~' and the density p™ o< > are

independent of wy. However, the limit wy — oo still yields & = 1 and the various functions of
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1= m\2 4
ds? = — (—2) dt +a(0) (1+22) (P +7d2Y)) . (5.30)

1+ 2 2F
2
r\¥
a(r) = ag (—) , (5.31)
To
gy — o (10) 42 5.32
P = o (7) A7 (5.32)

This line element is recognized as that of a generalized McVittie metric, which
becomes

2ra(t)

M(1) 2
2 1= % ) M@ \* 2 | 2502
2ra(r)

in isotropic coordinates, with M(#) > 0 an arbitrary function of time and G(]) # 0,
corresponding to a radial energy flow. As already seen, the solution with “comoving
mass function” M(f) = Mya(t) (where M is a constant) is a late-time attractor in the
class of generalized McVittie solutions (5.33). This attractor solution is precisely the
wo — oo limit of the Clifton-Mota-Barrow solutions (5.2)—(5.8) (which are indeed
accreting).’

For large values of w,, the solution (5.2)—(5.8) asymptotes to the attractor of the
generalized McVittie family of solutions.

The y = 0 case describes a cosmological constant “fluid”; in this case the
exponent B of the scale factor a(f) diverges as wy — oo and this scale factor
becomes a power law (the General Relativity limit of the solution is expected to
be the Schwarzschild-de Sitter-Kottler spacetime).

If y =2, the wy — oo limit yields & — 1, ¢ oc 17!, a(r) o< /1, p™ o< 13472,
and the line element is as in Eq. (5.30).

Leaving behind all these special cases, let us inspect now the structure and
dynamics of the apparent horizons of the generic Clifton-Mota-Barrow spacetime

[27]. It is convenient to introduce the variable x = Pt in terms of which we have
or

1—x

, (5.34)

7 have the same functional dependence as in the y 7 2 case. The line element is a generalized
McVittie one.

3The generalized McVittie solutions of General Relativity were introduced 2 years after the
Clifton-Mota-Barrow paper, and the attractor solution with M = M, a(t) could, in principle, have
been found earlier as the limit to General Relativity, but its attractor role follows from different
considerations.
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Fig. 5.1 Apparent horizon radii versus time (both in units of (max)"/=?) for the value
wo = —17/12 of the Brans-Dicke parameter. The dashed curve corresponds to y = 1 (dust) and
the solid curve to both y = 4/3 (radiation) and y = 2 (stiff matter). For dust, there is only
one apparent horizon which expands to a maximum size and then shrinks. Universes filled with
radiation or stiff matter, instead, contain naked singularities

while H = /1. The areal radius R of the apparent horizon(s) and the time 7 can be
expressed parametrically as functions of x, obtaining

(1427 (1 (@=D(@+2)
m X —X “
R(x) = autp — — " [ —= , 5.35
) = a2 UE (l-i-x) (5.35)
2a X
t — 1— 2/a
(%) max (1 _i_x)%(a-i-l) [( x)

@-het+d) _x)_m_l)/a“ a8

o

+2x (5.36)

Figures 5.1-5.5 show the areal radii of the apparent horizons versus time for the
Brans-Dicke parameter values wy = —17/12, —1/3, 1, and for various large values
of wy (of the order of 10°), respectively, and for various choices of the equation of
state parameter y. In these figures (which follow those of Ref.[27]), R and ¢ are
reported in units of
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Fig. 5.2 The apparent horizon radii for the Brans-Dicke parameter value wy = —1/3. The dotted

curve corresponds to y = 0 (cosmological constant). In all cases there is a single expanding
horizon and the spacetime contains a naked singularity

1

1 m\1=#
(may)=F = (ao t_) to (5.37)
0

(this normalization absorbs completely the parameters m, ay, and 7).

The dotted curves describe y = 0 (cosmological constant); the dashed curves
correspond to y = 1 (dust), while the solid curves correspond to both y = 4/3
(radiation) and y = 2 (stiff matter). For both values y = 4/3,2, B assumes the
value 1/2 and is independent of wy. For the value wy = —17/12 of the Brans-Dicke
parameter (Fig.5.1), a cosmological constant (y = 0) gives a contracting universe
and this case is not plotted.

For wy = —17/12 and wy = —1/3 there is only one apparent horizon for all
of the values of y explored. In most cases, this horizon is expanding forever and
the spacetime contains a naked singularity. For wy = —17/12 and for dust, the
apparent horizon expands to a maximum size, stops, and then contracts to zero size
asymptotically [27].

When wy = 1 (Figs.5.3 and 5.4), for dust, radiation, and stiff matter there is
initially a single expanding apparent horizon (Fig. 5.3), then two additional apparent
horizons appear; the outer horizon expands while the inner horizon eventually
approaches the initial one, at which point they merge and disappear, reproducing
the “S-curve” phenomenology of the Husain-Martinez-Nuifiez solution [27].
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Fig. 5.3 Apparent horizon radii for wy = 1. For all three values of y, there is a single horizon
at early times. As time progresses, two more apparent horizons appear, covering the central
singularity. Two of these horizons eventually merge and disappear; then there remains a naked
singularity in a FLRW universe, which has its own cosmological horizon. The third curve, flattened
along the time axis, is zoomed on in Fig. 5.4

If wp = 1 and y = 0 (cosmological constant, Fig. 5.4), one has similar dynamics
of the apparent horizons but the new pair of horizons forms inside the original one.

Figure 5.5 corresponds to large values of the parameter wy. The apparent horizons
exhibit an S-curve behaviour very similar to phenomenology already encountered
in solutions of General Relativity [27].

5.2.2 Conformally Transformed Husain-Martinez-Nuiiez
Spacetime

In addition to the solutions just considered, Clifton, Mota, and Barrow [13]
generated another dynamical and spherically symmetric solution of the Brans-Dicke
field equations by performing a conformal transformation of the Husain-Martinez-
Nuiiez metric:

HMN HMN HMN
g — 27 g = ¢ gLV (5.38)

~ 20 + 3
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Fig. 5.4 The same as Fig. 5.3, zoomed in

While, in studying scalar-tensor gravity, it is customary to perform the inverse
conformal transformation (from the Jordan to the Einstein frame) to end up with an
Einstein frame formulation in which the Ricci scalar couples minimally to a scalar
field with canonical kinetic energy (but the latter couples non-minimally to all forms
of matter which are not trace-free), Ref. [13] transforms a General Relativity metric
to a Jordan frame to generate a solution of the Brans-Dicke field equations. The
two-parameter geometry thus obtained is described by the line element and scalar
field [13]

s> = —A“(l_fﬂ)(r) ar

ol 14— 2(=v3)
+A (1+f3ﬂ)(,-) t 363 [dr2 + rzA(r)d.Q(zz)] , (5.40)
ot r) = A%(r) tﬁ ) (5.4

where

A(r):l—zTC, B=+20+3. w>-3/2, a==%3/2. (5.42)
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Fig. 5.5 Apparent horizon radii for various (increasing) values of w, (remember that wy — +00
reproduces General Relativity). Here one finds the S-curve familiar from the Husain-Martinez-
Nuiiez solution of the previous chapter. The lower bend in the S-curve gets pushed at infinity as
w —> 400

Spacetime singularities are present at r = 2C and at t = 0. The physical coordinate
range is 2C < r < +o0 and ¢ > 0. The result is an inhomogeneous spacetime with
a spatially flat FLRW “background” which has scale factor

p—/3
a(t) =133 =1, (5.43)

Following [26], let us rewrite the line element using the notation and the areal radius

ds> = —A°(r) di* + A®(r) @ ()dr* + R* (1. r)d 2}y, . (5.44)

R(tr) =A"T () a()r, (5.45)

where

o=uqa (1 — \/_%) , (5.46)

_WO+£§) (5.47)

®
|

Equation (5.45) gives
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dr = dR — A% (r)a(t)rdt (5.48)

T ()a@) € 4 A% (Pa(r)

which, substituted into the line element, produces

1 O+1
ds* = —| DA — A2 &P |ar?
> T D { [ 1 “ ]
OFl ., 2 2 102
~2A"F ar didR + AR} + 223, (5.49)
with
CO +1
Di(r) =A@ |1+ coe+h (5.50)
rA(r)

Once again, the time-radius cross-term is removed by introducing a new time
coordinate T defined by

dt =dT —v(t, r)dR 5.51)
which, substituted into the line element, yields

1
D

ds* = — [— (D1A° — A9 %) dT?

+ <2D1A"v —20AOHI 22 2A%ar) dTdR

+(1 1245 ar + 24 2 — DA%y z)dRz]
2

+R A, .

Let us choose

O+1 .,
A2 ar H?R?

v(t, r = )
( ) D]A” _Aia r2 D]A(7 —H2R2

(5.52)

then the line element reduces to

1
D,

ds* = — {— (D1A° — H’R?) dT*

H2R?
1+ 2HR + (H?R> —D1A°) ————— |} dr?
+[ + 2HR + ( I )DIAU_HQRQ]}

+R*dS2},, . (5.53)
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There are now two possibilities: either D;A° — H?R? vanishes, or it is different from
zero. We consider these two cases separately.
Consider first the situations in which D;A° # H?R?; then the line element is
simply
1

ds* = o [— (D\A” — H’R?) dT? + (1 + 2HR + H’R*) | dR*+R*d$2},, . (5.54)
1

The usual recipe g*F = 0 locating the apparent horizons is equivalent to D; (r) = 0,
which is satisfied by

r=010-0)C=ran. (5.55)
Expressed using the areal radius, this equation is

e +1
e-1

2
Rau(t) = ( ) (1—©)Calr). (5.56)

If ® < —1, this formal root lies in the physical region ray > 2C, in which the areal
radius can be written as

a(t)r
R(@t,r) = __aor T (5.57)
(1-2¢/r)l%
We see that R — +o0 as r — 2C™T and, since
oR o— 2C(1 -6
= aAT () [1 - ¥} , (5.58)
or 2r
.. 1-06 .
for® < —1itis > 1 and dR/0r > O if
1-6
r>r052C( 7 )>2C, (5.59)
while 0R/dr = 0 at r = rg, and dR/dr < O for r < ry. Because
NE) 1
O=F— (1 + —) (5.60)
2 V320 + 3

for a = +/3 /2, the condition ® < —1 for the apparent horizon to exist in the
physical region requires o = ++/3 /2. The sufficient condition ® < —1 restricts
the Brans-Dicke parameter to
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< | ——3-3|=aw, (5.61)

hence the apparent horizon exists at ry > 2C for the parameter range

3
—5 <o <o (5.62)

and it has areal radius

[0+1]

041"
@—J_rl 10— 1]a()C. (5.63)

Rau(t) = ‘

This apparent horizon is comoving with the cosmic fluid and disappears in the limit
C — 0 in which there is no central inhomogeneity.
If o>wyorif a= -3 /2, there is no apparent horizon and the conformal
relative of the Husain-Martinez-Nufiez spacetime contains a naked singularity. In
3 1
particular, when o = —«/3/2 itis ® = g (1 + —) > 0 and the areal radius

V3B

[0+1]
2

R(t,r) = (1 - ?) a(t)r (5.64)

is a monotonically increasing function of r in the range 2C < r < 4-00.
Let us consider now the case D;A° = H>R?; the line element appropriate to this
situation is

AG'

2 _
ds” = R

(—2HR dtdR + dR®) + R°d$23, . (5.65)

The inverse metric has components

HR
o
- 0 0 0
wy= | " 5.66
0 0 0 R25i1n20

with g®® identically vanishing, hence the condition D;A° — H’R?> = 0 imposed
from the outset is actually the equation locating the apparent horizons. One can
write it as

COE =17 o
HR = /D,A" = [1 + ¥} AT (5.67)

r
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(choosing the positive sign for the square root), where r = r(7, R). In the limit
r — +o00 (and also in the parameter limit C — 0) it is R ~ H™!, the radius of the
FLRW apparent horizon. The apparent horizons can be located numerically by using
a parametric representation similar to that already seen for the Husain-Martinez-
Nufiez spacetime. The result is an “S-curve” completely analogous to that of the
Husain-Martinez-Nufiez geometry [26].

5.3 f(#) Cosmological Black Holes

In General Relativity, the current acceleration of the universe [2, 32, 4246, 54]
requires that approximately 73 % of the energy content of the universe be in an
exotic form, “dark energy” with pressure P —p(m) [1, 33, 34]. As an alternative
to this mysterious and ad hoc dark energy, it has been reasoned that perhaps gravity
deviates from General Relativity at large scales. A simple model of modified gravity
replacing Einstein theory at large scales is f(#) gravity [8, 9, 49, 52, 53, 55], so
called from the form of the action

S = / d*x =g |f (%) + £™] (5.68)

which reduces to the Einstein-Hilbert action for a linear function f of the Ricci
scalar Z. This modified gravity can in principle explain the cosmic acceleration
and be theoretically consistent [7, 15, 50]. Since f(&#) theories interesting for
cosmology contain a time-varying effective cosmological “constant”, black holes
or local objects are dynamical and asymptotically FLRW, not asymptotically flat.
Very few analytic solutions of this kind are known.

A rare spherically symmetric dynamical solution in vacuum f(%) = #'*°
gravity was found by Clifton [10] and studied in [21]. The parameter § of '+
gravity is severely constrained by Solar System experiments to be in the range
§=(-11+£12)- 107 [3, 11, 12, 59]. The Clifton line element is

ds* = AP + (OB (F) (47 + Pd 23, ) (5.69)
where
_ 1— Gy i\

A — =4 , 5.70
() (1 +C2/?) G710

C 4
B(F) = (1 + é) A (F)1T281 (5.71)

r

a(t) = tw , (5.72)

¢ =1-25448%, (5.73)



5.3 f(#) Cosmological Black Holes 183

in isotropic coordinates. Equation (5.69) gives back the FLRW line element when
the mass parameter C, vanishes. This modified gravity reduces to General Relativity
when § — 0, in which the metric (5.69) reproduces the Schwarzschild solution in
isotropic coordinates. We assume that C; is positive and we assume that § > 0 for
stability (in fact, local stability of the theory requires /(%) > 0[18, 19]).

Clifton’s solution (5.69)—(5.73) is conformal to the Fonarev solution of General
Relativity already seen and, since the latter is conformally static [35], also the
Clifton solution is.

A first transformation to the radial coordinate

G\
r=r (1 + —_2) , (5.74)
r

2

-1

C

in terms of which dr = (1 — _—22) dr, followed by another transformation to the
r

areal radius

r= COVEBO)T VBz(’_"zr —al) rA(H (5.75)
(1+92)

brings the line element (5.69) to the form [21]

ds’ = —Aqydr* + A dr? + RPd}, . (5.76)
Now we have
q+25—1 q+25—1
J dR—A, * aradt dR—A, * ardt 577
r = = = — .
P 22D G 4 e
alA, + TTAZ aA, C(r)

(where an overdot denotes differentiation with respect to the comoving time ¢ of the
FLRW “background”) and

20q+286—-1) C 2(g+28—1) Cra =)=
4 Hat ) G2, 4 Hat ) Ca 25

Cir)=1 =1 . 5.78
() P 4 R 2 ( )
The metric is recast as
2(6—1) a2l
2 _ _ Ay 22 2 2 24, ° .
ds = —A, |1 - a‘r- | dt e ardtdR
dR?
+ + R*dS2, . (5.79)

Alc?
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The cross-term in drdR is eliminated by replacing ¢ with another time coordinate 7
which satisfies

t = FOR) [dt + B(t, R)dR] , (5.80)

where F(z, R) is an integrating factor chosen to make df exact. In terms of this time
coordinate, the line element assumes the form [21]

A26-D)
ds*> = —A; [1 — ZC—Z d2r2:| F*di
. —q+25—1
Az(b—l) Al 2
+2F { A8 [1 - 2c2 art| — 27 ar ¢ dtdR
—q+25—1
AZ67D 24, ° 1
+ —A2 |:1 — ZC_Z('IZFZ ﬂ2+ 2?617',3 +Aq—C2 dR2
2
+R2 A2}, . (5.81)
The choice of
—q+25—3
A, ° ar
B = o ye=T (5.82)
_ zC2 a2r2

removes the unwanted cross-term and leaves the geometry in the final form

—g—1
ds* = —A,DF*d7* + ! [1 4," HR

2 2 2
e =D j|dR + Rd$2Y, . (5.83)

where H = a/a and

—Z__ H’R*. (5.84)

Further manipulation yields [21]

2
ds* = —A,DF?d7 +

2 2
XD + R2d$2%, . (5.85)

The equation g*% = 0 locating the apparent horizons holds if A;CZD = 0, giving
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Al (02 — R =0, (5.86)

so the apparent horizons are located by Ay = 0 or H*R> = C2Ag+1. The expression
A, goes to zero for r = C,, which describes the Schwarzschild event horizon in the
limit to General Relativity § — 0. Now A, = 0 identifies a singularity because the
Ricci scalar

6 (H + 2H?)
#=——""1 5.87
Ay (7) G857

diverges as r — C».
The second possibility to satisfy g®f = 0 gives H’R* = C2A‘2’+], which trans-
lates to

q+1
2

A7, (5.88)

2 26—1) C 28—1—q
HR:j:[l_{_MLaA 2 }

q R 7

discarding the negative sign in an expanding universe. In the limit § — 0 Eq. (5.88)
reduces to

28Coa (13
HR=[1+ R“’Az(1 ”}Aﬁ. (5.89)

It is instructive to discuss two limits. In the first limit, C; — 0 and the central object
disappears, leaving behind FLRW space; then the coordinate r = r approaches the
comoving radius of FLRW space and R approaches the proper radius of this space.
Equation (5.88) then degenerates into R, = 1/H (the FLRW cosmological horizon).
In the General Relativity limit § — 0, Eq. (5.88) reduces to r = C, with H = 0.

Using x = C,/r, Egs.(5.72) and (5.75) allow one to write the left hand side
of (5.88) as

q+26—1
R — 8 (1 +26) tzazlJr_zg—l G (1—x) < (5.90)
1-34 X4 )—q+26—1 ’
X q
while the right hand side of Eq. (5.88) is
(1-x 20 +26—1)
— q —
L [1 + 24 a 2] (5.91)
(I4x) 1 (1=

and Eq. (5.88) is written as®

SHere —————— > 0for0 < § <

>~ 0.366.
1—96

1 —28—282 V3 -1
2
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—2¢+25—2

1 1-8) x(1+x)

PS8 +2)C (Y

2(g+25—-1) «x
'[” (l—x)Z}

(5.92)

The left hand side of Eq. (5.92) vanishes at late times, and x =~ 0; then there is a
single root of g®R = 0, identified with the radius of a cosmological apparent horizon

(r > oo as x = C/r — 0 and the limit x — 0 can also be obtained as the parameter

1-6
C, — 0, in which case HR — 1 and r ~ R >~ H'= — ). At late times
8 (1 +296)

there is only one cosmological apparent horizon and the Clifton spacetime contains
a naked singularity at R = 0.
A parametric representation of the apparent horizon radius R and time ¢ is

5 C +25— —26+
RO =10 T 2 (-0 (I+x0"0 | (5.93)
X

1—§
2(—g+5—1) 282 426—1
1-6 1 2 26 —1

o) = SA+2)C (- ™7 q(1—x)?

The qualitative behaviour of the apparent horizon radii is described by an “S-curve”
similar to that of the Husain-Martinez-Nufiez spacetime [21].

5.4 Conclusions

To end these lectures, we are now aware of several explicit examples of time-varying
apparent horizons in General Relativity and in alternative theories of gravity. These
examples will be useful to study Hawking radiation and black hole thermodynamics
in fully dynamical situations (and in part, they are already beginning to be used for
this purpose [16, 20, 24, 25, 37-39, 47]). Many aspects of fundamental gravitational
physics are touched upon in the study of apparent horizons: perhaps the most
obvious is the long-standing issue of cosmological expansion versus local dynamics,
which prompted McVittie to produce his solution of the Einstein equations in
1933. To turn things around, one could as well say that another aspect is present,
namely the effect of a central inhomogeneity on the cosmological expansion of a
“background” universe (although it is the first effect that is usually emphasized).

Although the McVittie geometry has been largely overlooked and does not make
it to the relativity textbooks, it has seen a resurgence of interest in recent years and
it has been shown to be a solution also of very interesting modern theories, such as
Hoftava-Lifschitz gravity, Horndeski theory, and shape dynamics.

Analytic solutions of the field equations describing cosmological black holes
allow us to study the effect of “normal” versus phantom backgrounds on black holes,
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especially the accretion of dark energy (and of its extreme form, phantom energy)
by black holes, which has been the subject of a significant amount of literature.
There is, however, an intrinsic limitation in the test fluid approximation used in the
literature to address this problem, and only exact solutions can provide some answer
to the various questions which go unanswered.

The scope enlarges when one attempts to go beyond General Relativity. Alterna-
tive theories of gravity may be required already to explain the current acceleration
of the universe without dark energy. A huge amount of literature has been
devoted to f(#) gravity (which is a special class of scalar-tensor theories with
a complicated scalar field potential) for this purpose.” In f(%) and scalar-tensor
gravity designed for cosmology, the theory contains an effective time-dependent
cosmological “constant” and black holes in these theories are asymptotically FLRW,
not asymptotically flat, and they are dynamical (except for the special case of a
de Sitter “background”). Only a few analytic solutions of these theories describing
cosmological black holes are known, and they exhibit various phenomenologies of
apparent horizons.

In the context of scalar-tensor gravity, cosmological black holes provide toy
models to study the spatial variation of fundamental constants (for example, the
variation of the gravitational coupling Gg). Containing only a scalar extra degree
of freedom, scalar-tensor gravity is a minimal modification of Einstein’s theory. As
such, it is justly regarded as the prototypical alternative to Einstein’s theory [57]
and it was quite interesting to discuss cosmological black hole solutions of the
relevant field equations. The fact that such a variety of behaviours (cosmological
black holes, naked singularities, appearing/bifurcating and merging/disappearing
pairs of apparent horizons) is contained in this relatively simple theory of gravity
induces the suspicion that more complicated theories of gravity will disclose higher
degrees of richness and complication of non-stationary horizons, which have not yet
been unveiled.

As a general consideration, while it is necessary to find new solutions of the field
equations containing apparent and trapping time-evolving horizons, and it is good
to extend the catalogue, it is more important to understand the known solutions. At
least, this is the lesson that one draws from the history of the McVittie solution.
For certain analytic dynamical solutions of well known field equations, it is not
even known if they represent black holes or naked singularities, and probably new
apparent horizon phenomenology is waiting to be discovered and fully understood.

The types of questions that should be investigated, and that we tried to address,
in the general theory and in the various specific spacetimes discussed, include:

* Do these geometries contain spacetime singularities? In relation with Cosmic
Censorship, are singularities naked, or are they dressed by some kind of horizon?
Are singularities spacelike, timelike, null, and do they change their causal

7 At the moment of writing, a crude estimate is 2000 theoretical and observational journal articles
devoted to f (%) gravity since 2003.
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character? The implication of timelike naked singularities is that the spacetime
cannot be derived by regular Cauchy data and the world becomes unpredictable.

e Are there apparent/trapping horizons and, if so, where are they? Are these
apparent horizons timelike, spacelike, or null?

e Do apparent horizons in a FLRW “background” expand? How? Are they
comoving? For spherically symmetric spacetimes in General Relativity, does the
Misner-Sharp-Hernandez mass enclosed by the horizon increase? If possible, the
contributions from the mass-energy of the local object, the accretion of cosmic
fluid, the expansion/contraction of the apparent horizon, and the time evolution
of the energy density of the “background” should be identified and separated.

* What are the dynamics and phenomenology of the apparent horizons? A single
apparent horizon may originate from a spacetime singularity (as in the Husain-
Martinez-Nuilez solution of General Relativity); apparent horizons are known
to appear and disappear in pairs (as in the McVittie and in Lemaitre-Tolman-
Bondi models); and they appear to jump. This variation with time of the number
of apparent horizons is sometimes interpreted as a single trapping horizon tube
which goes back and forth in time, generating what looks like the appearance,
disappearance, or bifurcation of apparent horizons when the tube is sliced with a
hypersurface of constant time. The behaviour of apparent horizons can be much
richer than the simple McVittie or “S-curve” phenomenologies, as shown by
the Clifton-Mota-Barrow solutions of Brans-Dicke theory which, when zoomed
at closely, reveal unintuitive behaviour of their apparent horizons and a richer
phenomenology as a wider parameter space is spanned.

e What are the conformal diagrams for these spacetimes? Their construction, and
the detailed analysis of the causal structure of spacetime is not, in general, an easy
task and has taken almost 80 years to be analyzed in detail for the Mc Vittie space.
Since there is freedom in fixing the FLRW “background” for cosmological black
holes, there is also a substantial range of possibilities for the causal structure.

* What are the matter sources for these solutions of the relevant field equations?
In these lectures we have encountered a single perfect fluid, a mixture of two
non-interacting perfect fluids, canonical and phantom scalar fields (free and with
exponential potentials), cuscuton fields in Hofava-Lifschitz theory, scalars from
Horndeski theory, a mixture of a perfect fluid and a Brans-Dicke field, and pure
vacuum geometry in f (%) gravity.

Two questions stand out and remain largely unanswered:

* Are apparent and trapping horizons the right constructs to use in the study of
dynamical black holes, as theoretical laboratories in general and for astrophysical
purposes? de facto, they are the objects used in numerical relativity to predict
accurate waveforms for gravitational wave detection experiments. However, it is
possible that better concepts of “horizon” will be discovered in the future.

* Itis not established beyond doubt that a thermodynamics of apparent horizons is
meaningful. It is not clear why there should be a thermodynamics of equilibrium
at all in situations in which these horizons are changing fast (in comparison with
some given time scale, for example of a “background”). However, in slowly
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evolving situations, it is certainly plausible that a thermodynamics of quasi-
equilibrium can be formulated in an adiabatic approximation. More work is
needed to establish once and for all the correct concept of horizon temperature
for apparent horizons. While, for stationary black holes, various independent
methods provide the same result (the Hawking temperature), we do not have
the luxury of comparing results computed with different methods for apparent
horizons.

Due to the many questions still open, these lectures end without giving a

complete view of the field of apparent and trapping horizons because there isn’t
one yet. This subject is an active area of research and it is hoped that, although the
research is sometimes difficult and there are not many clues to follow at the moment
of writing, these notes will soon be outdated by new advances in this area.
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Appendix

I have been impressed with the urgency of doing. Knowing is not
enough; we must apply. Being willing is not enough; we must
do.

—Leonardo da Vinci

A.1 Painlevé-Gullstrand Coordinates for General
Spherically Symmetric Metrics

Beginning from the metric given by Eq.(2.94) and following the notations of
Ref. [1], we search for a new time coordinate t (Painlevé-Gullstrand time). The
transformation ¢ — 7 (¢, R) yields

de= gy Toar
T=— —
ot OR

and

1 0t
- ~ R
= e (dr aR ) :

which transforms the line element (2.94) into

e (1-2M/R)
(07/01)*

_ M\ [ 91/3R\* 1
— 21— dR* + R*d$2%, .
J{ ¢ ( R )(81’/81‘) + 1—2M/R:| R

(A.1)

ds* = dtdR

di? 4 262 (1 _ 2_M) _9t/OR

R ) (3t/01)*

We now impose that the new time coordinate t is such that g;; = 1, which implies
that
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Br_i e? 2M 0t (A2)
R~ " 1-2M/RV R o~ '

Then, the metric component g¢; in the new coordinates is

4 e ? 2M (A3)
8= =5/t VR '

and the line element assumes the form (2.95).

A.2 Kodama Vector in FLRW Space

Here we compute the components of the Kodama vector in FLRW space in pseudo-
Painlevé-Gullstrand and in comoving coordinates.

A.2.1 Pseudo-Painlevé-Gullstrand Coordinates

In these coordinates the 2-metric 4, of Eq. (2.71) and its inverse are given by

—(1-H?R*—kR?/a®)  _pR

1—kR2 /a? 1—kR? /a?
(hap) = , (A4)
—HR 1
1—kR2 /a? 1—kR2 /a?
-1 —HR
(h) = (A.5)

—HR (1 —H?R* — kR?*/a?)

by decomposing the metric (3.25). The volume form on the normal 2-space is

€ = V/|h| (d)a A (dR), = (840851 — 841800) » (A.6)

1
V1 —kR%/a?
while

ab _ qac gbd Bc0Bar = de1da0)
1 — kR?/ a2
(haOhbl _ halth)

V1 —kR?/a?
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The Kodama vector is

(haOhhl _ halth)
V1 —kR?/a?

(haOhll _ halhlo)

J1—kR2/a?

K® = ¢V,R =

and, therefore,

~1
K’ = ——— (1 - H?R* — kR*/a* + H’R?)
V1—kR?/a?
(1 —krR/a)
BN
(thhll _hllhl())

K'= =

V1= kR a?

To conclude, we have

K* = (— 1 —kR2/a?,0,0, 0) (pseudo-Painlevé-Gullstrand coordinates).

(A.7)
A.2.2 Comoving Coordinates
In comoving coordinates the FLRW line element is
2 2, @O 5 oo agb | p2i02

where R = a(t)r is the areal radius. The volume form on the 2-space (¢, r) has
components

a
€ap = VIh| (d)o A (dr)p = Wiy (820881 — 8a1840)
while
a
e = gayg’%éys = ﬁ gaygﬁg (5y0581 - 5;/1580)

a a0 Bl al ﬂO) _

T
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The components of the Kodama vector in comoving coordinates are
K% = e“ﬂVﬂR = %P (c'er,go + aSﬁl)
_ a (c'zrh“ohm T ah®OR — gyt poo _ahalhOI)

V1 —kr?

a
- - ahaohll _drhalhOO) .
V1 —kr? (

Now,

2
P AT N Ul LNy 73

V1 —kr? Vi—k? @
. 2
L —a . oy, aar (l—kr) _
N N A

and the components of the Kodama vector are

Kt = (—\/1 — kr2, Hrv/1 — k2,0, O) (comoving coordinates). (A.9)

The norm squared of K“ is

2
a
KKa = goo (K'Y + gn(K')? = (1 ki) + —— 5 H*r*(1 = k)
=—(1-ar—k?) = —(1-r/ray) ; (A.10)
it vanishes at the apparent horizon
1
TAH = —F———. (A.11)
AH oy
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